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Figure 5, Analysis of 4-OHE—DNA adducts formed in vitro by HPLC.
Inset, the chromatogram (20—32 min) was expanded. Column: Inertsil
ODS-3, 3 um, 4.6 mm x 250 mm (GL Sciences Inc., Japan); elution:
0—40 min, linear gradient of acetonitrile (5—30%}); elution speed: 0.7
mlL/min.

Table 4. Adduct Levels in 4-OHE-Treated Calf Thymus
DNA in Vitro

dc* dA* dG* 5-Me-dC*
adduct/10° each  41.5/10° dC  6.38/10° dA  5.58/10° dG  61.5/10°
parent base 5-Me-dC
#g adduct/100  0.88 0.18 0.12 0.08
ng DNA

LC/MS/MS Analysis of 4-OHE Adducts in Organ DNA
from 4-OHE-Treated Mice. The 4-OHE—DNA adducts in vivo
were detected by an LC/MS/MS method. Figure 6 shows typical
ion chromatograms of dG*, dA*, 5-Me-dC¥*, and dC* in DNA
isolated from the stomachs of control- and 4-OHE-treated mice.
Quantification of the 4-OHE—DNA adducts was achieved using
['5Ns}-dA* and ["*N;3]-dC* as internal standards. Some uncer-
tainty remained in the analyses of dG* and 5-Me-dC¥, since
isotopically labeled dG* and 5-Me-dC* were not used. The
results of the DNA adduct formation in mouse stomach and
large intestine at 24 h after the oral administration of 4-OHE
are summarized in Table 5. Only background levels of the
adducts were present in the organ DNA of the vehicle-treated,

control mice. In the stomach and large intestine DNA of 4-OHE-
treated mice, dC* was detected in the range of 43.71 and 5.57
adducts per 10% bases, respectively. dA* was detected at a
comparable level to dC* in these organs. In addition, lower
amounts of dG* and 5-Me-dC* were detected in these organ
DNAs. The amounts of these DNA adducts were decreased at
72 h after administration (Table 5), and no DNA adduct was
detected after 7 days in these organ DNAs (data not shown).
Additionally, with intragastric administration, no 4-OHE—-DNA
adducts were detected in the liver and kidney DNA (data not
shown). In separate, independent mice experiments with the
same 4-OHE dose, dC*, dG*, and 5-Me-dC* were also detected
in the esophagus DNA in the range of 5.1 & 5.9, 2.7 & 0.7,
and 1.0 == 1.2 adducts per 10 ® bases (n = 3—4), respectively.

4-OHE Adduct Analysis in Human Lung DNA. An LC/
MS/MS method was used to detect 4-OHE adducts in human
lung DNA (Figure 7). dC* was detected in all lung tissues, in
the range of 2.6—5.9/10° bases, while dA* was detected in three
samples (Table 6). dG* and 5-Me-dC* were not detected. The
mean dC* and dA* levels in DNA were 4.04 and 1.75/10° bases,
respectively. The levels of dC* and dA* did not significantly
correlate with cigarette smoking or aging. These results sug-
gested that 4-OHE—DNA adducts are commonly present in
human lung tissue and may be useful as endogenous biomarkers
of oxidative stress. However, to establish its presence in human
lung tissue unambiguously, the peak attributed to dC* in the
chromatogram should be confirmed by monitoring a second
product ion and carefully confirming the retention times and
the relative peak heights of the two products ions, as compared
to a dC* standard.

Discussion

This is the first report of the in vivo detection and quantifica-
tion of 4-OHE—DNA adducts using an LC/MS/MS method.
As described in the introduction, 4-OHE is mutagenic and is
commonly present in our food, as a lipid oxidation product.
Because dietary habits are a major factor in human carcino-
genesis (18), the relation between the intake of 4-OHE via food
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Figure 6. (A) LC/MS/MS analysis of 4-OHE—DNA adducts formed in mouse stomach. L.C/ESI-MS/MS chromatograms of 4-OHE adducts and
internal standards detected in mouse stomach DNA isolated from control- and 4-OHE-treated mice. Retention time (upper) and peak area (lower)
are shown above each peak. (a) dG*, (b) dA¥, (c) 5-Me-dC*, and (d) dC*. (B) Calibration curves for dG*, dA¥*, 5-Me-dC*, and dC*.

and carcinogenicity must be examined. So far, long-term
carcinogenicity studies on 4-OHE have not been reported;
however, as described in the Results, 4-OHE, like other
carcinogenic o.,B-unsaturated carbonyl compounds, such as
acrolein or crotonaldehyde, forms DNA adducts in vivo.

The oral administration route of 4-OHE in mice resulted in
DNA adduct formation in the digestive tract, for example,
esophagus, stomach, and large intestine, but not in liver and
kidney. It seems that the 4-OHE was directly absorbed after
the i.g. administration by the esophageal, stomach, and large

intestine tissues but was not distributed into the liver. The adduct
distribution in the organs demonstrates a tendency of formation
at the site of first contact with 4-OHE. The adduct levels
decreased continuously during 7 days after administration (data
not shown). The 4-OHE—DNA adducts might be repaired to a
certain extent; however, the decrease in the adduct level can
also be explained, at least in part, by cell turnover.

The formation of 4-hydroxy-2-nonenal and 4-oxo-2-nonenal (4-
ONE) by w-6 lipid peroxidation in biological systems and their
adduct formation with proteins and DNA have been well-studied,

Table 5. Levels of 4-OHE—DNA Adducts in Mouse Organs®

adducts/10° bases

mg/mouse h after treatment dc* da* dG* 5-Me-dC*

stomach control 0 24 ND 03+07 02+£03 ND
4-OHE 3 24 43.7 247 30.2 £33.2 55432 34455

4-OHE 3 72 23+26 0.6+06 ND

large intestine control 0 24 ND 02404 0.1+£03 ND
4-OHE 3 24 5665 3.0+34 1.0+ 12 03407

4-OHE 3 72 05412 02403 ND

“ Data represent the mean & 8D; n = 6-8.



636 Chem. Res. Toxicol., Vol. 23, No. 3, 2010

)

1A '4 [5N,] dC* Base:
m/z 324.8 > 208.6 CHa m/z=205.6

5 10 15
B
dc*
m/z 321.8 205.6
P
321.8-205.6=116.2
5 10 15 Parental ion:

Retention time (min)

\ miz=321.8 /

Figure 7. LC/MS/MS analysis of 4-OHE—DNA adducts in human lung
DNA. (A) Analysis of N-dC*. The transition m/z 324.8—208.6 was
monitored. (B) Analysis of dC*. The transition m/z 321.8—205.6 was
monitored. A smoothing method was employed to improve the S/N value.

Table 6. Levels of 4-OHE—DNA Adducts in Human Lung

DNA“
adducts/10° bases
patient sex age  smoking (B1) dC* dA*
1 male 52 1280 3.6 ND
2 male 65 585 49 4.6
3 male 77 1500 3.7 ND
4 male 79 1160 5.9 39
5 female 56 0 33 ND
6 female 65 0 38 ND
7 female 70 0 4.4 ND
8 female 70 25 2.6 9.0
9 female 71 0 4.7 ND
10 female 76 0 35 ND

“dG* and 5-Me-dC* were not detected. Bl, Brinkman index.

as markers of endogenous oxidative stress in relation to lipid
peroxidation (4, 22). For example, 4-hydroxy-2-nonenal—protein
adducts have been found in the lung tissues from patients with
chronic pulmonary disease (23). Blair and his collaborators detected
a 4-ONE adduct with glutathione aund suggested that it is a good
marker of cellular oxidative stress (24). Our discovery of 4-OHE
has two important implications: (1) It may be a food mutagen
produced during cooking or storage; for example, fried fish and
old cooking oil contain large amounts of 4-OHE; and (2) it may
also be an endogenous mutagen produced by lipid peroxidation in
membranes in vivo. Protein-bound forms of an w-3 lipid peroxi-
dation product, 4-hydroxy-2-hexenal, were detected in the liver
tissues from patients with chronic hepatitis C (25). In the present
study, we detected dC* clearly in all of the human lung DNA
samples. Therefore, 4-OHE—DNA adducts may be useful markers
of environmental exposure to 4-OHE and endogenous oxidative
stress in relation to cancer induction.
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DNA adducts are produced both exogenously and endogenously via exposure to various DNA-damaging
agents. Two lipid peroxidation (LPO) products, 4-0x0-2(E)-nonenal (4-ONE) and 4-oxo-2(E)-hexenal
(4-OHE), induce substituted etheno-DNA adducts in cells and chemically treated animals, but the adduct
levels in humans have never been reported. It is important to investigate the occurrence of 4-ONE- and
4-OHE-derived DNA adducts in humans to further understand their potential impact on human health.
In this study, we conducted DNA adductome analysis of several human specimens of pulmonary DNA
as well as various LPO-induced DNA adducts in 68 human autopsy tissues, including colon, heart, kidney,
liver, lung, pancreas, small intestine, and spleen, by liquid chromatography tandem mass spectrometry.
In the adductome analysis, DNA adducts derived from 4-ONE and 4-OHE, namely, heptanone-etheno-
2’-deoxycytidine (HedC), heptanone-etheno-2'-deoxyadenosine (HedA), and butanone-etheno-2"-deoxy-
cytidine (BedC), were identified as major adducts in one human pulmonary DNA. Quantitative analysis
revealed 4-ONE-derived HedC, HedA, and heptanone-etheno-2’-deoxyguanosine (HedG) to be ubiquitous
in various human tissues at median values of 10, 15, and 8.6 adducts per 10® bases, respectively. More
1mponantly, an extremely high level (more than 100 per 10® bases) of these DNA adducts was observed
in several cases. The level of 4-OHE-derived BedC was highly correlated with that of HedC (R?=0.94),
although BedC was present at about a 7-fold lower concentration than HedC. These results suggest that
4-ONE- and 4-OHE-derived DNA adducts are likely to be mgmﬁcant DNA adducts in human tissues,
with potential for deleterious effects on human health.

Introduction

Lipid peroxidation (LPO') is a major source of DNA-
damaging agents. Decomposition products generated from the
LPO of polyunsaturated fatty acids (PUFAs) are highly DNA-
reactive, including acrolein, crotonaldehyde, malondialdehyde,
and other o, 8-unsaturated aldehydes (/-3). These electrophilic
aldehydes may modify nucleic acid bases to form DNA adducts
implicated in mutagenesis, carcinogenesis, accelerated aging,
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705.mbox.media.kyoto-u.ac.jp.
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! Abbreviations: PUFA, polyunsaturated fatty acid; LPO, lipid peroxi-
dation; 4-HNE, 4-hydroxy-2(E)-nonenal; 4-ONE, 4-oxo0-2(E)-nonenal;
4-OHE, 4-0x0-2(E)-hexenal; HedC, heptanone-etheno«Z'-dcoxycytidine‘,
HedG, heptanone-etheno-2’-deoxyguanosine; HedA, heptanone-etheno-2'-
deoxyadenosmc, BedC, butanone-etheno-2'-deoxycytidine; BemedC, bu-
tanone-etheno-2"-deoxy-5-methylcytidine; BedG, butanone-etheno-2'-deox-
yguanosine; BedA, butanone-etheno-2” -deoxyadenosme, 8-0x0dG, 8-oxo-
7,8-dihydro-2'-deoxyguanosine; edA, 1, N%-etheno-2'-deoxyadenosine; 8-OH-
AdG, 8-hydroxy-1,N* pmpdnodeoxyguanosme CdG,, a-R-methyl-y-
hydroxy-1,A2-propano-2-deoxyguanosine;COX-2, cyclooxygenase-2; HPNE,
4-hydroperoxy-2(E)-nonenal; EDE, 4.5-epoxy-2(£)-decenal; 5-L.O, 5-li-
poxygenase.

or neurological deterioration (4-6). Thus, investigation into the
levels and tissue distributions of LPO-derived DNA adducts in
humans is important to further understand their possible impact
on human health.

LPO-related DNA adducts identified in human tissues are
mainly exocyclic etheno and propano adducts such as 1,N°-
etheno-2’-deoxyadenosine (edA); 3,N*-etheno-2'-deoxycytidine
(edC); 1, N*-propano-2’-deoxyguanosines generated from ac-
rolein, crotonaldehyde, and 4-hydroxy-2(E)-nonenal (4-HNE);
and malondialdehyde-derived 3-(2-deoxy-3-p-erythro-pento-
furanosyl)pyrimido[1,2-0Jpurin-10(3H)-one (7-9). The long-
chain aldehyde 4-HNE is an w-6 PUFA-peroxidation product
that reacts with DNA and protein (/0-12); furthermore, 4-HNE-
related DNA adducts have been reported to be associated with
carcinogenesis and Alzheimer’s disease (13-15). 4-Oxo0-2(E)-
nonenal (4-ONE), another decomposition product of w-6
PUFAs, has also been shown to induce the formation of etheno
DNA adducts carrying aliphatic side chains both in cells and
in mouse models, including heptanone-etheno-2’-deoxycytidine
(HedC), heptanone-etheno-2"-deoxyguanosine (HedG), and hep-
tanone-etheno-2'-deoxyadenosine (HedA) (16-18). 4-Ox0-2(E)-
hexenal (4-OHE), an w-3 PUFA-peroxidation product having
a chemical structure similar to that of 4-ONE, was recently
reported to be able to produce etheno DNA adducts as well,

10.1021/tx100047d  © XXXX American Chemical Society
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such as butanone-etheno-2'-deoxycytidine (BedC), butanone-
etheno-2'-deoxy-5-methyl-cytidine (BemedC), butanone-etheno-
2’-deoxyguanosine (BedG) (/9-21), and butanone-etheno-2’-
deoxyadenosine (BedA) (22). The levels of 4-ONE- and 4-OHE-
related DNA adducts in humans are currently unknown because
such adducts were discovered only very recently.

In addition to LPO-derived DNA adducts, various other types
of DNA lesions are frequently formed in humans as a
consequence of exposure to environmental carcinogens or
endogenous DNA-reactive agents. Because a variety of DNA
adducts are present in human tissues, comprehensive investiga-
tion of these base modifications is necessary to identify the ones
most critical to mutagenesis and carcinogenesis in humans.
Recently, we developed a novel technique to detect multiple
known or unknown DNA adducts simultaneously by using L.C-
MS/MS (23, 24). This approach, named the DNA adductome
approach, monitors the neutral loss of 2’-deoxyribose from
positively ionized 2’-deoxynucleoside adducts over a certain
range of transitions. A variety of DNA adducts detected in DNA
samples can be presented and compared by creating an adduc-
tome map showing LC retention time, mass-to-charge ratio (m/
z), and relative peak intensity of each potential DNA adduct.
In this study, we applied the DNA adductome approach to

several human pulmonary DNA specimens and identified major

DNA adducts on the adductome maps. Interestingly, 4-ONE-
and 4-OHE-related DNA adducts were found to ‘be major
adducts in at least one pulmonary DNA sample, and they were
also detected in other DNA samples. We also analyzed the levels
of 4-ONE- and 4-OHE-related DNA adducts in various organs
of different individuals by using LC-MS/MS. The lesions were
found to be widely distributed, with some being present in
significant amounts, suggesting that they could be important
causative factors in human disease.

Experimental Procedures

Human Autopsy Tissues. Human autopsy tissue samples were
collected at Hamamatsu University School of Medicine, Japan, and
the study design was approved by the Institutional Review Board
of Hamamatsu University School of Medicine (18—4). Sixty-eight
samples were obtained from organs of 26 deceased persons,
including the colon (n = 6), liver (» = 19), lung (n = 12), pancreas
(n = 9), spleen (n = 9), kidney (n = 9), heart (n = 2), and small
intestine (n = 2). The samples were taken within 24 h after death
and frozen at —80 °C until DNA extraction. The ages of the subjects
(17 males and 9 females) ranged from 26 to 90. Seventeen of them
had malignancies as backgrounds, and final remarkable circulatory
failures (shock, massive hemorrhage, and sepsis) were validated
both clinically and pathologically in 6 cases. Detailed properties
of the patients are listed in Supporting Information, Table S-1.

DNA Adduct Standards and Stable Isotope Standards.
4-ONE- and 4-OHE-related DNA adducts (HedC, HedA, HedG,
BedC, BemedC, BedA, and BedG) were synthesized according to
previously published methods (76-20). The stereoisomers o.-S- and
a-R-methyl-y-hydroxy-1,N?*propano-2'-deoxyguanosine  (CdGy,
CdGy,), 8-hydroxy-1.N?-propanodeoxyguanosine (8-OH-AdG), and
the two stereoisomers of 6-hydroxy-1,M?-propanodeoxyguanosine
(6-OH-AdG,; and 6-OH-AdG,) were prepared as previously de-
scribed (24). 8-OxodG and edA were obtained from Sigma Aldrich
Japan (Japan). [U-'"N;}-8-0x0dG was kindly provided by Dr. Shinya
Shibutani, State University of New York, Stony Brook, NY, [1*Ns,
13Cyq]-2-(2’-deoxyguanosine-8-y1)-3-aminobenzanthrone ([N, ¥Cyql-
C8-C2-ABA) was kindly provided by Dr. Takeji Takamura,
Kanagawa Institute of Technology, Japan, and other DNA adduct
stable isotope standards were synthesized according to previously
described methods using [U-Ns]- or [U-"Nj}-deoxynucleosides
purchased from Cambridge Isotope Laboratories (Andover, MA).

Chou et al.

DNA Purification and Hydrolysis. Genomic DNA was isolated
and purified from human autopsy samples by using a Gentra
Puregene Tissue Kit (QIAGEN, Valencia, CA). DNA extraction
was undertaken according to the protocol provided by the manu-
facturer, with the addition of desferroxamine to all solutions to a
final concentration of 0.1 mM.

For DNA adductome analysis, isolated DNA was enzymatically
digested as follows: each DNA sample (100 ug) was mixed with
54 uL of digestion buffer (17 mM sodium succinate and 8 mM
calcium chloride, pH 6.0) containing 67.5 units of micrococcal
nuclease (Worthington, Lakewood, NJ) and 0.255 units of spleen
phosphodiesterase (Worthington, Lakewood, NJ). After 3 h of
incubation at 37 °C, 3 units of alkaline phosphatase (Sigma-Aldrich,
St. Louis, MO), 30 uL of 0.5 M Tris-HCI (pH 8.5), 15 uL of 20
mM zinc sulfate, and 101 uL of Milli-Q water were added, and
the mixture were incubated for another 3 h at 37 °C. After this
incubation, the mixture was concentrated to 10—20 L by a Speed-
Vac concentrator, and 100 4L of methanol was added to precipitate
the protein. After centrifugation, the methanol fraction (supematant)
was transferred to a new Eppendorf tube. The precipitate was
extracted with 100 xL of methanol, and the methanol fractions were
combined and evaporated to dryness.

For adduct quantification analysis, the DNA sample (50 ug) was
mixed with 18 xL of digestion buffer (17 mM sodium succinate
and 8 mM calcium chloride, pH 6.0) containing 22.5 units of
micrococcal nuclease (Worthington, Lakewood, NJ) and 0.075 units
of spleen phosphodiesterase (Worthington, Lakewood, NJ) and 10
units of stable isotope-labeled DNA adduct internal standards mix,
including 27.8 nM [U-"*N;s]-8-0x0dG, and 1.1 nM [U-"N;J-dA,
[U-PNs]-CdG,, [U-"N5]-CdGs, [U-'N;}-8-OH-AdG, [U-'N;}-
HedC, [U-"Ns]-HedA, [U-"*N;]-HedG, [U-N;]-B&dC, and [U-"N;]-
BedA. After 3 h of incubation at 37 °C, 3 units of alkaline
phosphatase (Sigma-Aldrich, St. Louis, MO), 10 4L of 0.5 M Tris-
HCI (pH 8.5), 5 uL of 20 mM zinc sulfate, and 67 uL of Milli-Q
water were added, and the mixture were incubated for another 3 h
at 37 °C. After this incubation, the mixture was concentrated to
10—20 uL by a Speed-Vac concentrator, and 100 gL of methanol
was added to precipitate the protein. After centrifugation, the
methanol fraction (supernatant) was transferred to 2 new Eppendorf
tube. The precipitate was extracted with 100 uL. of methanol, and
the methanol fractions were combined and evaporated to dryness.

DNA Adductome Analysis. Digested DNA used for adductome
analysis was redissolved in 120 xL of 30% dimethyl sulfoxide
containing 23 nM [N, 13C,,]-C8-C2-ABA as the internal standard
and then subjected to DNA adductome analysis similar to that
described by Kanaly et al. (24). Briefly, adductome analysis was
carried out using a Quattro Ultima Pt triple stage quadrupole mass
spectrometer (Waters-Micromass, Milford, MA) equipped with a
Shimadzu L.C system (Shimadzu, Japan). An aliquot of digested
DNA sample (10 zL) was injected and separated by a Shim-pack
XR-ODS column (3.0 mm x 75 mm, Shimadzu, Japan). The
column was eluted in a linear gradient of 5% to 80% methanol in
water from O to 40 min and kept in 80% methanol in water from
40 10 45 min at a flow rate of 0.2 mL/min. Multi-reaction monitoring
(MRM) was performed in positive ion mode using nitrogen as the
nebulizing gas. Experimental conditions were set as follows: ion
source temperature, 130 °C; desolvation temperature, 380 °C; cone
voltage, 35 V; collision energy, 15 eV; desolvation gas flow rate,
700 L/h; cone gas flow rate, 35 L/h; collision gas, argon. The
strategy was designed to detect the neutral loss of 2’-deoxyribose
from positively ionized 2’-deoxynucleoside adducts by monitoring
the samples transmitting their [M + H]* — [M + H — 116]*
transitions. For each DNA sample, 241 MRM transitions were
monitored over the m/z range from transition m/z 250 — 134 to
transition 492 — 376. For each sample injection, a total of 31
channels were monitored simultaneously with one channel for each
injection reserved to monitor the internal standard [**Ns, 'Cyq]-
C8-C2-ABA at transition m/z 526 — 405. Each sample was injected
8 times to complete the monitoring of 241 MRM transitions.
Transitions of normal deoxynucleosides, including 252 — 136 ([dA
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~+ HJI™) and 268 — 152 ({dG + H]"), were not monitored in the
adductome analysis.

Relative peak intensity of each potential DNA adduct was
calculated as follows: (the peak area of the potential DNA adduct)/
(the peak area of the internal standard)/(the amount of 2'-
deoxyguanosine (dG)). The amount of dG in each DNA sample
was estimated by monitoring the dG peak area at 254 nm using
the Shimazu SPD-10Avp UV—visible detector connected in series
with the LC/MS/MS. The relative peak intensity was plotted as a
bubble chart in which the horizontal axis was retention time and
the vertical axis is m/z. Sodium and potassium adducts of normal
deoxynucleosides or other corresponding peaks, such as those
detected in the retention times of 9.3—9.5 min (dC), 10.2—10.4
min (dG), 11.2—11.4 min (dT), and 14.0—14.2 min (dA), were not
included in the plot.

DNA Adduct Quantification. The digested DNA sample used
for quantification was resuspended in 50 uL. of 30% dimethyl
sulfoxide before LC-MS/MS analysis. An aliquot (20 uL) was
injected and separated by the Shim-pack XR-ODS column, eluted
in a linear gradient of 5% to 30% methanol in water from 0 to 27
min, 30% to 80% from 27 to 35 min, then kept in $0% from 35 to
40 min at a flow rate of 0.2 mL/min. For the quantification of
4-ONE-derived DNA adducts, HedC, HedG, and HedA, another
HPLC-gradient condition was employed because of the high
hydrophobicity of these compounds. A remaining aliquot (20 gL)
was injected and separated by the same column, eluted in a linear
gradient of 45% to 90% methanol in water from O to 20 min at a
flow rate of 0.2 mL/min. Experimental conditions were identical
to those set for adductome analysis except that the cone voltage
and collision energy were different for different DNA adducts. The
collision energies and characteristic reactions monitored for the
different DNA adducts are as follows (cone voltage (V), collision
energy (eV), base ionS — product ion): [U-"*N5]-8-oxo0dG (40, 12,
288.8 — 172.8), [U-1Ns]-edA (35, 14, 280.9 — 164.9), [U-PNs]-
CdG, and [U-"*N5]-CdG, (35, 10, 343.0 — 227.0), [U-**N;]-8-OH-
AdG (35, 10, 329.3 — 213.3), [U-5N3]-HedC (35, 10, 367.0 —
251.0), [U-'Ns]-HedA (35, 10, 393.0 — 277.0), [U-"Ns]-HedG
(35,710, 409.0 — 293.0), [U-1N;]-BedC (35, 10, 324.8 — 208.6),
and [U-Ns]-BedA (35, 10, 351.0 — 234.8), 8-ox0dG (40, 12, 283.8
— 167.8), edA (35, 14, 275.9 — 159.9), CdG, and CdG, (35, 10,
338.0 — 222.0), 8-OH-AdG, 6-OH-AdG,, and 6-OH-AdG; (35,
10, 324.3 — 208.3), HedC (35, 10, 364.0 — 248.0), HedA (35, 10,
388.0 — 272.0), HedG (35, 10, 404.0 — 288.0), BedC (35, 10,
321.8 — 205.6), BemedC (35, 20, 335.9 — 220.0), and BedA (35,
10, 351.0 — 234.8) and BedG (35, 20, 362.0 — 245.9).

The amount of each DNA adduct was quantified by calculating
the peak area ratio of the target DNA adduct and its specific internal
standard ([U-PN;}-BedC was used for BedC and BemedC, and
[U-PN;s]-BedA was used for BedA and BedG). Calibration curves
were obtained by using authentic standards spiked with isotope
internal standards. The concentration of dG in each DNA sample
was also monitored as described in the DNA Adductome Analysis
section. The number of DNA adducts per 10% bases was calculated
by the following equation: number of DNA adducts per 10° bases
= adduct level (fmoljumol dG) x 0.218(umol dG/umol dN) x
107, as described previously (25).

Results

Adductome Analysis of DNA Extracted from Human
Lung Autopsy Tissues. We applied adductome analysis to DNA
extracted from four human lung autopsy samples to simulta-
neously detect a variety of known and unknown DNA adducts
in human pulmonary DNA. Although adductome analysis is
semiquantitative, this analysis would help to grasp a complete
picture of the DNA adducts in human samples. Several peaks
were identified as corresponding to known DNA adducts by
showing identical m/z and L.C retention times to DNA adduct
standards. Figure 1 shows the adductome maps of two human
pulmonary DNA samples having different patterns of DNA
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Figure 1. A and B show the DNA adductome maps of two human
pulmonary DNA samples from different individuals, and C is a close-
up of a selected area in B. Each circle represents one DNA adduct
candidate detected by adductome analysis using LC-MS/MS. HPLC
retention time, mass to charge ratio (m/z), and relative intensity (shown
by the size of each circle, which is proportional to the peak area of
each DNA adduct candidate divided by the peak area of the internal
standard and the amount of 2’-deoxyguanosine) of each DNA adduct
candidate can be found on the maps. Blue circles represent correspond-
ing peaks of 4-ONE-related DNA adducts, while orange circles
represent 4-OHE-related DNA adducts. Green circles are the other lipid-
peroxidation derived DNA adducts, and yellow circles represent
unidentified peaks. GXdG: 1,M-glyoxyal-dG. *: heptanone-ethano-2'-
deoxycytidine.

adduct composition. Numerous DNA adducts can be seen in
Figure 1A, and LPO-induced DNA adducts were detected as
major peaks, including HedC, HedA, BedC, BedA, BemedC,
BedG, edA, and 1,N-glyoxal-dG. Although fewer DNA adducts
were found in the sample represented in Figure 1B, LPO-
induced DNA adducts derived from 4-ONE and 4-OHE (i.e.,
HedC, HedA, and BedC) were nonetheless detected. Adductome
maps of two other human pulmonary DNA samples have
patterns similar to that shown in Figure 1B {(data not shown),
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Figure 2. Level of LPO-induced DNA adducts in human tissues. {A) Chemical structure of DNA adducts detected in human tissues and the
chemical structure of 4-OHE and 4-ONE. (B) Box-whisker plot of the levels of DNA adducts detected in human autopsy tissues, including the
colon, liver, lung, pancreas, spleen, kidney, heart, and small intestine (n = 68). The boxes indicate the 75th percentile, the median, and the 25th
percentile. The ends of the whiskers indicate the minimum and maximum data values unless outliers are present, in which case the whiskers extend
to a maximum of 1.5 times the interquartile range. Circles above the whisker indicate outliers. Although crotonaldehyde-induced CdG; and acrolein-
induced 6-OH-AdG and 6-OH-AdG, were also monitored, we could not detect those adducts. Detected rate and median are shown under each
DNA adduct. UD: under the detection limit. a, 75th percentile was UD; b, minimum was UD; ¢, median was UD; d, 25th percentile was UD.

indicating that DNA adducts induced by 4-ONE and 4-OHE Detection of 4-ONE- and 4-OHE-Induced DNA Adducts in
are often formed in human lungs. Human Autopsy Tissues. To elucidate whether the levels of
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Figure 3. DNA adduct levels of HedC and BedC detected in various human autopsy tissues. Data from the DNA of 6 colons, 2 hearts, 9 kidneys,
19 livers, 12 lungs, 9 pancreases, 2 small intestines, and 9 spleens were plotted as circles, and the blue bars indicate the median values. NC: not
calculated because the sample number was only 2. UD: median was under the detection limit. :

4-ONE- and 4-OHE-related DNA adducts are comparable to
those of other DNA adducts frequently found in human tissues,
we measured the levels of various DNA adducts by using LC-
MS/MS in 68 human autopsy specimens obtained from 26
persons, including samples of colon (n = 6), liver (n = 19),
lung (n = 12), pancreas (n = 9), spleen (n = 9), kidney (n =
9), heart (n = 2), and small intestine (n = 2). The approximate
detection limit of the DNA adducts (in the case that 50 ug of
DNA was digested and 40% of the portion was injected to the
LC/MS/MS) were as follows: 8-oxedG (1.65 adduct per 108
bases), edA (0.17), CdG; and CdG, (0.17), 8-OH-AdG (0.05),
6-OH-AdG; and 6-OH-AdG, (0.08), HedC (0.33), HedA (1.65),
HedG (1.65), BedC (0.17), BemedC (0.17), and BedA (0.83)
and BedG (0.83) (Supporting Information Figures S-2 and $-3,
Table S-8), and the calibration curves of each DNA adducts
are shown in Supporting Information, Figure S-4. We could
detect the target DNA adducts in several human tissue samples
(the representative chromatographs are shown in Supporting
Information, Figures $-5, S-6, and S-7). The results revealed
that the levels of target DNA adducts varied considerably among
individuals or organs (Figure 2 and Supporting Information,
Table S-8). Figure 2 shows the DNA adduct levels of the
oxidative lesion 8-oxodG as well as the LPO-related lesions
CdG,, 8-OH-AdG, edA, BedC, BedG, BedA, BemedC, HedC,
HedG, and HedA. 8-OxodG was detected in all autopsy tissues,
and high detection rates were also found for edA (93%) and
8-OH-AdG (82%). 4-ONE-related DNA adducts were also
frequently detected in various tissue samples: total detection
rates for HedC, HedG, and HedA were 97%, 93%, and 63%,
respectively. 4-OHE-related BedC, having a total detection rate
of 41%, was commonly found in the colon, liver, and lung,
with detection rates higher than 50%. However, the other
4-OHE-related adducts, BedG, BedA, and BemedC, showed
lower detection rates of 6%, 9%, and 6%, respectively. The
detection rate of the crotonaldehyde-derived DNA adduct CdG,
was 12%. Although crotonaldehyde-induced CdG, and acrolein-
induced 6-OH-AdG, and 6-OH-AdG, were also monitored, we
could not detect those adducts in any sample. The level of each
DNA adduct per 10® bases ranged as follows: 8-oxo0-dG,
41.6—837 (median 93.2); CdG,, not detected (ND) to 8.98

(median was under the detection limit); 8-OH-AdG, ND o 3.04
(median 1.14); edA, ND to 259 (median 4.83); BedC, ND to
1186 (median was under the detection limit); BedG, ND t0 0.99
(median was under the detection limit; BedA, ND to 254
(median was under the detection limit); BemedC, ND to 63.8
(median was under the detection limit); HedC, ND-8204 (median
10.3); HedG, ND to 377 (median 15.0); and HedA, ND to 4186
(median 8.63).

Adduct Leveis of HedC and BedC in Different Organs.
As shown in Figure 3, DNA adduct levels of HedC and BedC
range broadly in different organs. HedC was detected in all tissue
samples except for two liver specimens, whereas BedC was
detected in the colon, kidney, liver, lung, spleen, and pancreas.
The median level of HedC in different organs ranged from 6.4
(kidney) to 23 (colon) adducts per 108 bases, whereas the median
of BedC was 1 or 2 orders of magnitude lower. However, an
extremely high level of HedC (more than 100 adducts per 10%
bases) was found in one colon, one lung, one pancreas and two
spleen DNA samples, all from different individuals. Also, an
extremely high level of BedC was observed in one lung DNA
sample, the same one that showed a high HedC level as
described above. The results suggest that 4-ONE- and 4-OHE-
related DNA adducts are widely distributed in various tissues.

Figure 4 shows the correlations of B&dC, edA, and 8-0xo0dG
with HedC in human tissue autopsy samples. The DNA adduct
level of HedC was strongly correlated to LPO-induced BedC
(R* = 0.94) and edA (R?* = 0.70), but no correlation could be
seen between HedC and the oxidative damage-related lesion
8-0x0dG (R? = 0.02).

Discussion

In this study, we clearly demonstrated that DNA adducts
derived from 4-ONE and 4-OHE occur commonly in human
tissues. The levels of the 4-ONE-related DNA adducts HedC,
HedA, and HedG in human tissue samples were similar to each
other (Supporting Information, Figure S-9), and their median
values were 2- to 3-fold higher than that of ¢dA. However, the
4-OHE-related adducts BedC, BemedC, BedA, and BedG were
detected at lower levels and frequencies; in most samples, their
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Figure 4. Correlations among DNA adduct levels of HedC vs BedC,
edA, and 8-oxodG. R?: coefficient of determination. For the R?
calculation, not detected data was treated as 0.

levels were similar to that of crotonaldehyde-derived CdG, or
acrolein-derived 8-OH-AdG. Importantly, in some cases, the
levels of these 4-ONE- and 4-OHE-derived DNA adducts were
comparable to or even higher than that of the most abundant
DNA adduct, 8-ox0-dG. Thus, these recently recognized DNA
adducts may be an important source of somatic mutations and
could significantly contribute to cancer formation in humans.

The tissues adjacent to those taken for adductome analysis
were microscopically examined for the absence of tumor cells.
The histological findings varied in terms of inflammation, not
otherwise specified. Details of histological characteristics and
their reationship to the DNA adducts level are under investigation.

Mutagenic properties of HedC have been demonstrated in
mammalian cell lines and Escherichia coli (26, 27). Pollack et
al. (26) reported that in human cell lines HedC blocked DNA
synthesis and also miscoded markedly during the replication
of a shuttle vector site-specifically modified with HedC. The
miscoding frequency was higher than 90%, and dT and dA were
preferentially inserted opposite the lesion in human cells. HedC
was also shown to be genotoxic in a similar host-vector system
consisting of mouse fibroblasts and a replicating plasmid bearing
a site-specific HedC (25). Moreover, the results indicated that
the Y family DNA polymerases #, «, and ¢ preferentially
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catalyzed the insertion of dT opposite HedC, whereas an
unidentified DNA polymerase was suggested to catalyze the
insertion of dA opposite HedC (27). Information about the
potential mutagenic properties of the other 4-ONE- and 4-OHE-
derived DNA adducts found in human autopsy tissues is still
unavailable; thus, further studies concerning the mutagenicity
and DNA repair pathways of these newly identified DNA
adducts are necessary.

Human tissues could be exposed to 4-ONE and 4-OHE
endogenously and exogenously. The endogenous formation of
4-ONE and 4-OHE is via the oxidation of w6- and w3-PUFAs
in tissues. Because all bodily tissues contain both w6~ and @3-
PUFAs, 4-ONE and 4-OHE could be produced simultaneously
under oxidative stress conditions. The near-perfect correlation
between the levels of HedC and BedC (R? = 0.94) shown in
Figure 4 strongly suggests that there is endogenous and
simultaneous formation of 4-ONE- and 4-OHE-derived DNA
adducts. According to the slope of the regression curve, the level
of HedC was about 7 times greater than that of BedC. This
also supports the endogenous-formation hypothesis because in
all tissues except the brain, the total concentration of w6- PUFAs
is several fimes higher than that of w3-PUFAs (28, 29).

However, no correlation was observed between the level of
HedC and the level of the oxidative DNA lesion 8-oxo-dG
(Figure 4). This discrepancy may be explained by the contribu-
tion of enzymatic formation pathways to 4-ONE. For example,
Blair’s group demonstrated that overexpression of cyclooxy-
genase-2 (COX-2) increased the level of 4-ONE-derived DNA
adducts in both rat intestinal epithelial cells (30) and the small
intestine of C57BL/6J APC™™ mice (3/). COX-2 is an enzyme
that is responsible for the formation of the important biological
mediator prostaglandin H2. COX-2 can also convert arachidonic
acid into 15(S)-hydroperoxy-5Z,8Z,11Z,13E-eicosatetracnoic
acid (15-HPETE), which undergoes homolytic decomposition
to the DNA-reactive bifunctional electrophiles 4-hydroperoxy-
2(E)-nonenal (HPNE), 4,5-epoxy-2(E)-decenal (EDE), 4-HNE,
and 4-ONE (31). 4-ONE is also produced enzymatically from
arachidonic acid by the 5-lipoxygenase (5-1.O)-related pathway
(32). 5-LO is an enzyme that is responsible for the formation
of leukotriene A4 The precursor of leukotriene A, 5(S)-
hydroperoxy-6E,8Z,11Z,14Z-eicosatetraenoic  acid  (5(S)-
HPETE), generated from arachidonic acid by 5-LO, decomposes
to form 4-ONE and HPNE (32). The considerably good
correlation between the DNA adduct levels of HedC and edA,
as described in Figure 4 (R? = 0.70), also suggests the
involvement of this metabolic pathway, because edA is known
to be produced by HPNE and EDE (3]). If 4-OHE is also
produced enzymatically from abundant w3-PUFAs such as
docosahexaenoic acid, this would help to explain why the level
of BedC nearly perfectly correlates with the level of HedC but
the level of 8-ox0-dG does not. Further study is needed to
elucidate this point.

The exogenous sources of 4-ONE and 4-OHE are foods and
cooking vapor. Kasai and Kawai reported that several types of
cooked fishes and cooking oil§ contain 4-OHE in the. range of
a few to tens of micrograms per gram (27). They further reported
that the cooking vapor emitted during fish broiling also contains
4-OHE (21). In an animal experiment, orally administered
4-OHE resulted in the formation of BedC, BedG, and BemedC
in cells of the gastrointestinal tract, but no increase in the level
of DNA adducts was observed in the liver and kidney (19),
indicating that, except for the gastrointestinal tract, the oral route
is probably not a significant source of 4-OHE. However, the
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impact of cooking vapor in terms of the formation of DNA
adducts in pulmonary tissues remains to be resolved.

In conclusion, DNA adducts caused by 4-ONE and 4-OHE
are ubiquitous in various human tissues, and even predominant
in some cases. It is very likely that these DNA adducts cause
somatic mutations and cancers, contribute to aging, and have
other adverse effects related to DNA damage. Further studies
of their exposure routes and biological properties should be
carried out to elucidate the impact of these DNA lesions on
human health.
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Introduction

Modern lifestyles and the use of indoor lighting mean that many
people are exposed to a long photoperiod throughout the year [1].
This is most evident in shift workers, especially night workers. This
results in the disruption of circadian rhythms, which is known to
induce many different types of stress [2]. Abnormal circadian
rhythms, including exposure to light at night, are associated with a
higher cancer risk and a poorer prognosis [3-7], which may be
one of the reasons that the incidence of cancer is increasing in
individuals subjected to these stresses. Circadian genes have been
shown to function as oncogenes or tumor suppressors at both the
systemic and cellular levels due to their roles in cell proliferation,
cell cycle regulation, apoptosis and DNA damage signaling
pathways [8,9]. However, the molecular or systemic mechanisms
involved in tumor growth under artificial illumination stress
conditions have not been identified. In fact, the question of
whether artificial illumination stress promotes tumor growth at all

" is still controversial [10,11]. To identify the possible mechanisms
underlying tumor progression related to circadian rhythms, we set
up nude mouse xenograft models and revealed that artificial light
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stress induced tumor growth and angio/stromagenesis through
WNT10A overexpression. )

Results

Circadian disruption induces tumor growth and angio/
stromagenesis

The mice were divided into two groups: one group was exposed
to 24-hour periods of artificial light (L/L) the other was exposed to
a more conventional 12-hour light/dark cycle (L/D). First, we
examined the effect of light stress on the i vio growth of
epidermoid cancer (HeLa) cell tumors and found a significant
increase in tumor volume in the L/L group compared with the L/
D group (Figure 1A). Similar results were obtained using a
xenograft model incorporating prostate cancer (PC3) cells
(Figures 1B). Examples of the Hela cell tumors in the L/L and
L/D groups are shown in Figure 1C and Figure S1. The L/L
tumors were not only larger, but also immunohistochemical
analysis showed them to be highly vascular, with increased
numbers of CD34 positive (CD34™) and a-Smooth Muscle Actin
(a-SMA) positive (a-SMA™) cells (Figure 1D). High vascularity of
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Figure 1. Effect of photoperiod manipulation on the growth of human Hela cell or PC3 cell tumors. (A) Hela cell tumors. Volume of the
subcutaneous xenografts in nude mice housed in either L/L (closed circle; n=16) or L/D (open circle; n=16) conditions. After 17 days of growth, L/L
tumors were significantly larger than L/D tumors (F from repeated measure ANOVA=12.276, **P<<0.01). (B) PC3 cell tumors. Volume of the
subcutaneous xenografts in nude mice housed in either L/L (n=8) or L/D (n=8) conditions. A significant reduction in volume is seen in the /D
tumors compared with the L/L tumors (F from repeated measure ANOVA =18.360, **P<0.01). (C) Representative photograph of L/L and L/D tumors
showing the obvious difference in size. (D) Immunohistochemical analysis of CD34 positive (CD34") cells and aSMA positive (aSMA*) cells in the L/L
and L/D tumors. Increased numbers of CD34" and aSMA™ (black arrows) are clearly visible in the L/L tumors. (E) The number of microvessels was
quantified using the number of CD34" cells. An increase in microvessel density (vessels in 10 viewing fields; n= 3 per group, *P<0.05), is accompanied
by a decrease in necrosis (n=3 per group **P<0.01). (F) Representative photographs showing masson trichrome staining of the expanded
extracellular matrix and immunohistochemical analysis of mouse Type | collagen in the L/D and L/L tumors.
doi:10.1371/journal.pone.0015330.g001

tumor surface in L/L group using HeLa cells was reproducibly the L/D tumors and correlated with a reduction in the amount of

observed in four independent experiments. Also, the microvessel necrosis (Figure 1E). Masson trichrome staining of the tumor
density within the L/L tumors was significantly higher than that in stroma showed a clear expansion of the extracellular matrix
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(ECM; stained blue) in the L/L tumors not seen in the L/D
tumors (Figure 1F). The immunostaining of mouse Type I collagen
also showed the increase of ECM in the L/L tumors (Figure 1F).
Taken together, these results clearly show that abnormal circadian
rhythms induce marked tumor growth accompanied by increased
angio/stromagenesis.

Microarray analysis of L/L tumors and L/D tumors

Next, we wanted to investigate the molecular mechanisms
underlying the striking morphological differences between L/L
and L/D tumors. Whole-genome expression DNA microarray
analysis was performed to identify the genes and biological
pathways that might be regulated by photoperiod manipulation.
We found that 201 genes were transcriptionally upregulated in the
L/L tumors compared with the L/D tumors (Table Sl).
Surprisingly, the expression of human VEGF-A and VEGF-B,
which are the most important molecules in cancer angiogenesis,
was the same in L/L and L/D tumors (Table S1 and Figure 2A),
suggesting that a novel angiogenic factor is involved in increased
L/L tumor growth. We focused on genes encoding secretory
proteins (Table 1) and found a greater than 9-fold upregulation in
the expression of WNT10A in L/L tumors compared with L/D
tumors. We designed human WNTI10A and mouse Wntl0a
specific primers for semi-quantitative RT-PCR analysis and

checked the specificity of the primers (Figures S2A and Table

S2). Semi-quantitative RT-PCR showed that not only human
WNT10A, but also mouse Wntl0a, was upregulated in L/L
tumors (Figure 2A); however, the expression of human WNT10A
in the L/L tumors was still very low as it could only be detected
using nested techniques (1st PCR 30 cycles and 2nd PCR 35
cycles). Immunohistochemical analysis showed WNT10A expres-
sion mainly around the blood vessels and it was increased in L/L
tumors compared with L/D tumors (arrows in Figure 2B),
indicating that this enhanced expression of WNT10A is derived
from mouse tissues.

WNT10A overexpression cells induce tumor growth,
angiogenesis and stromagenesis in vivo xenograft
models

To further investigate the role played by WNT10A in these
morphological changes, we established another nude mouse model
implanted with HeLa cells overexpressing WNT10A (Figures 3A
and $3). Because the growth rate of these WNT10A-overexpress-
ing cells was similar to that of control cells in vitro (Figure 3B), we
were surprised to see that the growth rate of the implanted
WNT 10A-overexpressing tumors was faster than that of control
tumors (Figure 3C). Furthermore, as shown in Figure 3D, most of
the tumors were hypervascular; even those from mice housed
under L/D conditions. Immunohistochemical analysis of these
WNT10A-overexpressing tumors showed increased numbers of a-
SMA™ cells coupled with increased size, microvessel density,
significantly reduced areas of necrosis (Figures 3E and 3F) and an
expanded ECM (Figure 3G).

WNT10A is expressed in fibroblasts and WNT10A
stimulates the growth of both fibroblasts and vascular
endothelial cells in vitro

Based on these results, we hypothesized that WNT10A was
functioning as a growth factor for both vascular endothelial cells
and fibroblasts and was involved in a novel mechanism of tumor
growth, possibly via the promotion of angio/stromagenesis. To
confirm this hypothesis, we used RT-PCR to show that normal
human dermal fibroblasts (NHDF) cells express WNT10A, but
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Figure 2. WNT10A was upregulated in L/L tumors. (A} RT-PCR of
the relevant gene transcripts was carried out based on the results of the
DNA microarray analysis. Human WNT10A (h-WNT10), mouse Wnt10a
(m-Wnt10a) and ANGPL4 were upregulated in L/L mice tumors. RB1 was
downregulated. There was no difference in the expression levels of
VEGF-A, VEGF-B and YB-1 between L/L and L/D tumors. Human B-actin
(h-B-actin) and mouse B-actin (m-B-actin) were used as internal control.
The cycle number is 30 for all semi-quantitative RT-PCR except h-
WNT10A. Nested PCR technique to investigate the expression of human
WNT10A in tumors. The cycle number of 1st PCR is 30 and that of 2nd
nested PCR is 35. (B) Immunohistochemical analysis of WNT10A in L/L
and L/D mice tumors. The arrows indicate tumor blood vessels.
doi:10.1371/journal.pone.0015330.g002

normal human dermal microvascular endothelial (HMVEC-d)
cells do not (Figure 4A). This suggests the presence of a WNT10A-
dependent autocrine growth system in fibroblasts. Cell prolifera-
tion analysis showed that the growth of both HMVEC-d and
NHDF cells was stimulated by the addition of conditioned
medium from WNT10A-overexpressing cells and was significantly
inhibited by the addition of an anti-WNT10 antibody (Figures 4B
and 4C). NHDF cells cultured in recommended medium were also
effectively inhibited by the addition of the anti-WINT10A antibody
(Figure 4D). In addition, knockdown of WNT10A-expression
using siRINA inhibited the growth of NHDF cells (Figures 4E and
4F), confirming the existence of a WNT10A-dependent autocrine
growth mechanism.

Tumor stroma cells express WNT10A

The pattern of WNT10A expression in human tumors was
examined by immunohistochemistry (Figures 5A and 5B). A
careful examination of the double stained tissues showed marked
increase of WNTI10A positive fibroblastic cells in scirrhous type
gastric cancer which is a representative cancer with hyperplastic
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Table 1. The subset of secretory protein genes was selected if fold change marked more than 2.0 in the L/L tumor sample

Gene symbol Accession number Fold change

NM_001266
NM_000699 219

NM_053044 208

APOC1

NM_001645 203

Gene discription

Pancreatic alpha-amylase precursor.

Probable serine protease HTRA3 precursor.

Apolipoprotein C-I precursor.

doi:10.1371/journal.pone.0015330.t001

stroma (Figure 5A). Only the tumor stroma stained positive for
WNT10A, strongly suggesting expression by stromal cells such as
fibroblasts, myofibroblasts, smooth muscle cells, and pericytes.

WNT10A is expressed in keloid stroma, but not in normal
dermal stroma

The inducible expression of Wnt genes, including WNT10A,
stimulates the proliferation of hepatic progenitor cells [12], and
mutations in WNT10A are associated with an autosomal recessive
ectodermal dysplasia [13,14]. In addition, The expression of Wnt
signaling antagonists has been shown to be down-regulated in
keloid, which is an aggressive wound healing tissue, fibroblasts
[15,16]. These previous reports indicate that WNT signaling is
involved in both tissue repair and wound healing. Because an old
hypothesis suggests that cancer results from uncontrolled wound-
healing [17], we investigated WNT10A expression in keloid tissue.
WNTI10A-positive cells were only found in the vessels and
peripheral nerves of normal skin (Figure 6A). On the other hand,
WNT10A expression markedly increased in fibroblastic cells in the
hyperplastic stroma of keloid tissue (Figure 6B), suggesting that
WNTI10A functions as an angio/stromagenesis gene in tumor
progression, thus supporting the “old” hypothesis. Although
WNTI10A expression was observed in cutured normal human
dermal fibroblasts (Figure 4E), WNT10A expression was not in
fibroblast in normal skin (Figure 6A). This may be probably due to
the sensitivity of immunostaining analysis. Another possibility is

that normal human dermal fibroblasts were cultured with growth -

factors which may induce the WNT10A expression.

Oxidative stress induce WNT10A expression

The level of psychological and physiological stress experienced
by the mice is hard to measure experimentally. So, we measured 8-
OH deoxyguanosine (8-OH-dG) associated with increased levels
of oxidative stress. We found that the level of 8-OH-dG in lung
tissue, but not liver, from L/L mice was significantly higher than
that in L/D mice (Figure 7A). This is consistent with the fact that
lung tissue is more sensitive to oxidative DNA damage than other
tissues [18]. This data strongly suggest an association between
disruption of circadian rhythms and increased oxidative stress
responses. A preliminary study also showed that the promoter
activity of the WNT10A gene was induced by the oxidizing agent,
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hydrogen peroxide and Wntl0a mRNA transcript level was also
increased in NIH3T3 cells treated with hydrogen peroxide
(Figures 7B and 7C). These provide further evidence supporting
the role of oxidative stress in tumor promotion and progression.

Discussion

Greater understanding of the complexity of the tumor
microenvironment, and the role of tumor angiogenesis, will lead
to further advances in cancer treatment [4,19,20]. The results
presented in this paper are both interesting and unexpected and
strongly suggest that disruption of circadian rhythms promotes
tumor growth through WNT10A-dependent angio/stromagenesis
resulting from increased levels of oxidative stress. The transcrip-
tional factor of NF-kB is activated by oxidative stress or tumor
necrosis factor alpha (TNF-o) [21]. WNT10A has been shown to
be one of the NF-kB target genes and it’s expression was induced
by TINF-a [22,23]. Since there is one NF-kB site in the promoter
region of WNT10A gene, it is conceivable that WNT10A might be
regulated by NF-xB pathway. WNT signaling pathway has been
implicated in angiogenesis [24] and tumor stroma microenviron-
ment [25]. These data suggest that both endothelial cells and
stromal cells are activated by WNT signals from cancer cells. On
the other hand, our data indicate that both endothelial cells and
stromal cells may be activated by WNTI0A signals from non
tumor cells, such as cancer associated fibroblasts. WNT signaling
has been separated into a “canonical” pathway or “non-
canonical” pathways [26]. Since canonical WNT signaling
pathway stabilize B-catenin, we hypothesized that WNTI10A
might also stabilize B-catenin. The expression of B-catenin was
observed in the endothelial cells of newly formed tumor vessels
(Figure S4), suggesting that Wnt/ B-catenin signaling plays a role in
tumor angiogenesis. WNT signaling is also known to play an
important role in cancer and stem cell biology [27], indicating that
WNT10A might affect not only the tumor microenvironment, but
also stem cells themselves.

There are some limitations in this study. We cannot exclude the
possibility that other physiological and/or hormonal factors, such
as melatonin, affected the growth of the implanted cancer cells in
our mouse models [28-30]. Subcutaneous injection of rapidly
growing human cancer cells into nude mice provided a setting in
which tumor growth could be assessed in a relatively short time
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immunohistochemical staining of scirthous-type signet-ring carcinoma cells. 3,3'-Diaminobenzidine (DAB) was used as chromogen for WNT10A
staining (brown color) and Vulcan fast red was used for cytokeratin CAM 5.2 staining (red color). Anti-cytokeratin CAM 5.2 was used for staining of
signet-ring cell carcinoma cells, (B) WNT10A expresses cancer stroma cells in various human cancer specimens. 3,3'-Diamincbenzidine (DAB) was

used as chromogen for WNT10A staining (brown color).
doi:10.1371/journal.pone.0015330.g005

span. Orthotopic model will be a better way to confirm our results
because it more accurately reproduces the interactions between
tumor cells and their microenvironment [31]. Nevertheless, our
data clearly show that WNT10A has angio/stromagenic activity.
Further analysis is required to clarify whether WNT10A-Frizzled
binding mediates cell proliferation in both endothelial cells and
stromal cells. Examining WNT10A receptors and associated signal
transduction pathways may provide valuable insights into the role
of circadian rhythms in tumor progression [32,33]. Our findings
not only support the emerging links between circadian rhythm,
oxidative stress and tumor progression at the molecular level, but
also warn of the adverse effects of artificial light.

@ PLoS ONE | www.plosone.org

Materials and Methods

Primary cells, cell lines and culture conditions
HMVEC-d and NHDF cells were purchased from Lonza Co.
HMVEC-d and NHDF cells were maintained with EGM-2-MV
BulletKit and FGM-2 BulletKit (Lonza Co), respectively. HMVEC-
d cells were cultured in endothelial cell basic medium (EBM)
containing 5% FBS and a growth factor mixture containing
hydrocortisone, ascorbic acid, FGF, VEGF, IGF, EGF and
gentamycin, NHDF cells were cultured in fibroblast basic medium
(FBM) containing 2%, FBS containing the appropriate growth
factors (insulin, FGF, and gentamycin). The human prostate cancer
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Figure 6. WNT10A is expressed in stromal cells of keloid tissue. H&E and anti-WNT10A antibody staining in (A) normal skin and (B) keloid
tissue. WNT10A was expressed around the vessels and in the peripheral nerve cells of normal skin, but not in stromal cells. In contrast, WNT10A was

expressed around vessels, in peripheral nerve cells and strongly in stromal cells of keloid tissue. Vulcan fast red was used for WNT10A staining
(red color).

doi:10.1371/journal.pone.0015330.g006
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Figure 7. WNT10A is induced by oxidative stress. (A) 8-hydroxydeoxyguanosine levels are significantly increased in the lung tissues of L/L
compared with L/D mice (*P<<0.05). (B) Reporter assays. The promoter activity of the WNT10A gene was measured using a luciferase system after the
addition of hydrogen peroxide. 42 hours after transfection (exposure time 6 hr) or 36 hours after transfection (exposure time 12 hr) of the reporter
plasmid into PC3 cells, cells were treated with 10 pM of hydrogen peroxide. Luciferase activities were assayed after 48 hours of transfection. The
results shown are normalized against protein concentrations measured using the Bradford method and are representative of at least three
independent experiments. (C) Induction of mouse Wnt10a transcripts by oxidative stress. NIH3T3 cells were treated with or without H,0, (10 uM) for
12 hours. Total RNAs were assayed by semi- quantitative RT-PCR. Mouse B-actin was used for internal control.
doi:10.1371/journal.pone.0015330.g007
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cell line PC3 was kindly gifted by Dr M Nakagawa (Kagoshima
University, Kagoshima, Japan) [34]. Although HeLa cell line was
kindly gifted by Dr S Akiyama (Tokushima University, Tokushima,
Japan) as human epidermoid cancer KB cell line [35], we carried
out STR profiling at National Institute of Biomedical Innovation in
Japan and revealed that KB cell line is same as Hela cell line. Mouse
fibroblast NTH3T?3 cell line was obtained from the Japanese Cancer
Research Resources Bank (JCRB) [36]. HeLa cells and human
prostate cancer PC3 cells were cultured in Eagle’s minimal essential
medium as described previously [37,38]. NIH3T3 cells were
cultured in Dulbecco’s modified Eagle’s minimal essential medium.
These mediums were purchased from Nissui Seiyaku (Tokyo,
Japan) and contained 10% fetal bovine serum. Cell lines were
maintained in a 5% CO, atmosphere at 37°C.

Anti-WNT10A antibody

A polyclonal antibody was raised against WNT10A by multiple
immunization of a New Zealand white rabbit with synthetic
peptides. The synthetic peptide sequences were RKLHRLQL
DALQRGKGLSHGVPEHPALPC (aa 172-199) and CGGQL
EPGPAGAPSPAPGAPGPRRRASPA (aa 307-334). This anti-
body was used for the Western blot and cell proliferation assays.
For the cell proliferation assays, antibodies were purified from
both control and WNT10A antisera using protein G columns
(Mab Trap, Amersham Pharmacia Biotech).

Mouse studies

All protocols were approved by the Ethics Committee of Animal
Care and Experimentation, University of Occupational and
Environmental Health (admission number; AE-07039), and were
performed according to the Institutional Guidelines for Animal
Experiments and to Law (number 105) and Notification (number
6) of the Japanese government. All surgery was performed under
anesthetization (mixture of ketamine 50 mg/kg and medetomidine
1 mg/kg), and all efforts were made to minimize suffering. Eight-
week-old male nude mice (BALB/c nu/nu; Kyudo Co.) were used
for subcutaneous xenografting. Mice were injected with 100 pl
(1x10° cells) of Hela cells or PC3 cells suspension at two separate
dorsal sites. The subcutaneous xenegrafting experiments were
carried out four times for HeLa cells and twice for PC3 cells. Mice
were randomly caged (5/cage) and subdivided into L/L and L/D
groups. Tumor volume was measured using the two principal
perpendicular diameters: V= length (mm) x (width (mm))® x1/2.

Preparation of human tissue samples

Human normal skin, keloid tissue and cancer samples from
different organ were examined in the Department of Pathology
and Cell Biology at University of Occupational and Environmen-
tal Health in Kitakyushu, Japan. The diagnosis was re-evaluated
and confirmed by at least three board-certified surgical patholo-
gists who had examined formalin-fixed, paraffin-embedded tissue
sections stained with haematoxylin and eosin (H&E) or other
appropriate immunohistochemical stains.

Immunohistochemistry and histpathology

Formalin-fixed tumors (transplanted to mice or human cancer
specimens), normal human dermal tissues and human keloid
tissues were embedded in paraffin and sections were immuno-
stained using anti-CD34 (1:50; Immunotech), anti-aSMA (1:150,
DAKO), anti-mouse Type I collagen (1:250; AbD Serotec), anti-
WNT10A (1:50, Sigma-Aldrich) and anti-cytokeratin CAMS5.2
(1:10, Becton Dickinson) according to the manufacturer’s
instructions. The anti-WNT10A antibody recognizes both human
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and mouse WNT10A. 3,3'-Diaminobenzidine (DAB) or Vulcan
fast red were used as chromogen. The necrotic area/tumor area
ratio was evaluated using NanoZoomer Digital Pathology Virtual
Slide Viewer software (Hamamatsu Photonic Co.). Masson
trichrome staining is used for ‘evaluating extracellular matrix. All
procedures were approved by the ethics committee of the
University of Occupational and Environmental Health.

DNA microarray analysis and RT-PCR

DNA microarray analysis was performed using 3-DGene (Toray
Industries). All data is MIAME compliant and that raw data has
been deposited in a MIAME compliant database (GSE23969). Only
one tumor from each L/D and L/L group which represent the
typical look of tumors size and color was used for RNA preparation
in same experiment. Total RNA was isolated from tumors and
cultured cells using QJAshredder and RNeasy-Mini kits (Qjagen).
RT-PCR was performed using the Qjagen OneStep RT-PCR kit.
The primers used in this study are listed in Table S2. Cycle number
is 30 excluding some exceptions. The cycle number of these
exceptions is listed in each figure legend. Human specificity of h-
WNTI0A primers is shown using NHDF cells (Figure 4A) and
mouse specificity of m-Wntl0a primers is shown using NIH3T3
cells (Figure S2A). Specificity of human and/or mouse B-actin
primers is shown using Hela cells and NIH3T?3 cells (Figure S2B).

Plasmid construction

WNT10A cDNA was constructed by PCR using a superscript
cDNA library (Invitrogen) (Table $2). The PCR product was cloned
into the pGEM-T easy vector (Promega) and the fulllength cDNA
fragment was recloned into the pcDNA3.1 vector (Invitrogen). To
prepare the reporter plasmid containing the promoter region of the
human WNTI10A gene, PCR of human genomic DNA was
performed using the appropriate primers (listed in Table S2). The
PCR product was then cloned into the pGL3-basic vector (Promega).

Cloning of stable transfectants

HeLa cells were transfected with pcDNA3.1-WNT10A using
the Effectene reagent (Qiagen) and cultured with 500 pg/ml
hygromycin for 15-20 days. The resulting colonies were isolated
and the cellular expression levels of WNT10A in each clone
analyzed by Western blotting with an anti-WNT10A antibody.

Western blotting analysis

Whole-cell lysates were prepared as previously described
[38,39]. The 100 pg of whole-cell lysates were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride (PVDF)
microporous membranes (Millipore, Billerica, MA, USA) using a
semi-dry blotter. The blotted membranes were treated with 5%
(w/v) skimmed milk in 10 mM Tris, 150 mM NaCl and 0.2% (v/
v) Tween 20, and incubated for 1 h at room temperature with the
primary antibody. The following antibodies and dilutions were
used: 1:1,000 dilution of anti-WNT10A and 1:5,000 dilution of
anti-B-actin. The membranes were then incubated for 45 min at
room temperature with a peroxidase-conjugated secondary
antibody, visualized using an ECL kit (GE Healthcare Bio-
Science, Buckinghamshire, England, UK). The detection was
performed with LAS-4000 mini (FUJIFILM).

WNT10A siRNA knockdown

Twenty-five base-pair double-stranded RNA oligonucleotides
were commercially generated (Invitrogen) (Table S3). siRNA
transfections were performed according to the manufacturer’s
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