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modified assays still exists because of the small scale of their data
sets. Although further data accumulation is required to clarify the
reliability of the strategy, a tiered testing approach for in vitro pho-
tosafety assessment could be proposed on the basis of combined
use of several in vitro photochemical and photobiochemical
methodologies. The proposed assay strategy might meet the 3R
requirements for “replacement” of animal testing in accordance
with the 7th Amendment of the European Cosmetics Directive
and would be available for non-animal experiments-based product
development.
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Several testing methods have been established to identify potential phototoxins. The present study was
undertaken to clarify the predictive ability of in vitro photosafety assays for photoallergenicity. On the basis of
animal and/or clinical photosafety information, 23 photoallergens and 7 non-phototoxic/non-photoallergenic
chemicals were selected and subjected to UV/VIS spectral analysis, reactive oxygen species (ROS)/micellar
ROS (mROS) assays, and 3T3 neutral red uptake phototoxicity testing (373 NRU PT). Of the photoallergens tested,
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Keywords: ca. 96% of chemicals had intense UV/VIS absorption with a molar extinction coefficient of over 1000 M~ cn™ L3
Photoallergenicity and false-positive predictions were made for 3 non-photoallergenic chemicals. In the ROS assay, all
Photosafety assessrment photoallergens were found to be potent ROS generators under exposure to simulated sunlight. In the photosafety
Phototoxicity prediction based on the ROS assay, the individual specificity was 85.7%, and the positive predictivity and negative

Reactive oxygen species predictivity were found to be 95.8% and 100%, respectively. Most of the photoirritant chemicals were correctly
uv identified by the 3T3 NRU PT; however, it provided false predictions for ca. 48% of photoallergens. The orders
of sensitivity and specificity for photoallergenicity prediction were estimated to be: [sensitivity] ROS
assay > UV/VIS absorption > 3T3 NRU PT, and [specificity] 3T3 NRU PT > ROS assay > UV/VIS absorption. Thus,

photochemical assays, in particular the ROS assay, can be used for assessment of photoallergenicity, although

there were some false-positive predictions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Phototoxic responses in light-exposed tissues can be caused by
several classes of pharmaceuticals, cosmetics and foods, and these
phototoxic events can be categorized into photoirritation, photoallergy
and photogenotoxicity in accordance with their mechanisms and
outcomes {(Moore, 1998, 2002). Concerns about phototoxicity and
its avoidance are growing, and a number of in vitro assay systems
have been developed for photosafety assessment over the past
few years (Onoue et al.,, 2009). The International Conference on
Harmonization (ICH) S10 guidelines on photosafety evaluation

Abbreviations: 3T3 NRU PT, 373 neuiral red uptake phototoxicity testing; AOP,
Adverse Outcomne Pathway; DMSO, dimethyl sulfoxide; ICH, International Conference on
Harmonization of Technical Requirements for Registration of Pharmaceuticals for
Hurnan Use; IFRA, International Fragrance Association; JaCVAM, Japanese Center for the
Validation of Alternative Methods; JPMA, Japan Pharmaceutical Manufacturers
Association; MEC, molar extinction coefficient; mROS assay, micellar ROS assay; NaPB,
sodium phosphate buffer; NBT, nitroblue tetrazoliurn; OECD, Organisation for Economic
Co-operation and Development; PIF, photoirritation factor; ROS, reactive oxygen species;
UV, ultraviolet; VIS light, visible light.
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E-mail address: onoue@u-shizuoka-ken.acjp (S. Onoue).

http://dx.doi.org/10.1016/j.tiv.2016.03.003
0887-2333/© 2016 Elsevier Ltd. All rights reserved.

successfully reached step 5 of the ICH process in 2014, describing de-
tailed photosafety assessment strategies on the basis of photochem-
ical and photobiochemical properties, and in vivo pharmacokinetic
behavior (ICH, 2014). In the ICH S10 guideline, three in vitro
photosafety test methods are recommended: (i) UV spectral analysis
(Henry et al., 2009), (ii) reactive oxygen species (ROS) assay (Onoue
and Tsuda, 2006), and (iii) 3T3 neutral red uptake phototoxicity test
(3T3 NRU PT) (Spielmann et al., 1994).

Absorption of sunlight by phototoxins, followed by photochemical
reaction, is considered to be a key trigger for phototoxicity (Onoue
et al., 2013b), because photo-excited chemicals may react with
biomolecules, leading to phototoxic events (Moore, 1998, 2002). In
this context, the UV-absorbing property of chemicals can be a potential
indicator for phototoxic risk, and Henry and co-workers demonstrated
that chemicals with a molar extinction coefficient (MEC) of less than
1000 M™* cm™"! showed low phototoxic risk (Henry et al., 2009).
Photo-excited chemicals tend to generate ROS, resulting in oxidative
damage to the cellular membrane, DNA and other biomolecules
(Brendler-Schwaab et al,, 2004; Epstein and Wintroub, 1985);
therefore, the ROS assay of photoirradiated chemicals has been used
for photosafety assessment (Onoue et al., 2014). On the other hand,
3T3 NRU PT was originally established to assess the cytotoxicity of
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photo-excited chemicals as an in vitro alternative to in vive phototoxic-
ity tests (Liebsch and Spielmann, 2002).

Photoirritation is a narrowly specified type of phototoxicity that can
be defined as an inflammatory event in UV-exposed tissues, triggered
by photo-oxidation of lipids and proteins in the cellular membrane
(Girotti, 2001; Schothorst et al,, 1972), while photoallergy is an immune
response to photosensitizer-bound proteins (Tokura, 2009). The in vitro
assays recommended in the ICH S10 guideline are well validated and
have a high predictive capacity for photoirritancy of tested chemicals
(ICH, 2014). Although a previous study demonstrated that the
photoallergenic potential of tested chemicals might be partly identified
by ROS assay (Onoue et al,, 2013c), the applicability of these in vitro as-
sessments for predicting photoallergenic risk is still poorly understood.
Therefore, we undertook the present study to clarify the predictive
performance of photochemical and photobiochemical assays for the
photoallergenic potential, using a panel of 23 photoallergens and 7
non-phototoxic/non-photoallergenic chemicals (Table 1). These model
chemicals were assessed by means of UV/VIS spectral analysis, ROS
assay, and 3T3 NRU PT, and the results were compared.

2. Materials and methods
2.1. Chemicals

On the basis of published photosafety data and the International
Fragrance Association (IFRA) standard (Bakkum and Heule, 2002;
Hindsen et al,, 2006; Horio et al., 1394; Kerr et al,, 2010; Lovell, 1993;
Lugovic et al., 2007; Moore, 2002; Murata et al,, 1998; Onoue et al,,
2013c; Scheinfeld et al,, 2014; Tokura, 2009), 30 chemicals, including
23 photoallergens and 7 non-phototoxic chemicals, were selected for
the present study (Table 1). Dimethyl sulfoxide (DMSO), erythromycin

(27), glibenclamide (8), hexachlorophene (9), indomethacin (11), imid-
azole, ketoprofen (13), 8-methoxypsoralen (2), 4'-methylbenzylidene
camphor (24), nitroblue tetrazolium (NBT), p-nitrosodimethylaniline,
phenytoin (30), piroxicam (18), sulfanilamide (20) and tribromsalan
(22) were bought from Wako Pure Chemical Industries (Osaka, Japan).
Aspirin (25), bithionol (4), dichlorophene (5), enoxacin (6), octyl
dimethyl PABA (16), penicillin G (29), pyridoxine HCl (19) and
triclocarban (23) were purchased from Sigma-Aldrich Japan
(Tokyo, Japan). Benzophenone (3), hydrochlorothiazide (10) and
methylsalicylate (28) were obtained from Junsei Chemical Co.
(Tokyo, Japan), and 6-methylcoumarin (1) was purchased from
Nacalai Tesque {Kyoto, Japan). Benzocaine (26), fenticlor (7), musk
ambrette (14) and musk xylene (15) were purchased from Tokyo
Chemical Industry (Tokyo, Japan). Isoniazid (12) was obtained
from LKT Laboratories (St. Paul, MN, USA). Omadine Na (17) was
bought from Alfa Aesar (Heysham, UK). Sulfasalazine (21) was
purchased from Fluka (St. Gallen, Switzerland). A quartz reaction
container for high-throughput ROS assay (Onoue et al,, 2008a) was
constructed by Ozawa Science (Aichi, Japan).

2.2. UV/VIS spectral analysis

Each chemical was dissolved in methanol or distilled water at final
concentrations of 0.001, 0.01 and 0.1 uM, and the final concentration
was reduced if the tested chemical was found to be an intense UV/VIS
absorber. UV/VIS absorption spectra were recorded with a UV-VIS
Multipurpose Spectrophotometer MPS-2400 (Shimadzu Corporation,
Kyoto, Japan) interfaced to a PC for data processing (software; UVProve
Version 1.12). MEC values were determined from absorbance values for
peaks tailing through 290 nm from a previous maximum absorbance,
and all peaks were detected at 290 nm or higher wavelength.

Table 1

Test chemicals.
No. Chemical name CAS number Physical state Color Molecular weight Clog P° Category*®
Photoallergens
1 6-Methylcoumarin 92-48-8 Powder White 160.05 191 C
2 8-Methoxypsoralen 298-81-7 Powder Light yellow 216.04 231 cp
3 Benzophenone 119-61-9 Powder White 182.07 3.18 C
4 Bithionol 97-18-7 Powder White 353.88 6.16 C
5 Dichlorophene 97-23-4 Powder Light yellow 268.01 4.79 P
6 Enoxacin 74011-58-8 Powder White 320,13 -1.60 P
7 Fenticlor 97-24-5 Powder Light yellow 285.96 5.19 C
8 Glibenclamide 10238-21-8 Powder White 493.14 424 P
9 Hexachlorophene 70-30-4 Powder White 403.85 7.03 C
10 Hydrochlorothiazide 58-93-5 Powder White 296.96 ~—036 P
11 Indomethacin 53-86-1 Powder Yellow 357.08 418 P
12 Isoniazid 54-85-3 Powder White 137.06 —0.67 P
13 Ketoprofen 22071-15-4 Powder White 254,09 2.76 P
14 Musk ambrette 83-66-9 Powder Yellow 268,11 3.84 C
15 Musk xylene 81-15-2 Powder White 297.10 3.96 C
16 Octyl dimethy! PABA 21245-02-3 Liquid Light yellow 277.20 6.16 C
17 Omadine Na 3811-73-2 Powder White 150.00 (127.01)2 —0.59 C
18 Piroxicam 36322-90-4 Powder White 331.06 1.89 P
19 Pyridoxine HC 58-56-0 Powder White 205.05 (169.07)* —035 PF
20 Sulfanilamide 63-74-1 Powder White 172.03 —0.57 P
21 Sulfasalazine 599-79-1 Powder Yellow 398.07 3.99 P
22 Tribromsalan 87-10-5 Powder White 44681 6.01 P (animal)
23 Triclocarban 101-20-2 Powder White 313.98 547 C
Non-phototoxic/non-photoallergic chemicals
24 4'-Methylbenzylidene camphor 36861-47-9 Powder White 254,17 5.02 C
25 Aspirin 50-78-2 Powder White 180.04 1.02 P
26 Benzocaine 94-09-7 Powder White 165.08 1.92 P
27 Erythromycin 114-07-8 Powder White 791.47 1.66 P
28 Methylsalicylate 119-36-8 Liquid Yellow 152.05 233 P
29 Penicillin G 113-98-4 Powder White 387.08 (348.11) ° 227 P
30 Phenytoin 57-41-0 Powder White 252.09 2.09 P

# Number in parenthesis represents molecular weight of free compound.
b Calculated on ChemBioDraw Ultra 13.0 software.
¢ C, cosmetic ingredients; F, food ingredients; and P, pharmaceutics.
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" 2.3. ROS assay

2.3.1. Irradiation

In the ROS assays, Atlas Suntest CPS plus (Atlas Material Technology
LLC, Chicago, USA) was used as reported previously (Onoue etal,, 20133,
2014). The irradiation test was carried out at 25 °C with an irradiance of
ca. 2.0 mW/cm?.

2.3.2. ROS assay

The ROS assay was conducted in accordance with the validated
protocol (Onoue et al., 20133, 2014). Briefly, for the measurement
of singlet oxygen, samples containing the test chemical (200 pM),
p-nitrosodimethylaniline (50 pM) and imidazole (50 uM)} in
20 mM NaPB (pH 7.4) were mixed in a tube. Two hundred microli-
ters of the sample was transferred into a well of a plastic 96-well
plate (Asahi Glass Co., Ltd., Tokyo, Japan; code number: 3881-096;
clear, untreated, flat-bottomed) and checked for precipitation be-
fore light exposure. After measurement of absorbance at 440 nm
using a SAFIRE microplate spectrophotometer (TECAN, Mannedorf,
Switzerland), the plate was fixed in a quartz reaction container
with a quartz cover, then irradiated with simulated sunlight for
1 h, and agitated on a plate shaker. Then, the UV absorbance
at 440 nm was measured. For the determination of superoxide,
samples containing the test chemical (200 pM) and NBT (50 uM)
in 20 mM NaPB were irradiated with simulated sunlight for 1 h,
and the reduction in NBT was measured in terms of the increase in
absorbance at 560 nm in the same manner as for the singlet oxygen
determination.

2.3.3. mROS assay

The mROS assay was employed for chemicals that were untest-
able in the ROS assay because of limited solubility (Seto et al,,
2013). Briefly, to monitor the generation of singlet oxygen, test com-
pound (200 pM), p-nitrosodimethylaniline (50 pM) and imidazole
(50 uM) were dissolved in 20 mM NaPB (pH 7.4) with 0.5% (v/v)
Tween 20. For the determination of superoxide generation, test
compound (200 uM) and NBT (50 uM) were dissolved in 20 mM
NaPB (pH 7.4) with 0.5% (v/v) Tween 20. These samples were then
irradiated with simulated sunlight and measured under the same
conditions as for the ROS assay protocol.

24.33NRUPT

The in vitro 3T3 NRU PT was carried out as described in the
Organisation for Economic Co-operation and Development (OECD)
432 guidelines and the European Community Official Journal
(L 136/9, 08.06.2000, annexe 1) with minor modification (OECD,
2004). Briefly, Balb/c 3T3 cells were maintained in culture for 24 h
for monolayer formation. Two 96-well plates per test chemical
were then pre-incubated with six different concentrations of the
chemical in duplicate for 1 h. One plate was exposed to a dose of
5 j/cm® UVA (+ Irr experiment), whereas the other plate was kept
in the dark {—Irr experiment). UVA irradiation was performed
using a SOL 500 Sun Simulator (Dr. Hénle AG UV Technology,
Miinchen, Germany) equipped with a 500 W metal halide lamp
and an H1 filter to attenuate UVB. The treatment medium was
then replaced with culture medium. After 24 h, cell viability was
determined by measuring neutral red uptake for 3 h; the neutral
red uptake was measured at the absorbance of 540 nm using a
Benchmark™ Plus microplate spectrophotometer (BioRad, Hercules,
CA, USA). Cell viability at each of the six concentrations of the test
chemical was compared with that of untreated controls and the
percent inhibition was calculated. For prediction of the phototoxic
potential, the concentration responses obtained in the presence
and in the absence of UV irradiation were compared, usually at the
1Csg level, that is, the concentration that reduced cell viability to

50% of that of the untreated controls. The photoirritancy factor
(PIF) was determined as follows:

_ ICSQ(‘IIT)
PIF = 1Cso(+Irr)
3. Results

3.1. UV/VIS spectral analysis

All the test chemnicals were subjected to UV/VIS spectral analysis to
evaluate photoreactivity (Table 2). Although weak UV absorption was
seen for musk xylene (15), a weak photoallergen (SCCNFP, 2004),
with an MEC value of 448 M~" cm™! {290 nm), most photoallergens
exhibited potent UV/VIS absorption, with maximal MEC values of
over 1000 M~" cm™". In particular, the maximal MEC values of octyl
dimethyl PABA (16) and sulfasalazine (21) within the UV/VIS region
were found to be 28,879 M~ cm™? (310 nm) and 33,116 M~ cm ™!
(366 nm), respectively. Application of the threshold MEC value
(1000 M~ cm™") proposed by Henry and co-workers (Henry et al,,
2009) correctly predicted ca. 96% of the chemicals to be photoallergenic
(Table 3). Within the non-phototoxic/non-photoallergenic group,
there appeared to be three false-positive predictions, since
4'-methylbenzylidene camphor (24), benzocaine (26) and methyl-
salicylate (28) exhibited intense UV absorption with MEC values
of 11,876 M~! cm™?* (299 nm), 17,025 M~* cm™"! (290 nm), and
4722 M~* cm~" (308 nm), respectively. These observations are in
agreement with previous reports that some non-phototoxic chemicals
have intense UV/VIS absorption (Onoue and Tsuda, 2006), and the
defined threshold (1000 M~ cm™") might not always be reliable for
negative prediction of photoallergenic potential. The positive and
negative predictivities of the MEC-based approach were calculated to
be 88.0% and 80.0%, respectively.

3.2. ROS assay

The ROS assay, originally developed for photosafety assessment of
drugs, can monitors the generation of ROS such as singlet oxygen and su-
peroxide from photoirradiated chemicals (Onoue et al., 2008b; Onoue
and Tsuda, 2006). A validation study of the ROS assay was carried out
by the Japan Pharmaceutical Manufacturers Association (JPMA), super-
vised by the Japanese Center for the Validation of Alternative Methods
(JaCVAM) (Onoue et al,, 2013a). The ROS assay was applied to all the
test chemicals (Table 2); however, 8 chemicals (ca. 27% of total) were
found to be untestable at the final concentration of 200 uM because of
poor solubility. Therefore, mROS assay employing a micellar solution
was optionally applied to these chemicals (Seto et al, 2013); this com-
plementary use of mROS assay enabled us to conduct photosafety
screening on 7 of the 8 chemicals (5, 7, 14-16, and 23-24) previously un-
testable at 200 uM, and on tribromsalan (22) at a lower concentration
(100 uM). In the ROS/mROS assays (Table 2), all photoallergens exhibit-
ed significant generation of ROS on exposure to simulated sunlight.
Several photoallergens, such as enoxacin (6) and piroxicam (18), could
generate both singlet oxygen and superoxide; however, generation of
singlet oxygen seemed to be predominant, at least in the present chem-
ical panel. In contrast, ROS generation was negligible or weak with most
non-phototoxic chemicals. In accordance with the validated criteria for
ROS data {25 (AA44o nm-10%) for singlet oxygen and 20 (AAsgg nm+10°)
for superoxide} (Onoue et al, 2008a), 16 testable photoallergens
(ca. 70% of total photoallergens) could be correctly identified in the
ROS assay, and positive predictions could also be made for 7 untestable
photoallergens upon optional application of the mROS assay. The
photoallergenic potential of musk xylene (15) could be predicted by
the ROS/mROS assay based on the significant ROS generation {singlet
oxygen (AAso nm-10%), 104 & 3; and superoxide (AAsgo nm-103),
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Table2~
Photosafety characterization.

Maximal MEC

ROS/mROSY

373 NRU PT Photosafety information

No. Chemical name (M)

Singlet oxygen
(88 44g am * 103)

Superoxide PIF . .
(Ahsgp o * 10%) ( ) Photoirritant  Photoallergenic

Photoallergens

1 6-Methylcoumarin
2 8-Methoxypsoralen
3 Benzophenone

4 Bithionol

5 Dichlorophene

6 Enoxacin

7 Fenticlor

8 Glibenclamide

9 Hexachlorophene

10 Hydrochlorothiazide
11 Indomethacin

12 Isoniazid

13 Ketoprofen

14 Musk ambrette

15 Musk xylene

16 Octyl dimethy! PABA
17 Omadine Na

18 Piroxicam

19 Pyridoxine HCl

20 Sulfanilamide’

21 Sulfasalazine

448 [290 nm)

22 Tribromsalan
23 Triclocarban
Non-phototoxic/non-photoallergenicchemicals

+ +
+ +
+ +
+ +
+
+ +
+
+
- +
+
+ +
+
- +
- +
- +
- +
¥
+
+ +
&
4
+ +

24 4-Methyibenzylidene camphor (<1] (<1] 1.0 ~ -
25 Aspirin 193 [290 nm] 312 <1 10
26 Benzocaine 41 9x1 1.0 - -

27 Erythromycin <10 <1 <1 1.0

28 Methylsalicylate hl;
29 Penicillin G 31({318 nm]
30 Phenytoin <10

20%24

<1 1.0 - -
9£21 1.0 - -
<1 1.0

Black cells: over thresholdin MEC and ROS/mROSor phototoxicity predicted in 3T3 NRU PT; and gray cells: probable phototoxicity in 3T3 NRU PT. a) Plain numbers: MEC
values at A, observed between 290-700 nm; and italicnumbers: MEC valuesat 290 nm (shoulders). b) Plain numbers: ROS data at 200 uM; plain numbers in brackets:
mROS assay at 200 M; and italic letters in brackets: mROS assay at 100 pM. Data represent mean * SD of three repeated experiments.

38 -+ 7}, in spite of the weak UV/VIS-absorbing character of this com-
pound. Although slight generation of singlet oxygen was seen in the
case of methylsalicylate (28), other non-phototoxic chemicals were cor~
rectly judged to be negative. The ROS and optional mROS assays did not
provide any false-negative predictions in the present investigation, and
photoallergenic prediction of all test chemicals could be achieved with
values of individual specificity, positive predictivity and negative
predictivity of 85.7%, 95.8% and 100%, respectively (Table 3). These
observations suggested that the ROS/mROS assays are useful for
photoallergenicity screening, although careful consideration would
be required to eliminate false-positive predictions.

3.3. 313 NRU Pt

In addition to the photochemical screening systems (UV and ROS
assays), the photoallergenic potential of all chemicals was also tested

using the 3T3 NRU PT (Table 2), which has been employed to predict
photoirritation potential on the basis of PIF values of tested chemicals.
PIF can be calculated from the cell viability curve and half-maximal
inhibitory concentration (ICsp) values in the presence and absence
of light, and the PIF values are indicative of photosafety [“no
photoirritant” (PIF < 2), “probable photoirritant” (2 £ PIF<5), and
“photoirritant” (PIF 2 5)]. Although appropriate PIF criteria for
prediction of photoallergenicity have not been established, these
values were tentatively employed for the present study. Among the
chemicals tested, 10 photoallergenic chemicals with no photoirritant
potential (5, 7-10, 12, 18, 20-21, and 23), as well as all non-
phototoxic/non-photoallergenic chemicals, were identified as negatives
because of their low PIF values (<2). In contrast, 12 photoallergens
(1-4, 6, 13-17, 19, and 22) were captured by the 3T3 NRU PT, and,
among them, 7 chemicals (1-4, 6, 19, and 22) were recognized as
photoirritants. Since the 3T3 NRU PT was designed for the identification
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Table3 - o
Predictive capacity of ROS/mROS assays and 3T3 NRU PT.
uv ROS/mROS assays 3T3 NRU PT
Sensitivity (%) 95.7 100.0 52.2
Specificity (%) 571 857 100.0
Positive predictivity (%) 88.0 958 100.0
Negative predictivity (%) 80.0 100.0 389

of photoirritation, not for photoallergenicity (Onoue et al., 2009), the
results of positive predictions for 7 photoirritant/photoallergenic
chemicals (1-4, 6, 19, and 22) and negative predictions for 10
photoallergens (5, 7-10, 12, 18, 20-21, and 23) are not necessarily
surprising. Nevertheless, the finding that 5 photoallergens (13-17)
were positive even in the 3T3 NRU PT is interesting, suggesting that
cytotoxicity via an unspecified mechanism might be involved in the
pathway of photoallergenicity, or that the photoallergy-related bio-
chemical responses could be partly detected by the 3T3 NRU PT.
The sensitivity, individual specificity, positive predictivity and nega-
tive predictivity of the 3T3 NRU PT in the present study were calcu-
lated to be 52.2%, 100%, 100% and 38.9%, respectively (Table 3).
These findings suggested rather limited predictive performance of
the 3T3 NRU PT for photoallergenic potential.

4. Discussion

In the present study, three in vitro photosafety screening systems,
UV/VIS spectral analysis, ROS assay, and 3T3 NRU PT, were applied to
a panel of 30 selected chemicals to clarify their predictive performance
for photoallergenic potential. These assay systems were found to
be partly applicable for prediction of photoallergenicity, and their predic-
tive capacity was ranked as follows: (i) sensitivity: ROS assay > UV/VIS
absorption > 3T3 NRU PT, and (ii) specificity: 3T3 NRU PT > ROS
assay » UV/VIS absorption. Thus, the 3T3 NRU PT seems unreliable
for photoallergenicity prediction, at least with the current chemical
set, whereas the in vitro photochemical assays could predict
photoallergenicity with some false-positives.

In any type of phototoxic event, penetration and absorption of light
in the skin, eyes, or other UV-exposed tissues can be a critical factor for
triggering phototoxic cascades, and the absorption of photon energy by
the phototoxin results in excitation of the molecule itself (Onoue et al,
2013b). Since molecular oxygen can act as the predominant acceptor
of excitation energy, energy can be transferred from photo-excited
chemicals to oxygen through type Il photochemical reaction, resulting
in the generation of singlet oxygen. Transfer of an electron or hydrogen
could also lead to the formation of free radical species such as superox-
ide, peroxyl radicals or reactive hydroxyl radical through a type [ photo-
chemical reaction. Thus, photo-excitation of chemicals tends to produce
ROS, which may be one of major causative agents of phototoxic events
(Brendler-Schwaab et al., 2004; Epstein and Wintroub, 1985). On the
basis of the possible mechanisms and outcomes of phototoxic events,
drug-induced phototoxic skin responses can be categorized into
at least three types: (i) photoirritation through oxidative damage to
cellular lipids and proteins, {ii) photoallergenicity through formation
of photoantigens, and (iii) photogenotoxicity through DNA damage
(Epstein and Wintroub, 1985; Onoue and Tsuda, 2006).

In these pathways, the photoexcitability of applied chemicals would
be a key determinant for initiation of phototoxic responses; therefore,
examination of photochemical properties might be a reasonable
approach for prediction of photoallergenicity. In the present study,
most photoallergens were successfully identified by both UV/VIS
spectral analysis and ROS assay. These assays tended to overestimate
the photoallergenic potential of test chemicals, as evidenced by some
false-positive predictions: 3 chemicals in the UV/VIS spectral analysis,
and 1 chemnical in ROS assay. Not all photo-excited chernicals will induce
photochemical toxicity, because some chemicals in the excited state

could release the absorbed photon energy. via emission of fluorescence,
phosphorescence or heat, and thereby return to their ground state
(Seto et al., 2012). This might partly explain the limited specificity
of the UV/VIS approach. In theory, the ROS assay can also provide
false-positive predictions, since it may capture all photochemically ac-
tive substances (Onoue and Tsuda, 2006). Some photolabile substances
would be judged as positive in the ROS assay if they are potent ROS
generators in their photodegradation pathways. In addition to
the false-positives, a false-negative prediction was made for one
photoallergen in the UV/VIS approach, although this chemical exhib-
ited potent ROS generation in the ROS assay and photodynamic
cytotoxicity in the 3T3 NRU PT. A previous study also demonstrated
that some phototoxic cosmetic ingredients have subthreshold MEC
values (<1000 M~ cm™!), providing false-negative predictions in
UV/VIS spectral analysis (Onoue et al., 2013c). The MEC criterion
value was well validated, at least for photosafety screening of
pharmaceutical substances (Bauer et al., 2014; Henry et al.,, 2009);
however, a reduced threshold value might be needed to enable reli-
able photosafety testing of non-pharmaceutical chemicals. Further
validation studies using a wide variety of model chemicals will be
needed to ensure the applicability of these photochemical assay
systems for photoallergenicity assessment.

3T3 NRU PT was originally developed to detect photoirritant
potential, and is not designed to predict other phototoxic events,
such as photoallergenicity and photogenotoxicity (Onoue et al,,
2009); therefore, the limited predictive performance of 3T3 NRU
PT in photoallergenicity testing is not surprising. Also, 3T3 NRU
PT may make false-negative predictions for chemicals predomi-
nantly absorbing in the UVB range, since only a UVA light source
is used in the assay to avoid the cytotoxic effect of UVB light
on 3T3 cells (Ceridono et al,, 2012). According to the Clog P values
of tested chemicals (Table 1), some photoallergens would be
poorly soluble in aqueous medium, possibly providing negative
predictions in the 3T3 NRU PT. Thus, in comparison with the
photochemical assays, the 3T3 NRU PT might be less effective for
evaluation of photoallergenicity. The exact reason why 3T3 NRU
PT can make positive predictions for at least some photoallergenic
chemicals remains unclear, and further mechanistic investigations
might provide a basis for modification of the assay to improve its
applicability for photoallergenicity screening. It is also important
to accelerate the development of new in vitro photosensitization
assays, which should be based on the photosensitization AOP
(Adverse Outcome Pathway).

In conclusion, our findings indicate that photochemical assays,
in particular the ROS assay, are applicable for the prediction of
photoallergenic potential. Although there were some false-positive
predictions, the photochemical assays show high sensitivity for
assessment of photoallergenicity. However, a better understanding
of their limitations through careful validation studies would be of
great value for avoiding overestimation and misleading conclusions.
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cence quenching showed a large separation between positive and negative controls. Of all tested compounds, 3
false positive and 7 false negative predictions were observed in the fROS assay, and the negative predictivity for
the fROS assay was found to be lower than that for the mROS assay. Although the fROS assay has some limitations,
the procedures for it were highly simplified with a marked reduction in screening run time and one analytical
sample for monitoring ROS generation from compounds. The fROS assay has the potential to become a new

tool for photosafety assessment at an early stage of product development.

© 2016 Elsevier BV. All rights reserved.

1. Introduction

Several chemical products, including pharmaceutics and cosmetics,
can induce phototoxic reactions in the skin and eyes after exposure to
sunlight, consisting of partial ultraviolet (UV) B (290-320 nm), UVA
(320-400 nm) and visible light (400-700 nm) (Epstein, 1983; Moore,
2002; Onoue et al., 2009). For photosafety evaluations, a UV absorption
system (Henry et al,, 2009) and a 3T3 neutral red uptake phototoxicity
test (Spielmann et al,, 1994) were recommended in the Organisation for
Economic Co-operation and Development (OECD) guidelines (OECD,
2004). In addition to these recommended methods, interest in in vitro
photosafety evaluations on the basis of the photochermical and photobi-
ological mechanisms, notably the generation of reactive oxygen species
(ROS) from photoirradiated chemicals, has increased in the pharmaceu-
tical and cosmetic industries. A ROS assay was developed as an in vitro

Abbreviations: CV, coefficient of variation; DBB, o-dibenzoylbenzene; DMSO, dirnethy!
sulfoxide; DPBF, 1,3-diphenylisobenzofuran; fROS assay, fluorometric reactive oxygen
species assay; H,0,, hydrogen peroxide; ICH, the International Council on
Harmonization of Technical Requirements for Registration of Pharmaceuticals for
Human Use; mROS assay, micellar reactive oxygen species assay; NaPB, sodium
phosphate buffer; NBT, nitroblue tetrazolium; OECD, the Organisation for Economic Co-
operation and Development; PABA, p-aminobenzoic acid; ROS, reactive oxygen species;
UV, uitraviolet.
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photoreactivity assessment tool for monitoring ROS generation from
photoirradiated pharmaceuticals, including singlet oxygen and super-
oxide (Onoue and Tsuda, 2006), and the International Council on Har-
monization of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH) has recommended the ROS
assay as a photosafety assessment tool in the ICH S10 guidelines for
photosafety evaluation (ICH, 2013). The experimental conditions of
the ROS assay were optimized (Onoue et al,, 2008a; Onoue et al.,
2008b) and validated (Onoue et al.,, 2013; Onoue et al., 2014a), offering
high assay productivity and prediction capacity; however, the solubility
issues of the ROS assay appeared in multi-laboratory validation studies
(Onoue et al, 2013; Onoue et al, 2014a). To overcome these lirnitations,
an albuminous ROS assay (Onoue et al., 2014b) and a micellar ROS
(mRQOS) assay (Seto et al., 2013) were also developed for evaluation of
the photoreactivity of poorly water-soluble chemicals, and it has been
proposed that these ROS assay systems could have a wide range of ap-
plicability for photosafety assessment.

Although these ROS assay systems could be useful as early screening
tools for photosafety assessment, challenges with the current ROS assay
systems for screening purposes might still remain. In the current ROS
assay systems, the preparation of two independent analytical samples
is needed for monitoring the generation of both singlet oxygen and su-
peroxide from photoirradiated chemicals, and high-energy UV irradia-
tion is required for photosafety assessments of tested chemicals,
leading to operational complexity and a long run time. To improve
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Fig. 1. Chemical structure and fluorescent quenching scheme of 1,3-diphenylisobenzofuran (DPBF).

these drawbacks, a novel screening strategy for monitoring ROS gener-
ation from photoirradiated chemicals would need to be developed. In
the previous report, 1,3-diphenylisobenzofuran (DPBF; Fig. 1) had
been used for an in vitro phototoxicity test on porous silicon nanoparti-
cles (Xiaoetal, 2011), and the decrease of absorbance at 410 nm caused
by photobleaching of DPBF was monitored for detecting singlet oxygen
generation from porous silicon nanoparticles. The operation time of the
previous method was 10 min; thus the use of DPBF for detecting ROS
generation may provide shorter operation time compared with the cur-
rent ROS assay system. However, spectral interference between DPBF
and test chemicals was concerned, possibly leading to false predictions;
therefore, the colorimetrical methodology might not be appropriate for
establishing a new photosafety assay. Recently, many types of fluores-
cent probe have been reported for detecting ROS in biological and
non-biological samples (Gomes et al., 2005), and DPBF has been re-
ported as a fluorescent probe for detecting ROS generation. DPBF in par-
ticular can. detect both singlet oxygen (Wozniak et al, 1991) and
superoxide (Ohyashiki et al., 1999) in phospholipid liposomes by its
fluorescence decrease. DPBF changes to o-dibenzoylbenzene (DBB), a
non-fluorescent substance, by reaction with singlet oxygen and/or su-
peroxide. In general, fluorometric methods have higher detection sensi-
tivity and specificity than colorimetric methods, and spectral
interference can be avoided with the use of fluorometric methods. Ac-
cording to the previous reports, DPBF would be useful for monitoring
both ROS generation from photoirradiated chemicals, and the use of a
fluorescent probe might be of help to increase the productivity and us-
ability of the ROS assay for photosafety assessments of chemicals.

The present study proposes a novel ROS assay system using DPBF,
named fluorometric ROS (fROS) assay, for photosafety assessments of
chemicals as an alternative to the current ROS assay systems. The
assay conditions of the fROS assay were optimized, focusing on the sol-
vent system, DPBF concentration, wavelength for the detection of DPBF
fluorescence, irradiation time, sensitivity and robustness, and validation
of this assay was also carried out. The fROS assay was applied to 21 pho-
totoxic and 11 non-phototoxic compounds. To clarify the predictivity of
the fROS assay, the photoreactivity of the tested chemicals was com-
pared with the ROS data obtained from the mROS assay and in vitro/
in vivo photosafety information.

2. Materials and methods
2,1. Chemicals

Chlorpromazine HCl, fenofibrate, hydrochlorothiazide, indometha-
cin, ketoprofen, lomefloxacin HCl, tovastatin, 6-methylcoumarin, omep-
razole, pravastatin Na, cinnamic acid, erythromycin, histidine, p-
aminobenzoic acid (PABA), penicillin G, phenytoin, dimethyl sulfoxide
(DMSO),  imidazole, nitroblue  tetrazolium  (NBT), p-
nitrosodimethylaniline, Tween 20, disodium hydrogen phosphate 12-
water and sodium dihydrogen phosphate dihydrate were obtained
from Wako Pure Chemical Industries (Osaka, Japan). Cilnidipine,

naproxen, benzocaine and sulisobenzone were purchased from Tokyo
Chemical Industry (Tokyo, Japan). Diclofenac Na, doxycycline HCl, flu-
phenazine 2HCI, nalidixic acid, quinine HCl, sparfloxacin, aspirin,
bumetrizole and chlorhexidine were purchased from Sigma-Aldrich
Japan (Tokyo, Japan). Amlodipine, atorvastatin and enoxacin were pur-
chased from LKT Laboratories (St. Paul, MN, USA). DPBF was obtained
from Kanto Chemical (Tokyo, Japan).

2.2. Irradiation conditions

Chemicals were stored in an Atlas Suntest CPS + solar simulator
(Atlas Material Technology LLC, Chicago, IL, USA) equipped with a
xenon arc lamp (1500 W) and cooling unit SR-P20FLE (Hitachi, Tokyo,
Japan). A UV special filter (# 56052371, Atlas) was installed to adapt
the spectrum of the artificial light source to natural daylight, and the
Atlas Suntest CPS series has high irradiance capability that meets
CIE85/1989 daylight simulation requirements. The irradiation test was
carried out at 25 °C with irradiance of ca. 2.0 mW/cm? as determined
using the calibrated UVA detector Dr. Hénle # 0037 (Dr. Honle, Munich,
Germany).

2.3. Fluorescence spectrum analysis

DPBF (10 pM) was dissolved in 20 mM sodium phosphate buffer
(NaPB; pH 74) containing 0.5% {v/v) Tween 20 with or without 1.5%
(w/v) hydrogen peroxide (H,0;), and the mixture was incubated at
room temperature for 15, 30, 45, 60, and 90 min. These procedures
were carried out in the dark. After incubation, fluorescence spectra of
DPBF (excitation: 414 nm) were collected using SAFIRE (TECAN,
Minnedorf, Switzerland).

24. Fluorometric reactive oxygen species (fROS) assay

ROS generation from irradiated compounds was qualitatively moni-
tored by conversion from DPBF to DBB. Each tested compound was dis-
solved in DMSO at 10 mM as a stock solution. Samples containing
compounds (200 pM) and DPBF (10 uM) in 20 mM NaPB (pH 74)
with 0.5% (v/v) Tween 20 were prepared in the dark. As a vehicle, a sam-
ple containing DPBF (10 pM) in 20 mM NaPB (pH 7.4) with 0.5% (v/v)
Tween 20 was also prepared in the dark. The samples were irradiated
with simulated sunlight for 1.5 min. Fluorescence from DPBF (excita-~
tion: 414 nm and emission: 487 nm) was measured using SAFIRE before
and after irradiation. To monitor ROS generation from irradiated
chemicals, the obtained data were analyzed using the following equa-
tions: (i) [Fluorescence data (% of initial)] = A/B x 100. A and B repre-
sent fluorescence values for samples before and after irradiation,
respectively; (ii) [Fluorescence quenching (% of vehicle)] = (C-D)/
C x 100. C and D represent fluorescence data (% of initial) for vehicle
and tested chemnical groups, respectively.
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2.5. Micellar reactive oxygen species (mROS) assay

For the qualitative detection of both singlet oxygen and superoxide
generation from irradiated compounds, mROS assay was carried out as
we reported previously (Seto et al., 2013). Briefly, each tested com-
pound was dissolved in DMSO at 10 mM as-a stock solution. For the de-
termination of singlet oxygen generation, compounds (200 upM), p-
nitrosedimethylaniline (50 pM) and imidazole (50 M) were dissolved
in 20 mM NaPB (pH 7.4) with 0.5% (v/v) Tween 20. To monitor the gen-
eration of superoxide, compounds (200 pM) and NBT (50 M) were dis-
solved in 20 mM NaPB (pH 7.4) with 0.5% (v/v) Tween 20. These
samples were irradiated with simulated sunlight for 60 min, and the de-
crease in absorbance at 440 nm and the increase in the absorbance at
560 nm were measured using SAFIRE for the determination of singlet
oxygen and superoxide generation, respectively.

2.6. Z'-factor

To evaluate the robustness of the fROS assay, Z'-factor, a statistical
function was estimated using the following equation: Z' = 1 —
(30:4 + 30 )/He+ — Hef (Zhang et al,, 1999). The means of positive
and negative control signals are denoted as fl., and .., respectively.
The standard deviations of positive and negative control signals are de-
noted as 0.+ and O, respectively. The difference between the means,
Jte+ — U, defined the assay's dynamic range.

2.7, Criteria for data acceptance and judgment in the mROS assay

According to the results {mean of triplicate determinations) from
the mROS assay, photoreactivity for each tested chemical should be
judged to be (i) positive with singlet oxygen (AAso am X 10°): 25 or
more, and/or superoxide (AAsgo nm % 10%): 20 or more; or {ii) negative
with singlet oxygen (AAgso nm x 10%): less than 25, and superoxide
(AAseo nm X 10%): less than 20. In the mROS assay, the final decision
should be made as follows: (i) positive: above the threshold level for
singlet oxygen or superoxide; or (ii) negative: below the threshold
level for both singlet oxygen and superoxide.

3. Results and discussion
3.1. Development of fROS assay

To develop the fROS assay, 20 mM NaPB (pH 7.4), the solvent system
of the ROS assay, was applied for dissolving DPBF (10 uM); however,
fluorescence emitted from DPBF could not be detected due to formation
of its non-fluorescent dimer in water (Merkel and Kearns, 1972). On the
other hand, DPBF-incorporated phospholipid liposomes exhibited fluo-
rescence emission in an aqueous condition, and DPBF could detect sin-
glet oxygen (Wozniak et al,, 1991) and superoxide (Ohyashiki et al.,
1999) by DPBF fluorescence quenching. Previously, the mROS assay
using the micellar solution of 0.5% (v/v) Tween 20 was proposed for
the photosafety assessments of poorly water-soluble chemicals (Seto
et al., 2013); therefore, 20 mM NaPB (pH 7.4) containing 0.5% (v/v)
Tween 20 was employed for the solvent system of the fROS assay, and
up to 20 uM DPBF could be dissolved in the solvent system. On the
basis of the results from the preliminary experiments, the concentration
of DPBF in the solvent system and excitation wavelength of DPBF fluo-
rescence was set at 10 pM and 414 nm, respectively, for the following
experiments (data not shown). To confirm fluorescence quenching of
DPBF by ROS in 20 mM NaPB (pH 7.4) containing 0.5% (v/v) Tween 20
and to determine the emission wavelength of DPBF fluorescence, fluo-
rescent spectrum analysis on DPBF treated with 1.5% (w/v) H,0, was
conducted (Fig. 2A). Low and high peaks of the DPBF fluorescence spec-
trum were observed at approximately 450 and 487 nm, respectively,
and the fluorescence was quenched with 1.5% (w/v) H;0; in a time-
dependent manner. Referring to the results from the fluorescent
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Fig. 2. Fluorescence quenching experiments on DPBF in 20 rnM NaPB (pH 7.4) containing
0.5% (v/v) Tween 20. (A) Fluorescence spectra of DPBF. DPBF (10 uM) was incubated with
or without 1.5% (w/v) H;0; at room temperature for the indicated time (15, 30, 45, 60, and
90 min). Solid line, without 1.5% (w/v) Hy02; and dotted lines, with 1.5% (w/v) Hz0,.
(B) Time course of DPBF fluorescence quenching. DPBF (10 yM) was exposed to
simulated sunlight with control chemicals (200 M) for the indicated periods with
irradiance of 2.0 mW/cm?. A, control (vehicle alone); O, quinine HCI {positive control);
and *, sulisobenzone (negative control).

spectrum analysis, the quenching capacity at 487 nm was higher than
that at 450 nm, and the emission wavelength of DPBF fluorescence for
the fROS assay was determined at 487 nm.

In the current ROS assay systems, the probes for monitoring ROS
generation from photoirradiated chernicals were also exposed to simu-
lated sunlight (Onoue et al,, 2008a). Although DPBF was found to be
able to capture ROS under the selected solvent system, its tolerance to
photoirradiation was still unclear. Thus, to optimize the irradiation
time of the fROS assay, DPBF fluorescence intensity was monitored
within 3 min after exposure to simulated sunlight with or without con-
trol chemicals (Fig. 2B). In the present investigation, quinine HCl and
sulisobenzone were employed as positive and negative controls, respec-
tively, the photoreactivity data of which were previously reported
(Onoue et al.,, 2013). The fluorescence intensity of DPBF in all groups
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was decreased in an irradiation time-dependent manner and, in partic-
ular, quinine HCI (200 uM) exhibited potent fluorescence quenching of
DPBF at 0.5 min or later after irradiation, suggesting that the reaction of
DPBF to ROS yielded from irradiated quinine HCl. Although the irradia-
tion time of the current ROS assay system was 60 min with the same
solar simulator, the fROS assay employing DPBF could be completed
within a few minutes, contributing to improved throughput of
photosafety screening. On the other hand, potent fluorescence
quenching of DPBF by long exposure to simulated sunlight was also
suspected as the fluorescence intensity of DPBF was shown to be less
than 60% of the initial level at 2 min or later after irradiation of simu-
lated sunlight. According to the data obtained from the time course of
DPBF fluorescence, exposure of chemicals to simulated sunfight for
1.5 min was employed as irradiation time for the fROS assay, and the dif-
ferences of fluorescence intensity between vehicle and tested chemicals
were employed for evaluating the photoreactivity of tested chemicals.

3.2, Validation of fROS assay for photosafety assessment

To assess the robustness and reproducibility of the fROS assay, the Z'-
factor was estimated (Zhang et al,, 1999). The Z'-factor was designed to
reflect both assay signal-to-noise ratio and the variation associated with
the signal measurements. Hence, the Z'-factor is commonly utilized for
quality assessment in assay development and optimization, as well as
evaluation of the reproducibility of assays for high-throughput screen-
ing. In an ideal assay, the Z'-factor is close to 1.0. In practical terms, a
Z'-factor greater than 0.5 is indicative of an excellent assay, whereas as-
says with Z'-factor values of less than 0.5 show a small separation band.
The ROS generation from photoirradiated quinine HCI (200 pM) and
sulisobenzone (200 pM) under 1.5-min exposure to simulated sunlight
was measured 21 times (Fig. 3). The Z'-factor for the fROS assay was es-
timated to be 0.73, demonstrating that the fROS assay had a large sepa-
ration band between positive and negative controls.

The overall precision of the method was evaluated by analyzing the
fluorescence quenching of DPBF by quinine HCl and sulisobenzone at
200 pM under 1.5-min exposure to simulated sunlight. The intra-day
precision (n = 9) and inter-day precision (days 1 to 3, n = 9) are

shown in Table 1. The intra-day coefficient of variation (CV) for ROS .

generation from irradiated quinine HCl was found to be 1.5%, and the
CV value of the inter-day was calculated to be 3.9%. On the basis of the
data obtained, the fROS assay would have potent intra-day and inter-
day precision for monitoring ROS generation from photoreactive

60

50+

40

Fluorescence quenching
(% of vehicle)

T
0 -5 10 15 20
Number of repeats

Fig. 3. Representative multiple measurement data used to calculate the Z'-factor for the
fROS assay. O, quinine HC! (positive control) at 200 uM; and *, sulisobenzone (negative
control) at 200 pM. Solid and dashed lines represent mean and 95% confidence interval,
respectively.

Table 1 o
Intra-day and inter-day precision of fROS assay.

Compounds (200 pM) Fluorescence quenching (% of vehicle)

Intra-day (n = 9)

Quinine HCl 432 407 [1.5]
Sulisobenzone —-45+£07

Inter~day (n=9)
Quinine HCl 452 +£ 1.7 [3.9]
Sulisobenzone —48 +£1.0

Compounds were dissolved in 20 mM NaPB (pH 7.4) containing 0.5% (v/v) Tween 20 and
exposed to simulated sunlight (2.0 mW/cm?) for 1.5 min. Data represent mean = SD of
nine experiments for intra-day and intra-day precision. Values in parentheses are CV (%).

substances. From these findings, the fROS assay would be suitable for
evaluating the photoreactivity of chemicals with high throughput.

3.3. Photoreactivity assessment of chemicals using fROS assay

Under the optimized conditions, the fROS assay was carried out for
evaluation of the photoreactivity of 21 phototoxic and 11 non-
phototoxic compounds (Table 2). For comparison, the mROS assay
was also conducted on these tested chemicals because the same solvent
system is employed in fROS and mROS assays. Of all phototoxic com-
pounds tested, the results for 14 phototoxic compounds, namely chlor-
promazine HCl, cilnidipine, diclofenac Na, enoxacin, fenofibrate,
fluphenazine 2HC, hydrochlorothiazide, ketoprofen, lomefloxacin HCl,
6-methylcoumarin, nalidixic acid, naproxen and omeprazole, were in-
dicative of potent DPBF fluorescence quenching upon exposure to sim-
ulated sunlight. The values of fluorescence quenching of DPBF for these
compounds were calculated to be over 10% of the vehicle, and the ob-
tained data for these compounds were consistent with those from the
mROS assay. In contrast, 7 phototoxic compounds out of 21 phototoxic
compounds did not exhibit DPBF fluorescence quenching upon simu-
lated sunlight exposure, whereas ROS generation from these com-
pounds except for indomethacin could be detected by mROS assay.
Among 11 non-phototoxic compounds, 7 non-phototoxic compounds
exhibited no fluorescence quenching of DPBF, while 4 non-phototoxic
compounds did such quenching. The ROS data on non-phototoxic
chemicals obtained from the fROS assay were inconsistent with those
from the mROS assay.

3.4. Predictive capacity and assay limitations

To confirm the data distribution of the fROS assay, the values of DPBF
fluorescence quenching were plotted, as shown in Fig. 4A. According to
the results from the tested phototoxic compounds, a tentative threshold
of DPBF fluorescence quenching was set at 10% of the vehicle for judging
the photoreactivity of chemicals by fROS assay, and chemicals over this
threshold were judged as photoreactive compounds. Then, positive and
negative predictivity levels of fROS and mROS assays were compared
with the in vitro/in vivo phototoxicity (Fig. 4B). On the basis of the
photosafety information on 21 phototoxic and 11 non-phototoxic com-
pounds, 14 phototoxic and 8 non-phototoxic compounds were correctly
categorized as photoreactive and less photoreactive, respectively, using
the tentative threshold of the fROS assay. In contrast, 3 false positives,
namely, benzocaine, bumetrizole and PABA, and 7 false negatives,
namely, amlodipine, atorvastatin, doxycycline HCl, indomethacin, lova-
statin, pravastatin Na and sparfloxacin, were also identified in the fROS
assay. In the mROS assay, 20 phototoxic and 7 non-phototoxic com-
pounds were consistent with their photosafety information, and 5
chemicals, namely, indomethacin, cinnamic acid, L-histidine, penicillin
G and phenytoin, were found to be false predictions. Individual specific-
ities for the fROS and mROS assays were same, and the value was esti-
mated to be 72.7%. The positive and negative predictivities were found
to be 82.6% and 53.3% for the fROS assay and 87.0% and 88.9% for the
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Table 2
fROS and mROS data for tested chernicals,
fROS assay mROS assay
Compounds . .
No. (200 1) CAS No. Fluorescence quenching 'O, o5 Sources of photosafety information
(% of vehicle) (8o om * 10°)° (AAssq o * 10°)°
Phototoxic chemicals
1 Amlodipine 88150-42-9 <0 442 631+18 Grabczynska and Cowley (2000)
2 Atorvastatin 134523-00-5 <0 84649 84445 Package insert
3 Chlorpromazine HCI  69-09-0 8454 1.1 8+3 60:+8 Spielmann et al. (1998)
4 Cilnidipine 132203-70-4  239+£14 241 8918 Package insert
5 Diclofenac Na 15307-79-6 156£12 45145 N.D. Moore (2002)
6 Doxycycline HCl 10592-13-9 <0 11449 57542 Moore (2002); Spielmann et al, (1994)
7 Enoxacin 74011-58-8 135407 454419 85248 Lipsky and Balker (1999); Moore (2002)
8 Fenofibrate 49562-28-9 99.9+0.0 488 +6 20844 Peters and Holzhutter (2002); Spielmann et al. (1998)
9 Fluphenazine 2HC| 146-56-5 824104 40611 3774L3 Miolo et al. (2006)
10 Hydrochlorothiazide  58-93-5 242424 3106 N.D. Moore (2002)
11 Indomethacin 53-86-1 <0 2342 N.D. Moore (2002)
12 Ketoprofen 22071-15-4 993403 568 -4 619410 Moore (2002); Spielmann et al. (1998)
13 Lomefloxacin HCl 98079-52-8 126409 59347 7868 Hayashi et al. (2004); Moore (2002)
14  Lovastatin 75330-75-5 <0 6341 7+1 Quiec et al. (1995)
15 6-Methylcoumarine ~ 92-48-8 11.04+06 7643 6714 Peters and Holzhutter (2002); Spielmann et al. (1998)
16 Nalidixic acid 389-08-2 478408 246414 634+10 Moore (2002); Peters and Holzhutter (2002)
17 Naproxen 22204-53-1 395444 207+7 25749 Moore (2002)
18 Omeprazole 73590-58-6 16.44-0.8 2976 51£2 Gebhardt et al. (2012)
19 Pravastatin Na 81131-70-6 <0 92 6247 Package insert
20 Quinine HCl 6119-47-7 454+£1.0 446 4:21 86246 Moore (2002)
21 Sparfloxacin 110871-86-8 <0 2148 4243 Hayashi et al. (2004); Lipsky and Baker (1999)
Non-phototoxic chemicals
22 Aspirin 50-78-2 <0 141 N.D. Onoue and Tsuda (2006)
23 Benzocaine 94-09-7 133417 4+1 N.D. Onoue and Tsuda (2006)
24  Bumetrizole 3896-11-5 455413 N.D. N.D. Onoue et al. (2013)
25 Chlorhexidine 55-56-1 <0 20+4 N.D. Peters and Holzhutter (2002); Spielmann et al. (1994)
26 Cinnamic acid 140-10-3 <0 64-2 6942 Spielmann et al. (1995)
27 Erythromycin 114-07-8 <0 4+1 1241 Onoue and Tsuda (2006)
28 t-Histidine 71-00-1 25406 843 3543 Spielmann et al. (1994); Spielmann et al. (1995)
29 PABA 151-13-0 334420 8+2 N.D. Peters and Holzhutter (2002); Spielmann et al. (1995)
30 Penicillin G 113-98-4 . <0 1042 40+£4 Spielmann et al. (1994); Spielmann et al. (1995)
31 Phenytoin 57-41-0 <0 13£1 2041 Onoue and Tsuda (2006)
32 Sulisobenzone 4065-45-6 <0 N.D: 10£1 Onoue and Tsuda (2006)

The fROS assay and the mROS assay were carried out for tested compounds (200 uM). Data represent mean - SD of three experiments. N.D.: not detected.

2 Decrease in Agag am X 10°.
P Increase in Aseo nm X 10%.

mROS assay, respectively. According to the prediction capacities, the
fROS assay was indicative of lower negative prediction than the mROS
assay and thus the prediction accuracy of the fRQS assay was limited
under the present conditions.

To clarify the relevance of the results between the fROS and mROS
assays, a 3D plot of the data obtained from both assays was produced,
as shown in Fig. 4C. On the basis of this 3D plot, most of the phototoxic
chemicals, from which marked ROS generation was detected by mROS
assay, could be correctly judged by fROS assay; however, ROS genera-
tion from 3 phototoxic chemicals, including amlodipine, atorvastatin
and doxycycline HCl, was negligible in the fROS assay, even if their
photoreactivity was significant in the mROS assay. Four other false neg-
ative predictions in the fROS assay, namely, indomethacin, lovastatin,
pravastatin Na and sparfloxacin, exhibited comparatively low ROS gen-
eration in the mROS assay among the tested phototoxic chemicals. In
the fROS assay, photon energy required for detecting ROS generation
from irradiated chernicals would be low because of the high detection
sensitivity of DPBF. However, ROS generation from false negatives
might be too low to be detected by DPBF under the present conditions,
and thus, the DPBF fluorescence quenching by false negatives could not
be observed in the fROS assay. Notably, indomethacin, identified as a
false negative in both assays, was correctly categorized as a
photoreactive chemical in the ROS assay (Seto et al., 2013), and thus
Tween 20 might disturb the ROS generation from irradiated indometh-
acin. In addition to the false negatives, false positive predictions were
observed in the fROS assay, such as for benzocaine, bumetrizole and
PABA, even though ROS generation from them was extremely low or

negligible in the mROS assay. The false positive predictions in the fROS
assay might have been caused by various interactions between tested
chemicals and DPBF without ROS generation. Notably, bumetrizole indi-
cated strong DPBF fluorescence quenching, the value of which was over
50% of the vehicle, before irradiation with simulated sunlight. Thus,
bumetrizole was wrongly judged as positive by fROS assay although
the ROS generation from irradiated bumetrizole was negligible in the
ROS assay {Onoue et al,, 2013). It is suggested that the photoreactivity
of chemicals reacting with DPBF before irradiation could not be evalu-
ated by fROS assay. Although some false predictions were observed,
the fROS assay using DPBF has some advantages as a screening system
for evaluating photosafety of chemicals. The simplified procedures and
short operation time of the fROS assay were attractive for evaluating
the photoreactivity of chemicals. Compared with the current ROS
assay, the fROS assay would have improved applicability to chemicals
because the micellar solution of 0.5% (v/v) Tween 20 offers the solubili-
zation of poorly water-soluble chemicals (Onoue et al,, 2008c). On the
other hand, in our previous study, 2 chemicals out of 83 tested
chemicals could not be dissolved at the final concentration of 200 M
in the micellar solution (Seto et al.,, 2013). Thus, the solubilizing potency
of micellar system might not be always enough for chemicals with high
lipophilicity. In the ROS assay systems, the small volumes of solutions
containing each reagent or test chemical are mixed in the chambers of
a multi-well microplate, and then the microplates are stored in a solar
simulator. The ROS data on multiple chemicals can be obtained at the
same time; therefore, the fROS assay may be a productive assessment
system for photosafety. According to the present outcomes, the ROS
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Fig. 4. Predictive capacity of the fROS assay. (A) Plots of fROS data for 32 tested chemicals.
The chemicals in gray region would be photoreactive. (B) Positive and negative
predictivity of the mROS and fROS assays as compared with the in vitro/in vivo
phototoxicity. (C) 3D plot of mROS data (singlet oxygen generation and superoxide
generation) versus fROS data (DPBF fluorescence quenching). Dotted lines indicate
criteria of the mROS assay. The numbers located near symbols represent the chemical
number of false predictions in the fROS assay. ®, phototoxic compounds; and O, non-
phototoxic compounds.

assay using fluorescent probes should be useful for the photosafety- -
evaluation of chemicals at an early stage of product development.

4. Conclusion

The present investigation proposed a novel ROS assay system using
fluorescence probes for evaluating the photosafety of newly developed
chemicals. The photoreactivity of 32 model compounds was assessed by
fROS and mROS assays, and the individual specificities for the fROS and
mROS assays were same; however, the negative predictivity for the
fROS assay was lower than that for the mROS assay. Although some
false predictions were observed, the fROS assay using DPBF exhibited
simplified assay procedures with 40-fold reduction of screening run
time and a single analytical sample for monitoring ROS generation
from irradiated chemicals in comparison with the ROS and mROS as-
says. The outcomes suggest the utility of fluorescent probes for the
photosafety assessment of candidates at an early stage of product
development.
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Abstract

Introduction: We present here a simple, phenotype-independent mutation assay using a PacBio RSII DNA
sequencer employing single-molecule real-time (SMRT) sequencing technology. Salmonella typhimurium YG7108
was treated with the alkylating agent N-ethyl-N-nitrosourea (ENU) and grown though several generations to fix the
induced mutations, the DNA was extracted and the mutations were analyzed by using the SMRT DNA sequencer.

Results: The ENU-induced base-substitution frequency was 154 per Megabase pair, which is highly consistent with
our previous results based on colony isolation and next-generation sequencing. The induced mutation spectrum
(95% G:C — AT, 5% AT — G:Q) is also consistent with the known ENU signature. The base-substitution frequency of
the control was calculated to be less than 0.12 per Megabase pair. A current limitation of the approach is the high

frequency of artifactual insertion and deletion mutations it detects.

Conclusions: Ultra-low frequency base-substitution mutations can be detected directly by using the SMRT DNA
sequencer, and this technology provides a phenotype-independent mutation assay.

Keywords: PacBio RSII DNA sequencer, Single-molecule real-time (SMRT) sequencing technology, Mutation assay

Introduction

Mutation assays capable of detecting somatic mutations at
very low frequencies are important in the areas of environ-
mental mutagenesis, carcinogenesis, epidemiology, and
regulatory science. They are especially important in the
context of safety evaluation of newly developed drugs or
industrial chemicals. Although many mutation assays have
been developed, most rely on some kind of phenotypic se-
lection, which involves time-consuming procedures and is
potentially biased. We previously reported a phenotype-
free mutation assay using next-generation DNA sequen-
cing [1]. In that study, we treated a Salmonella typhimur-
ium strain with a mutagen to induced and fix mutations,
followed by colony isolation and whole-genome sequen-
cing of the colonies. The induced mutations were success-
fully detected in silico using bioinformatics software. That
strategy is summarized in Fig. 1 and named the ‘Colony-
NGS method. Although the approach is simple and
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reliable, difficulties still remain when it is applied to mam-
malian cells. This is because: 1) the colony-isolation step is
much more technically challenging in the case of mamma-
lian cells compared to bacterial cells, and 2) the mamma-
lian genome is diploid and hundreds of times larger than
the bacterial genome, which limits deep coverage in se-
quencing. Furthermore, the Colony-NGS method is not
applicable to bio-monitoring of somatic mutations in tis-
sues of experimental animals or clinical specimens from
patients because it is impossible to do the colony isolation
from those sources.

Recently, ‘Duplex Sequencing’ methodologies, which
enable detecting a single mutation among >1 x 10" nu-
cleotides by using a general next-generation DNA se-
quencing (NGS) technology, have been developed [2,3].
This is a very promising strategy for application to bio-
monitoring of somatic mutations. However, here in this
paper we demonstrate an alternative approach by using
single-molecule real-time sequencing.

The PacBio RS II DNA sequencer (Pacific Biosciences,
Inc.) is a recent innovation [4] based on a single-
molecule real-time (SMRT) technology. Since it is able
to read the sequence of a single DNA molecule, it can in
principle detect the mutations present in the molecule

& 2015 Matsuda et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
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SMRT method

Colony-NGS method

Mutagen exposure, Mutation fixation

Colony isolation

DNA extraction

Single molecule
DNA sequencing by
SMRT

Whole genome
sequencing by NGS
(e.g.Miseq)

In silico mutation detection

Fig. 1 Two distinct strategies to detect low-frequency mutations using high-throughput DNA sequencers

just by sequencing it accurately, as summarized in Fig. 1
(named the ‘SMRT method’) [5]. A significant advantage
of this strategy is that the colony isolation step is un-
necessary, so that the approach should be applicable to
any cell line and specimen from experimental animals,
patients and environmental animals.

However, a drawback of this technology is the accuracy
of the sequencing data it generates. At present, the error
rate in raw reads of the PacBio sequencer is exceedingly
high (~15%). To help overcome this problem, the
‘SMRTbell™ template] in which single-stranded DNA
loops are ligated to both ends of a double-stranded DNA,
is used to direct sequencing of the same DNA molecule
repeatedly [6]. The greater the number of repeat reads so
as to generate a consensus read of multiple sub-reads
from the same single circular DNA template — i.e., a cir-
cular consensus sequence (CCS) read — the more accur-
ate the sequencing result [7]. In this study, we validated
that we can detect ultra-low frequency mutations by
using the SMRT method with the CCS strategy.

Materials and methods

Materials

ENU (CAS No. 759-73-9) and dimethyl sulfoxide
(DMSO; CAS NO. 67-68-5) were purchased from Wako

(Osaka, Japan). The test strain Salmonella typhimurium
YG7108, hisG46 rfa AuvrB bio adasy:kan' ogtsy:cat’,
which is highly sensitive to alkylating agents, was used
in this study [8].

Mutagen exposure and mutation fixation

The exposure method followed the Ames test 20-min
pre-incubation procedure [9]. The YG7108 strain was
cultured overnight at 37 °C in nutrient broth (No.2,
OXOID) containing 25 pg/mL kanamycin and 10 pg/mL
chloramphenicol. Phosphate buffer (0.5 mL), DMSO or
2.5 mg/mL ENU (0.1 mL) and the overnight culture (0.1
mL) were mixed in a tube in that order and incubated
for 20 min at 37 °C with gentle shaking at 100 rpm. A 1-
uL portion was added into 10 mL of LB medium and
cultured at 37 °C for 13 h to fix mutations, after which
DNA was extracted. The rest of the mixture was poured
onto a minimum agar plate in 2 mL of 0.6 % soft agar
and incubated for two days at 37 °C, following which the
revertant colonies were counted.

Preparation of SMRTbell™ templates and sequencing

The genomic DNA samples (5 pg each) were sheared to
50-1000 bp (average 280 bp) fragments by using a Cov-
aris Shearing Device, and used to construct a PacBio



Matsuda et al. Genes and Environment (2015) 37:15

DNA library using a SMRTbell Template Prep Kit 1.0 fol-
lowing the manufacturer’s guidelines (http://www.pacb.
com/samplenet/PC_250bp_Amplicon_Library_Preparation_
and_Sequencing.pdf). Each sample was sequenced on the
PacBio RS platform on a single SMRT Cell with C2-P4
chemistry. The base calling and CCS read generation
was carried out using PacBio’s instrument control and
SMRT Analysis software.

In silico mutation detection

Mutation detection was carried out by using CLC Genom-
ics Workbench software (ver 7). The fastq files of raw data
and CCS were imported into the software. The CCS fastq
files were mapped to reference Salmonella genome se-
quences: NC_003197 (S. typhimurium str. LT2 chromo-
some, complete genome, 4,857,432 bp), and CP003387 (S.
typhimurium str. 798 plasmid p798_93, complete se-
quence, 93,877 bp). The point mutations were detected
using the Basic Variant Detection command (first screen-
ing). The essential parameters of the Basic Variant Detec-
tion were: ploidy =1, minimum coverage = 1, minimum
count =1, minimum frequency (%)=0.1, neighborhood
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radius = 5, minimum central quality = 40, minimum neigh-
borhood quality = 40. The mutated reads were searched in
the CCS fastq files and their corresponding raw reads were
extracted from the raw-fastq files. The extracted raw reads
were combined in a new fastq file and mapped to the
Salmonella reference sequence again. The raw reads were
manually checked and mutation calls were counted with
the help of the viewer function of the CLC Genomics
Workbench software.

Results

The test strain Salmonella typhimurium YG7108, which
is highly sensitive to alkylating agents, was treated with
ENU (Fig. 2a) or its solvent DMSO, followed by dilution
and growth overnight in LB medium to fix mutations.
Genomic DNA was extracted from the overnight cul-
ture. SMRTbell templates were prepared from the DNA
samples, with an average insertion size of 280 bp. Note
that no PCR amplification step was carried out during
preparation of the SMRTbell templates, which is essen-
tial to minimize the occurrence of artifactual mutations.
The templates were subjected to the sequencing reaction

| Y
(A) 1st 2nd
ENU Replication Replication
C C T T
G =p é =) G =) A
Et Et
Mutation Possible DNA Damage Mismatch
Reference p~T-T--A-TIT G- ~~AA -] --CC--A-TIQ-~A-C-A--A L-G-A-CCC-QG-T-C-TA-{
A-TH M
Forward ToTooA-TH I
il -
T -
A~TGT - ~A-T|- ~ T[]}
8 ~T =T = - THY Tl
: -1 7
la T IG--CC A-Tl4-~A-C-A--A K-G-A--CC-KIG-T~--TA-(
Reverse "N G-=CC-~A-THH--ABC-A--A C-G-A-CCC-OG-T-C~TA-
-7 GonlCm =T~ ~A~C ~A-~A] K~G-A-CCC-HG-T-C-TA-(
la fGm~=C-~ART|(~ -AGLAA~~-A K-G-A-CCC-LG-T-C-TA-(
Y G- -CCAFA-T|d--A-A-A~-A E-G-AQCCC-KG-T-C-TA-(
& Gem-C--F-TIA--A-C-AG-A E~G-~A~CCCOG~T -CRTA-C|
I (G- -CC--AGQUGCA-C-AG-A F-C-A-CCC-CIGET ~C-TA-(
A - GGECC --A-T|{- ~AGL -AGEA L-G-A-CCC-G-T-C-TA-(
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Fig. 2 Detection of mutations, DNA damage and mismatches by mapping of raw reads of the SMRT sequencer. a Example of ENU induction of
an alkylated base (O%-ethyl-guanine) in genomic DNA, which will induce a G to A mutation after the 2" round of replication. b Examples of
mapped reads. In cases of a real mutation, the same base is clearly called in both the forward and reverse reads. In cases of DNA damage, one
strand is mapped clearly but the other strand is not. In cases of mismatch, both the forward and reverse reads are mapped clearly but different
bases are called between the forward and reverse reads
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Table 1 Number of mutation-calls at the first screening

Sample  No. of bases No. of mutations called
analyzed (Mb)
Insertions  Deletions  Base substitutions
Control 809 405 424 19
ENU 8.56 376 1276 160

in the PacBio RS II platform, and fastq files were gener-
ated from the raw data (contains all the sequence infor-
mation of multiple sub-reads) and CCS data (contains
only the consensus sequence). The threshold of the CCS
was a pass time (the number of times the same molecule
was repeatedly read) of 10 and 99% accuracy.

The CCS-fastq files were imported to CLC Genomics
Workbench software (ver.7). In total, 8.09 and 8.56 Mbp
of the sequence data were obtained from the control and
ENU-treated samples, respectively. The CCS reads were
mapped to the reference sequence of Salmonella typhi-
murium and the point mutations were detected in silico.
Improbably large numbers of insertions and deletions
were called in both the control (405 insertions and 424
deletions) and ENU-treated (367 insertions and 1276 de-
letions) samples, respectively (Table 1). We had previ-
ously analyzed mutations induced in the same bacterial
strain with the same exposure protocol by isolating
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colonies and carrying out whole-genome sequencing. In
that previous study, we analyzed the entire genome of
each of 4 clones (4.8 Mbp of Salmonella genome x 4
clones = 19.6 Mbp search region), but did not detect any
insertions and deletions in either the control or ENU-
treated samples (unpublished observations). Thus we
concluded that the insertions and deletions called in this
present study are not reliable and most probably arti-
facts. In the case of base substitutions, however, 19 and
160 mutations were called in the control and ENU-
treated samples, respectively (Table 1). While these fre-
quencies are consistent with the results of our previous
study, they are still higher than the estimated values.
Thus we decided to proceed with a confirmation step re-
garding the base substitutions.

Next, we obtained sequence IDs of the CCS reads in
which the base substitutions were called at the first
screening. Then we searched the sequence IDs in the
raw fastq files and extracted the corresponding informa-
tion of the sequence IDs, and made new fastq files which
contained the raw repeated sequence data of the mole-
cules in which the base substitution was possibly
present. The newly edited fastq files were mapped to the
same Salmonella reference sequence. Typical examples
of mapped raw reads are shown in Fig. 2b. In the se-
quencing reaction using the SMRTbell template, the plus

Table 2 Details of the 19 base substitutions called at the first screening in the control sample

Reference Reference Forward read

Reverse read

Comment Judgement p-

position Most dominant Coverage Read p-value” Most dominant Coverage Read p-value’ value”
allele count allele count

999271 C C 33 23 39820 T 36 30 5.5E-31 Mismatch 0
4778252 T T 17 16 91E19 A 19 19 44E-23 Mismatch 0
3355477 0047 C 13 12 44E-14 G n 10 1.0E-11 Mismatch 1.0E-11
536849 C C 9 9 25611 T 9 9 2.5E-11 Mismatch ~ 5.0E-11
1051080 G A 10 9 16E-10 G 10 9 1.6E-10 Mismatch 3.1E-10
3287776 A T 11 8 82E-08 A 12 " 6.7E-13 Mismatch 8.2E-08
3823422 C C 7 4 57E-03 G 1 10 1.0E-11 Mismatch 5.7E-03
316363 G edge of map No

694963 C edge of map No

918766 G edge of map  No

1922859 C edge of map No

4423790 C edge of map No

4144134 C No mutation  No

4515279  C No mutation  No

290717 C original allele  No

1760048 A original allele  No

1760052 A original allele  No

3741045 T original allele No

4099877 G original allele  No

'Probability that the real allele is not the most dominant allele
Probability that the Judgement is not correct
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Table 3 Details of the 160 base substitutions called at the first screening in the ENU-treated sample

Reference Reference Forward read Reverse read Comment Judgement p-

position position Most dominant Coverage Read p-value” Most dominant Coverage Read  p-value’ value™
allele count allele count
146824 G A 22 19 12E-220 A 22 18 99E-19 Mutation ¢]
994061 G A 20 19 29E-22 A 20 17 24E-18 Mutation 0
2007634 G A 33 24 59E-22 A 31 25 29E-25 Mutation 0
2044677 C T 24 19 39E-19 T 21 18 1.7E-19 Mutation 0
2724713 C T 32 21 34E117 T 33 22 25E-18 Mutation 0
2747120 G A 34 24 29E21 A 37 31 4.0E-32 Mutation 0
2871399 G A 32 26 21E-26 A 34 28 1.1E-28 Mutation 0
2930794 G A 26 23 28625 A 24 18 30E-17 Mutation 0
3007696 A G 45 33 48630 G 47 36 40E-34 Mutation 0
3322100 C T 21 18 17E-19 T 22 19 1.2E-20 Mutation ¢]
3666060 G A 29 23 57E-23 A 30 22 22E-20 Mutation 0
3695370 G A 20 17 24E-18 A 21 18 1.7E-19 Mutation 0
3708252 A G 29 26 95E29 G 31 25 29E-25 Mutation 0
3863986 G A 18 16 58E-18 A 19 16 3.5E-17 Mutation 0
3961843 G A 25 20 28E-20 A 25 23 4.3E-26 Mutation 0
4320817 C T 21 18 17619 T 21 18 1.76-19 Mutation 0
2171812 G A 16 15 13E-17 A 17 15 84E-17 Mutation 1.1E-16
327560 C T 23 17 43E-16 T 24 20 49E-21 Mutation 44E-16
2209612 A G 16 14 12615 G 15 14 20E-16 Mutation 14E-15
2705366 G A 24 17 22E-15 A 24 22 63E-25 Mutation 22E-15
2215678 C T 30 19 6.1E-15 T 30 26 6.0E-28 Mutation 6.1E-15
3881583 C T 15 13 18E-14 T 14 14 3IE17 Mutation 18E-14
1368298 G A 16 13 1.1E-13 A 17 17 9.5E-21 Mutation 1.1E-13
4840145 G A 16 13 1.1E-13 A 18 14 42E-14 Mutation 1.5E-13
390064 C T 17 13 6.1E-13 T 19 16 35E-17 Mutation 6.1E-13
733247 C T 17 13 61E-13 T 18 16 58E-18 Mutation 6.1E-13
3257503 G A 17 13 6.1E-13 A 17 16 9.1E-19 Mutation 6.1E-13
935658 G A 18 15 50E-16 A 17 13 6.1E-13 Mutation 6.1E-13
2316694 C T 17 14 74E-15 T 17 13 6.1E-13 Mutation 6.2E-13
414142 G A 12 1 6.7E-13 A 12 12 69E-15 Mutation 6.7E-13
556175 G A 13 12 44E-14 A 12 n 6.7E-13 Mutation 7.1E-13
355651 C T 38 30 18629 T 36 20 73E-13 Mutation 7.3E-13
748721 C T 14 12 27813 T 12 11 6.7E-13 Mutation 94E-13
2715604  C T 20 14 12E-12 T 24 20 49E-21 Mutation 1.2E-12
2504585 C T 10 10 16E-12 T 10 10 1.6E-12 Mutation 32E-12
688445 G A 12 1 67E-13 A n 10 1.0E-11 Mutation 1.1E-11
222807 @ T 18 16 58E-18 T 19 13 1.7E-11 Mutation 1.76-11
4652102 G A 19 13 17811 A 22 20 1.3E-22 Mutation 1.7E-11
3117258 G A 25 19 22818 A 22 14 30E-11 Mutation 30E-11
1005055 C T 16 12 89E-12 T 14 11 24E-11 Mutation 3.2E-11
2264426 G A 1" 10 10E-11 A 9 9 2.5E-11 Mutation 3.5E-11
992465 C T 14 1 24811 T 14 n 24E-11 Mutation 47E-11
1076365 G T 12 10 6.1E-11 T 12 n 6.7E-13 Mutation 6.2E-11



Matsuda et al. Genes and Environment (2015) 37:15

Table 3 Details of the 160 base substitutions called at the first screening in the ENU-treated sample (Continued)
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