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Recent changes in regulatory requirements and social views on animal testing have accelerated the
development of reliable alternative tests for predicting skin sensitizing potential of chemicals. In this
study, we aimed to develop a new in vitro skin sensitization assay using reconstructed human epidermis,
RhE model, which is expected to have broader applicability domain rather than existing in vitro assays.
Microarray analysis revealed that the expression of five genes (ATF3, DNAJB4, GCLM, HSPA6 and HSPH1)
related to cellular stress response were significantly up-regulated in RhE model after 6 h treatment with
representative skin sensitizers, 1-fluoro-2,4-dinitrobenzene and oxazolone, but not a non-sensitizer, ben-
zalkonium chloride. The predictive performance of five genes was examined with eight skin sensitizers
(e.g., cinnamic aldehyde), four non-sensitizers (e.g., sodium lauryl sulfate) and four pre-/pro-haptens
(e.g., p-phenylenediamine, isoeugenol). When the positive criteria were set to obtain the highest accuracy
with the animal testing (LLNA), ATF3, DNAJB4 and GCLM exhibited a high predictive accuracy (100%,
93.8% and 87.5%, respectively). All tested pre-/pro-haptens were correctly predicted by both ATF3 and
DNAJB4. These results suggested that the RhE-based assay, termed epidermal sensitization assay (EpiSen-
sA), could be an useful skin sensitization assay with a broad applicability domain including pre-/pro-
haptens.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Allergic contact dermatitis (ACD) resulting from skin sensitiza-
tion is a common occupational and environmental health problem
(Peiser et al., 2012). To date, the identification and evaluation of
skin sensitizers rely on animal tests, such as the local lymph node
assay (LLNA) (Kimber et al., 2002). However, the ethical issues and
the European Union ban on animal testing for cosmetic ingredients
(Cosmetics Regulation EC 1223/2009) have accelerated the devel-
opment of in vitro tests for evaluating skin sensitization potential
of chemicals.

ACD is an adaptive inflammatory response caused by skin sen-
sitizers. Skin sensitizers, which penetrate through the skin, form
allergen–protein complex (haptenated proteins) and are captured
by dendritic cells (DCs) (Sasaki and Aiba, 2007). These DCs mature
and migrate towards the draining lymph nodes, where DCs present
the peptides from haptenated proteins to naive T cells. Finally,
antigen-specific T cells proliferate and disseminate into the periph-
eral circulation (Kimber et al., 2011). Repeated exposure to same
skin sensitizers after induction of sensitization can result in elicita-
tion and symptoms of ACD (Toebak et al., 2009).

Keratinocytes (KCs) are not only the dominating cells in the epi-
dermis where the formation of allergen-protein complex occurs,
but also the first cells which encounter chemicals penetrating
through stratum corneum. KCs exposed to skin sensitizers can se-
crete some cytokines (e.g., IL-18, TNF-a (Luster et al., 1995; Naik
et al., 1999), which influence the allergen-induced DC maturation
and migration from the skin to the draining lymph nodes
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(Cumberbatch et al., 1997; Antonopoulos et al., 2008). Thus, due to
their anatomical location and important roles in skin sensitization,
KCs represent an important cell type to base the development of
in vitro skin sensitization assays. In fact, several in vitro skin sensi-
tization tests using KC-like cell lines (e.g., HaCaT) have been re-
ported, focusing on the change of transcriptional activity (Emter
et al., 2010), gene expression (Mckim et al., 2010; Vandebriel
et al., 2010) and cytokine production (Corsini et al., 2009). Three-
dimensional reconstructed human epidermis models (RhE models)
consist of normal human-derived epidermal keratinocytes (NHEK),
which have been cultured to form a multilayered, highly differen-
tiated model of the human epidermis (Netzlaff et al., 2005). Since
RhE models are cultured at the air–liquid interface, test chemicals
can be directly applied to RhE models in a manner similar to the
real skin. Moreover, it has been reported that RhE models exhibit
metabolic capability similar to that in human skin (Luu-The
et al., 2009; Götz et al., 2012a, 2012b). This feature indicates that
RhE models could be applicable to the evaluation of pre-/pro-hap-
tens, which form protein reactive haptens through either air-oxi-
dation or metabolic conversion (Aptula et al., 2007). Thus, skin
sensitization tests with RhE models have the potential to evaluate
a wide variety of chemicals including pre-/pro-haptens with simi-
lar performance to in vivo tests. However, the information on
specific biomarkers to detect the skin sensitization potential of
chemicals in RhE models has been limited (Corsini et al., 2002;
Mckim et al., 2012).

In this study, we aimed to develop a novel skin sensitization as-
say using a RhE model, EpiDerm™, which is commercially available
model provided by MatTek Corp. (Ashland, MA, USA). EpiDerm™ is
globally used for toxicological evaluations like skin permeability
potential (Netzlaff et al., 2005) and genotoxicity potential (Curren
et al., 2006) of chemicals as well as adopted for skin irritation and
corrosion testing by the OECD as Test Guideline 439 and 431
(OECD, 2004, 2010). First, we performed microarray analysis using
EpiDerm™ treated with two representative sensitizers (1-fluoro-
2,4-dinitrobenzene; DNFB and oxazolone; OXA) and one non-sen-
sitizer (benzalkonium chloride; BKC) to investigate the gene
expression profile significantly induced by skin sensitizers. Then,
we evaluated the predictive performance of the assay based on
expression of the selected marker genes using 16 reference chem-
icals recommended by European Centre for the Validation of Alter-
native Methods (ECVAM) (Casati et al., 2009).
2. Materials and methods

2.1. Chemicals and sample preparation

The sensitizers employed in the experiment were: cinnamic
alcohol (CinA), cinnamic aldehyde (CA), 2,4-dinitrochlorobenzene
(DNCB), eugenol, oxazolone (OXA), 1-fluoro-2,4-dinitrobenzene
(DNFB), glyoxal, isoeugenol (IEU), 2-mercaptobenzothiasole (2-
MBT), methyldibromo glutaronitrile (MDBGN), 4-nitrobenzyl bro-
mide (4-NBB), p-phenylenediamine (PPD), and tetramethylthiuram
disulfide (TMTD). The non-sensitizers were: benzalkonium chlo-
ride (BKC), glycerol, lactic acid (LA), salicylic acid (SA), and sodium
lauryl sulfate (SLS), taking into account that SLS is well known as
false positive in the LLNA based on the human sensitizing poten-
tial. All tested chemicals above were purchased from Sigma–Al-
drich (St. Louis, MO, USA). Tested chemicals were dissolved in
AOO (acetone (Sigma–Aldrich): olive oil (Kanto chemistry, Tokyo,
Japan) = 4:1) or distilled water (Otsuka Pharmaceutical Factory,
Inc., Tokyo, Japan) when applied to the RhE model, since both vehi-
cles have been often adopted in dermal application of animal test-
ing and failed to affect cytotoxicity under testing condition in this
study. AOO was used for 14 tested chemicals (BKC, CinA, CA, DNCB,
DNFB, eugenol, IEU, 2-MBT, MDBGN, 4-NBB, OXA, PPD, SA and
TMTD) and distilled water was used for 4 chemicals (glycerol, gly-
oxal, LA and SLS).

2.2. Tissue culture

The EPI-200 (24 well format) and EPI-296 (96 well format) of
EpiDerm™ were used in this study. The tissues were pre-cultured
overnight at 37 �C (5% CO2) in 0.9 mL/tissue (EPI-200) or 0.25 mL/
tissue (EPI-296) of culture media provided by the manufacturer.

2.3. Microarray analysis

2.3.1. Chemical exposure
To perform microarray analysis, two representative skin sensi-

tizers, DNFB and OXA, and one non-sensitizer, BKC, were used as
test chemicals. The AOO solvent was used as a vehicle. Each test
chemical was applied in triplicate at one concentration (DNFB;
0.08%, OXA; 0.4% and BKC; 0.2%) showing comparable levels of
cytotoxicity by MTT assay (see 2-5-2) (cell viabilities were 58%
for DNFB, 48% for OXA and 56% for BKC, respectively). After pre-
incubation, the EPI-200 were moved to 24 well plate filled with
0.2 mL/well of culture media and were exposed to 10 lL/tissue test
chemicals on the top for 6 h at 37 �C (5% CO2). The 6 h exposure
was determined based on the previous finding that a unique set
of genes encoding redox regulatory enzymes (e.g., heme oxygenase
1 and glutamate-cysteine ligase, modifier subunit; GCLM) were
significantly (>2-fold, p < 0.05) up-regulated in mouse ear treated
for 6 h with DNFB, but not with BKC (Miyazawa and Takashima,
2012). Non-treated and vehicle-treated tissues were prepared as
control tissues.

2.3.2. RNA isolation
Following the 6 h treatment with chemicals in triplicate, the tis-

sues were rinsed three times in 150 lL pre-warmed PBS(�) (pro-
vided by MatTek), gently removed, placed into 2.0 mL microtube
containing 1 mL TRIzol� (Invitrogen Corp., Carlsbad, CA, USA) and
homogenized by vortex mixing. 200 lL chloroform (Tokyo Chemi-
cal Industry, Tokyo, Japan) was added to each microtube with
homogenized samples. The samples were centrifuged at 12,000g
for 15 min at 4 �C. The aqueous phase containing RNA was trans-
ferred to a 1.5 mL microtube and RNA was purified using the
RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the man-
ufacturer’s instructions. The RNA was quantified by a ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE)
stored at �70 �C until use.

2.3.3. Microarray and data analysis
Total RNA (250 ng/sample) from the RhE model was amplified,

labeled by biotinylated-ribonucleotide analog, and hybridized with
Affymetrix Human Genome U133 Plue 2.0 (Affymetrix Inc., Santa
Clara, CA, USA) by using GeneChipR 30 IVT Express Kit (Affymetrix
Inc.). Fluorescence signals were measured using the GeneChip
Scanner 3000 and digitalization was done by GeneChip Operating
Software ver 1.4 with statistical algorism. The raw data was ana-
lyzed by GeneSpring™ (Version 12.0, Agilent technologies, Inc.,
Santa Clara, CA, USA) to compare the expression level between
the test chemicals after normalization and the correction of base-
line according to the procedure recommended by the manufac-
turer. To identify differentially expressed genes between the four
different groups (AOO, DNFB, OXA, and BKC), one-way ANOVA
was performed for sample group (p < 0.05). The genes which were
significantly (p < 0.05) up-regulated > 1.5-fold by both DNFB and
OXA but not by BKC compared to AOO, were examined in order
to analyze the enrichment of functional associations (Gene Ontol-
ogy (GO) biological process terms; GO terms) using Database for
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Fig. 1. Distribution of up-regulated genes by DNFB, OXA and BKC in EPI-200. The
Venn diagram describes the number of genes whose expression ratio is more than
1.5-fold for at least one substances compared to vehicle control (AOO). EPI-200 was
used for gene-expression microarray analysis after a 6 h treatment with two
sensitizers, one non-sensitizer and AOO (n = 3).

K. Saito et al. / Toxicology in Vitro 27 (2013) 2213–2224 2215
Annotation, Visualization and Integrated Discovery (DAVID, http://
david.abcc.ncifcrf.gov/). The genes with top-ranked GO terms (each
enrichment score was over 1.3) were subjected to further analysis.

2.4. Confirmation of microarray data by real-time PCR

2.4.1. cDNA synthesis
The Superscript™ III First-Strand Synthesis System for RT-PCR

(Invitrogen, Carlsbad, CA, USA) was used to prepare cDNA. The
mixture consisted of 1 lL of 10 mM dNTP mix, 1 lL of Oligo (dT)
(0.5 lg/lL), RNase free water (above 3 reagents are supplied by
manufacturer) and 0.5 lg of total RNA (variable volume) were pre-
pared to achieve a total volume of 10 lL. The mixture was incu-
bated at 65 �C for 5 min and then on ice for 1 min. A mixture of
10 � RT Buffer (2 lL), 25 mM MgCl2 (4 lL), 0.1 M DTT (2 lL), and
RNase Out (1 lL) was added to the reaction and incubated at
42 �C for 2 min. Then, 1 lL of Super Script III was added and incu-
bated at 42 �C for 50 min. The reaction was terminated by incuba-
tion at 70 �C for 15 min. The cDNA was treated with 1 lL RNase H
for 20 min at 37 �C and then stored at -20 �C.

2.4.2. Real-time PCR
The primers and probes for five marker genes (activating tran-

scription factor 3; ATF3, DnaJ (Hsp40) homolog, subfamily B, mem-
ber 4; DNAJB4, glutamate-cysteine ligase, modifier subunit; GCLM,
Heat shock 70 kDa protein 6; HSPA6 and heat shock 105 kDa/
110 kDa protein 1; HSPH1) and one endogenous control gene
(glyceraldehyde 3-phosphate dehydrogenase; GAPDH) are de-
signed by Assays-by-Design Service from Applied Biosystems and
the sequence information remains confidential. The primers and
probes were delivered as a 20� Taqman Gene Expression Assay
mix (Applied Biosystems). A total volume of 20 lL sample which
consisted of 1 lL TaqMan� Gene Expression Assay 20�, 10 lL Taq-
Man Universal PCR Master Mix (Applied Biosystems), 1 lL cDNA
template and 8 lL dH2O was prepared and applied to optical reac-
tion plate (96 wells; Applied Biosystems). Real-time PCR reactions
were performed in the Applied Biosystems 7500 Fast Real-Time
PCR System (Applied Biosystems). Relative gene expression levels
versus control (fold change) were calculated using the 2�DDCt

method (comparative CT method; Livak and Schmittgen, 2001)

2.5. Assessment of the predictive capability of marker genes for skin
sensitization

2.5.1. Chemical treatment and analysis of gene expression
A total of 16 chemicals (8 sensitizers, 4 non-sensitizers and 4

pre-/pro-haptens) were used to assess the predictive performance
of the five marker genes using the RhE model. These 16 chemicals
have been recommended by ECVAM as reference chemicals for
development of in vitro skin sensitization tests (Casati et al.,
2009) and contained OXA, but did not DNFB and BKC. In this exper-
iment, we used EPI-296, a high-throughput model (96 well type) of
EpiDerm™ to evaluate multiple chemicals with various concentra-
tions. All test chemicals were dissolved in AOO or distilled water at
maximum soluble concentrations and 2-fold serial dilutions were
performed to prepare the test chemical solutions applied to EPI-
296. A maximum of 14 test chemical solutions with dose ranges
from maximum soluble concentrations to minimum 0.01% were
prepared for each chemical. 10 lL of test chemical solutions were
applied to the surface of EPI-296 and incubated for 6 h at 37 �C
(5% CO2). Non-treated, and vehicle-treated tissues were also pre-
pared as a control tissue. A total of three wells were used for one
tested concentration of each chemical. After 6 h treatment, two
out of the three wells were used to analyze expression levels of
marker genes. The remaining one well was used for cell viability
measurement by MTT assay (see 2-5-2). The expression data of
each gene from tissues with over 50% cell viability were used to
assess the predictive performance of EpiSensA.

2.5.2. MTT assay
To determine cell viability, the MTT assay was performed.

Methylthiazolydiphenyl-tetrazolium bromide (MTT, Sigma–Al-
drich Co.) solution at 0.5 mg/mL in culture medium (provided by
MatTek) was prepared. The wells were washed with PBS (�) three
times and 300 lL or 150 lL of MTT solution was placed into a 24
well (EPI-200) or 96 well (EPI-296) plate and incubated for 3 h at
37 �C (5% CO2). After incubation, the MTT solution was discarded
and the tissues were gently removed and placed into 200 lL
isopropanol (Sigma–Aldrich Co.). The extraction process was per-
formed for 2 h at room temperature. The absorbance of the extract
was measured at 570 nm with a plate reader (BMG LABTECH
GmbH, Offenburg, Germany). The absorbance of the untreated con-
trol tissue exposed to culture media was set to represent 100% of
viability and the results were expressed as percentage of untreated
control.

3. Results

3.1. Microarray analysis and selection of marker candidate

In order to identify the biomarkers to discriminate sensitizers
and non-sensitizers in the RhE model, we examined the gene
expression profile with microarray after a 6 h treatment with
two representative sensitizers, DNFB and OXA, and one non-sensi-
tizer BKC. In accordance with the previous study with DNFB- and
BKC-treated mouse model (Miyazawa and Takashima, 2012), we
focused on the significant up-regulated expression of know genes.
A total of 1178 transcripts including 870 known genes were signif-
icantly (p < 0.05, n = 3) up-regulated more than 1.5-fold by either
chemical compared to the vehicle control, AOO. Among 870 genes,
349, 387, and 100 genes were up-regulated by 0.08% DNFB, 0.4%
OXA, and 0.2% BKC, respectively, as shown in the Venn diagram
(Fig. 1). Of the 870 genes, the three tested chemicals up-regulated
the expression of 60 genes. However, the expression of 142 genes
was significantly up-regulated by both DNFB and OXA, but not
BKC. These 142 genes could be used as potential candidate marker
genes to discriminate between skin sensitizers and non-sensitizers.

Next, we functionally categorized the 142 genes based on the
GO term using the DAVID functional annotation tool (http://davi-
d.abcc.ncifcrf.gov/), which provides GO term categories with an
enrichment score. Enrichment scores are used to rank overall

http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/


2216 K. Saito et al. / Toxicology in Vitro 27 (2013) 2213–2224
importance (enrichment) of annotation terms. When a gene is
associated with annotation terms with higher enrichment scores,
the gene could play more important (enriched) roles (Huang
et al., 2009). A total of 34 GO terms related to cell death, stress re-
sponse, cellular process and metabolic processes were identified as
top-ranked GO terms (enrichment scores were over 1.3) (Table 1).
Positive regulation of anti-apoptosis (GO: 0045768) and response
to unfolded protein (GO: 0006986) showed relatively high enrich-
ment scores (20.7 and 7.0, respectively). Three functional catego-
ries related to negative regulation of apoptosis (GO: 0043066,
GO: 0043069, and GO: 0060548) showed 2.8-fold enrichment
scores. Sixty-two (62) out of the 142 genes, which were signifi-
cantly up-regulated (>1.5-fold, p < 0.05, n = 3), were related to at
least one category of the 34 enriched GO terms. Table 2 shows
the detailed information on 62 genes; accession number, gene
name, gene symbol, GO term, and fold changes induced by DNFB,
OXA and BKC. When a gene is categorized into multiple GO terms,
Table 1
GO term and enrichment scores obtained by DAVID functional annotation analysis.

GO term Enrichment
scores

GO:0045768�positive regulation of anti-apoptosis 20.7
GO:0006986�response to unfolded protein 7.0
GO:0051329�interphase of mitotic cell cycle 4.8
GO:0010629�negative regulation of gene expression 3.5
GO:0051253�negative regulation of RNA metabolic process 3.4
GO:0045934�negative regulation of nucleobase, nucleoside,

nucleotide and nucleic acid metabolic process
3.4

GO:0051172�negative regulation of nitrogen compound
metabolic process

3.4

GO:0010558�negative regulation of macromolecule
biosynthetic process

3.2

GO:0031327�negative regulation of cellular biosynthetic
process

3.1

GO:0009890�negative regulation of biosynthetic process 3.0
GO:0043066�negative regulation of apoptosis 2.8
GO:0043069�negative regulation of programmed cell death 2.8
GO:0060548�negative regulation of cell death 2.8
GO:0031324�negative regulation of cellular metabolic

process
2.6

GO:0051173�positive regulation of nitrogen compound
metabolic process

2.5

GO:0045935�positive regulation of nucleobase, nucleoside,
nucleotide and nucleic acid metabolic process

2.4

GO:0009892�negative regulation of metabolic process 2.4
GO:0010605�negative regulation of macromolecule

metabolic process
2.4

GO:0051254�positive regulation of RNA metabolic process 2.3
GO:0010604�positive regulation of macromolecule

metabolic process
2.2

GO:0009893�positive regulation of metabolic process 2.2
GO:0031325�positive regulation of cellular metabolic

process
2.1

GO:0048523�negative regulation of cellular process 2.1
GO:0048522�positive regulation of cellular process 1.9
GO:0051252�regulation of RNA metabolic process 1.7
GO:0051171�regulation of nitrogen compound metabolic

process
1.7

GO:0019219�regulation of nucleobase, nucleoside,
nucleotide and nucleic acid metabolic process

1.6

GO:0031323�regulation of cellular metabolic process 1.6
GO:0031326�regulation of cellular biosynthetic process 1.5
GO:0080090�regulation of primary metabolic process 1.5
GO:0009889�regulation of biosynthetic process 1.5
GO:0060255�regulation of macromolecule metabolic

process
1.5

GO:0010468�regulation of gene expression 1.5
GO:0010556�regulation of macromolecule biosynthetic

process
1.4

142 genes significantly up-regulated by both DNFB and OXA but not BKC were
analyzed by DAVID functional annotation tool. Highly enriched GO terms (enrich-
ment scores > 1.3) were listed.
the GO term with highest enrichment score is shown in Table 2.
We further set two criteria to select the promising marker genes
out of these 62 genes: (1) Level of induction by either DNFB or
OXA should be over 5-fold, (2) Average basal signal intensities of
AOO in same marker gene should be over 100. If we follow these
criteria, then DNFB up-regulated over 5-fold the expression of se-
ven genes (HSPA6, DNAJB4, HSPH1, DHRS2, GCLM, PTX3 and FOSB),
while the average basal signal intensity of AOO was more than 100
for four (HSPA6, DNAJB4, HSPH1 and GCLM) out of the seven genes
(Table 2). Three of the seven genes (HSPA6, DNAJB4 and HSPH1)
were related to the GO term: unfolded protein response. For
OXA, two genes of the 62 genes were up-regulated over 5-fold
(BRE; 5.1-fold and ATF3; 7.3-fold) and the average basal signal
intensity for AOO was over 100 in only ATF3 (i.e., 129). Based on
the criteria mentioned before, the five genes (ATF3, DNAJB4, GCLM,
HSPA6 and HSPH1) were selected as potential marker candidates.

3.2. Confirmation of microarray data by real-time PCR

To confirm the microarray data, real-time PCR experiments
were performed for the five genes. The induction levels of DNAJB4,
GCLM, HSPA6, and HSPH1 genes by DNFB were 5.1-fold, 7.6-fold,
80-fold, and 5.0-fold, respectively. The induction level of ATF3 gene
by OXA was 38-fold (Fig. 2). These results indicate that the over 5-
fold induction of each gene observed in microarray analysis was
reproduced in the real-time PCR analysis.

3.3. Assessment of predictive capability of five marker candidates for
skin sensitization

The predictive performance of the selected five genes for skin
sensitization was further examined in EPI-296, a high-throughput
model (96 well type) of EpiDerm™. A total of 16 chemicals (8 sen-
sitizers, 4 non-sensitizers and 4 pre-/pro-haptens) were evaluated
according to the procedure described in materials and methods.
These 16 reference chemicals contained OXA, but did not DNFB
and BKC, which were initially tested. The viability of vehicle
(AOO)-treated tissue showed 90.8 ± 7.8 (SD)% (N = 15).

3.3.1. Eight sensitizers and four non-sensitizers
The expression of five genes by all tested chemicals except 2-

MBT and glycerol was examined at non-toxic to sub-toxic concen-
trations (cell viabilities were over 50%) (Fig. 3). The tissue in EPI-
296 treated with 10% 2-MBT and 100% glycerol (maximum applica-
ble concentrations) had a cell viability of 105% and 96%, respec-
tively. All tested sensitizers induced over a 4.5-fold increase in
ATF3 expression (from 4.6-fold for 0.08% MDBGN to 49.5-fold for
2.50% glyoxal) in a dose-dependent fashion (Fig. 3A). SLS also up-
regulated 3.99-fold expression of ATF at 0.31% but the dose-depen-
dency was not observed. The up-regulation of ATF3 gene expres-
sion by sensitizers was observed at non-toxic to sub-toxic
concentrations, where cell viabilities were over 50% (Fig. 3A). On
the other hand, none of the tested non-sensitizers induced ATF3
expression to the same extent with non-toxic to sub-toxic concen-
trations (Fig. 3A). For DNAJB4, all tested sensitizers induced over a
2-fold gene expression (from 2.1-fold for glyoxal to 50.7-fold for
PPD) (Fig. 3B). On the other hand, the expression of DNAJB4 was
also up-regulated over 2-fold (i.e., 2.2-fold) by only one concentra-
tion (0.08%) of SLS (Fig. 3B). GCLM was up-regulated over 2-fold by
seven out of the eight tested sensitizers. Glyoxal induced gene
expression of GCLM by 1.98-fold (Fig. 3C). All tested non-sensitiz-
ers failed to induce the expression of GCLM by more than 2-fold
(Fig. 3C). HSPA6 expression varied from 2.5-fold in 0.1% OXA
(where cell viability was 89%) to 120-fold in 0.39% CA with a cell
viability of 62% (Fig. 3D). On the other hand, three non-sensitizers
(glycerol, LA and SLS) also induced the expression of HSPA6 by



Table 2
Gene expression for 62 genes included in highly enriched GO terms.

Accession No. Gene name Gene
symbol

GO term Fold changea Average signal of
AOOb

DNFB OXA BKC

NM_199193 Brain and reproductive organ-expressed (TNFRSF1A modulator) BRE 1.8 5.1 0.7 67
NM_001124 Adrenomedullin ADM GO:0045768 2.1 2.2 0.7 4133
NM_002184 Interleukin 6 signal transducer (gpl30, oncostatin M receptor) IL6ST Positive regulation of anti-apoptosis 1.7 1.8 1.2 318
NM_000389 Cyclin-dependent kinase inhibitor 1A CDKN1A 1.7 1.8 1.4 7659
NM_002890 RAS p21 protein activator (GTPase activating protein) 1 RASA1 1.7 1.5 1.2 734
NM_002155 Heat shock 70 kDa protein 6 HSPA6 48.0 1.7 0.3 555
NM_007034 DnaJ (Hsp40) homolog, subfamily B, member 4 DNAJB4 GO:0006986 5.2 3.3 0.9 539
NM_006644 Heat shock 105 kDa/110 kDa protein 1 HSPH1 Response to unfolded protein 5.8 1.9 1.2 1117
NM_005345 Heat shock 70 kDa protein 1A HSPA1A 3.1 1.6 1.1 16006
NM_000076 Cyclin-dependent kinase inhibitor 1C CDKN1C 1.6 1.6 0.9 966
NM_001105 Activin A receptor, type I ACVR1 GO:0051329 1.5 1.6 1.0 781
NM_003620 Protein phosphatase, Mg2+/Mn2+ dependent, 1D PPM1D Interphase of mitotic cell cycle 1.6 1.6 1.1 853
NM_001114171.1 FBJ murine osteosarcoma viral oncogene homolog B FOSB 15.5 2.8 1.2 31
NM_025209 Enhancer of polycomb homolog 1 (Drosophila) EPC1 4.2 1.9 1.3 96
NM_018064 Akirin 2 AKIRIN2 3.0 2.0 1.4 708
NM_005655 Kruppel-like factor 10 KLF10 1.6 2.8 1.2 4058
NM_012234 RING1 and YY1 binding protein RYBP 1.5 2.6 0.9 1913
NM_006510 Tripartite motif containing 27 TRIM27 GO:0010629 2.0 2.1 1.4 332
NM_001145157 Nuclear receptor subfamily 2, group F, member 2 NR2F2 Negative regulation of gene expression 2.0 1.7 0.8 507
NM_183353 Ring finger protein, LIM domain interacting RLIM 1.6 2.2 1.2 441
NM_006942 SRY (sex determining region Y)-box 15 SOX 15 1.8 1.8 1.3 1253
NM_001197115.1 Glutamate—cysteine ligase catalytic subunit GCLC 2.0 1.5 1.2 4659
NM_005642 TAF7 RNA polymerase II, TATA box binding protein (TBP)-associated factor,

551
TAF7 2.0 1.6 1.1 2087

NM_005189 Chromobox protein homolog 2 CBX2 1.6 1.6 1.0 228
NM_00113755 Leucine rich repeat (in FLU) interacting protein 1 LRRFIP1 1.5 1.7 1.2 2967
NM_005794 Dehydrogenase/reductase SDR family member 2 DHRS2 GO:0043066 15.5 4.2 1.2 31
NM_002061 Glutamate-cysteine ligase, modifier subunit GCLM Negative regulation of apoptosis 6.8 2.8 1.1 948
NM_003900 Sequestosome 1 SQSTM1 1.6 1.6 1.2 2530
NM_002852 Pentraxin3 PTX3 5.6 1.6 0.9 52
NM_002105 H2 A histone family, member X H2AFX GO:0051173 3.5 1.8 1.3 1279
NM_138394 Heterogeneous nuclear ribonucleoprotein L-like HNRPLL Positive regulation of nitrogen compound metabolic process 1.9 2.3 1.3 71
NM_001160125 Kruppel-like factor 6 KLF6 1.8 2.1 1.3 1099
NM_004229 Mediator complex subunit 14 MED14 1.7 1.8 0.9 66
NM_017555 Egl nine homolog 2 EGLN2 GO:0010604 Positive regulation of macromolecule metabolic

process
1.9 1.7 1.3 369

NM_025195 Tribbles homolog 1 (Drosophila) TRIB1 3.9 3.6 1.0 902
NM_002928 Regulator of G-protein signaling 16 RGS16 GO:0048523 4.7 1.9 0.7 80
NM_001184961 Paternally expressed 10 PEG10 Negative regulation of cellular process 2.6 2.6 0.9 93
NM_012406 PR domain containing 4 PRDM4 1.5 1.5 1.2 543
NM_001674 Activating transcription factor 3 ATF3 2.3 7.3 1.1 129
NM_021127 Phorbol-12-myristate-13-acetate-induced protein 1 PMAIP1 3.2 3.4 1.5 959
NM_003463 Protein tyrosine phosphatase type IVA, member 1 PTP4A1 1.8 3.1 1.3 1750
NM_001554 Cysteine-rich angiogenic inducer 61 CYR61 GO:0048522 1.8 3.1 0.9 638
NM_003844 Tumor necrosis factor receptor superfamily, member 10a TNFRSF10A Positive regulation of cellular process 2.1 2.3 1.5 812
NM_021649 Toll-like receptor adaptor molecule 2 TICAM2 2.2 2.1 0.9 203
NM_001018065 Neurotrophic tyrosine kinase receptor type 2 NTRK2 2.4 1.6 1.0 83
NM_005242 Coagulation factor II (thrombin) receptor-like 1 F2RL1 1.6 2.3 1.2 3249
NM_001252226 Polo-like kinase 2 PLK2 1.9 1.7 1.0 2922
NM_033213 Zinc finger protein 670 ZNF670 2.1 4.1 1.3 80
NM_012323 v-maf musculoaponeurotic fibrosarcoma oncogene homolog F MAFF 2.9 3.1 1.3 642
NM_152603 Zinc finger protein 567 ZNF567 GO:0051252 1.7 2.6 1.2 268
NM_019591 Zinc finger protein 26 ZNF26 Regulation of RNA metabolic process 1.5 2.6 1.0 83

(continued on next page)
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10.4-fold with 0.01% glycerol, 39-fold with 3.13% LA, and 9.3-fold
with 0.02% SLS, respectively (Fig. 3A and D). Expression of HSPH1
was up-regulated over 2-fold by glyoxal (i.e., 2.02-fold increase)
and CA (i.e., 5.14-fold), while OXA, MDBGN and 2-MBT induced
the expression of HSPH1 at a maximum of 1.3-fold, 1.8-fold and
1.9-fold, respectively (Fig. 3E). For two non-sensitizers, LA and
SLS, up-regulated HSPH1 expression was observed up to 5.0-fold
with 3.13% LA and up to 2.5-fold with 0.01% SLS (Fig. 3E).

3.3.2. Pre-/pro-haptens (PPD, IEU, eugenol and CinA)
The expression of five genes by four tested pre-/pro-haptens

was examined at non-toxic to sub-toxic concentrations (cell
viabilities were over 50%) (Fig. 4). The cell viabilities at 6.25%
IEU, 3.13% eugenol, and 6.25% CinA were less than 50% but at
5% (maximum applied concentration) PPD was 74.7%. All tested
pre-/pro-haptens induced over a 10-fold increase in ATF3 and
DNAJB4 expression in a dose-dependent fashion (Fig. 4A and B).
On the other hand, the expression of GCLM was up-regulated over
2-fold by three out of the four tested pre-/pro-haptens (14-fold
with 0.31% PPD, 2.6-fold with 1.56% IEU and 8.5-fold with 1.56%
CinA), while eugenol had a less than 2-fold increase (1.65-fold)
at any tested concentration (Fig. 4C). HSPA6 expression varied
from 9.0-fold with 1.56% CinA to 110-fold with 3.13% IEU
(Fig. 4D). Expression of HSPH1 was up-regulated over 2-fold by
all tested pre-/pro-haptens (8.2-fold with 1.25% PPD, 12-fold with
3.13% IEU and 1.57% eugenol, and 2.3-fold with 3.13% CinA)
(Fig. 4E).

3.3.3. Predictive performance
Based on the gene expression data from a multi-dose study

with 16 chemicals, we set a 4-fold increase in gene expression
as the positive criteria for ATF3 and calculated the sensitivity,
specificity, and accuracy (Table 3). ATF3 showed complete agree-
ment with LLNA results, indicating this gene could have high pre-
dictive performance of skin sensitizers. Likewise, we set a 2-fold
gene expression increase as the positive criteria for genes
DNAJB4, GCLM, and HSPA6. DNAJB4, GCLM, and HSPA6 showed
relatively high accuracy (93.8%, 87.5% and 81.3%, respectively),
whereas the specificity of HSPA6 was relatively low (25%). GCLM
showed an specificity of 100%, suggesting that GCLM might be a
more sensitive marker gene to skin sensitizers. HSPH1 showed a
sensitivity of 75%, specificity of 50%, and an accuracy of 68.8%,
indicating that predictive performance of this gene might be low-
er. Regarding four tested pre-/pro-haptens (PPD, IEU, eugenol and
CinA), three pre/pro-haptens (PPD, IEU and CinA) were correctly
80 19
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Fig. 2. Real-time PCR analyses of 5 marker candidates. EPI-200 was exposed to
0.08% DNFB or 0.4% OXA for 6 h; then the gene expression was analyzed by real-
time PCR. Fold increase for five selected genes compared to vehicle control (AOO)
is shown. Results are expressed as mean ± SD (n = 3).
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Fig. 3. Marker gene expression and cell viability for eight sensitizers and four non-sensitizers. EPI-296 was exposed to 16 reference chemicals for 6 h at indicated
concentrations; then marker gene expression and cell viability were analyzed by real-time PCR and MTT assay, respectively. Gene expression increases for 5 selected genes
(ATF3 (A), DNAJB4 (B), GCLM (C), HSPA6 (D) and HSPH1 (E)), compared to vehicle control (AOO or distilled water), are shown for 12 chemicals except four pre-/pro-haptens as
black bars. Results are expressed as mean (n = 2). Cell viabilities were shown as outline dots (A) (n = 1). The data with over 50% of cell viability were shown for each chemical.

K. Saito et al. / Toxicology in Vitro 27 (2013) 2213–2224 2219



(D) HSPA6

22

24
31 90 120 39

20

22

16

18

12

14

8

10

4

6

0

2

0

0.
01

 
0.

02
 

0.
05

 
0.

10
 

0.
20

 

0.
01

 
0.

02
 

0.
05

 
0.

10
 

0.
01

 
0.

02
 

0.
01

 
0.

02
 

0.
04

 
0.

08
 

0.
01

 
0.

02
 

0.
04

 
0.

08
 

0.
16

 
0.

31
 

0.
63

 
1.

25
 

2.
50

 
5.

00
 

0.
01

 
0.

02
 

0.
04

 
0.

08
 

0.
16

 
0.

31
 

0.
63

 
1.

25
 

2.
50

 
5.

00
 

10
.0

 

0.
01

 
0.

02
 

0.
05

 
0.

10
 

0.
20

 
0.

39
 

0.
78

 

0.
01

 
0.

02
 

0.
04

 
0.

08
 

0.
16

 

0.
01

 
0.

02
 

0.
05

 
0.

10
 

0.
20

 
0.

39
 

0.
78

 
1.

56
 

3.
13

 
6.

25
 

12
.5

 
25

.0
 

50
.0

 
10

0 

0.
01

 
0.

02
 

0.
05

 
0.

10
 

0.
20

 
0.

39
 

0.
78

 
1.

56
 

3.
13

 

0.
01

 
0.

02
 

0.
05

 
0.

10
 

0.
20

 
0.

39
 

0.
78

 
1.

56
 

3.
13

 

0.
01

 
0.

02
 

0.
04

 
0.

08
 

0.
16

 
0.

31
 

(E) HSPH1

22

24

18

20

cr
ea

se
)

(F
ol

d 
in

re
ss

io
n 

en
e 

Ex
p

G
e

14

16

10

12

6

8

2

4

6

0

2

01
 

02
 

05
 

10
 

20
 

01
 

02
 

05
 

10
 

01
 

02
 

01
 

02
 

04
 

08
 

01
 

02
 

04
 

08
 

16
 

31
 

63
 

25
 

50
 

00
 

01
 

02
 

04
 

08
 

16
 

31
 

63
 

25
 

50
 

00
 

0 .
0 01

 
02

 
05

 
10

 
20

 
39

 
78

 

01
 

02
 

04
 

0 8
 

16
 

01
 

02
 

05
 

10
 

20
 

39
 

78
 

56
 

13
 

25
 

2.
5 

5 .
0 

0.
0 00

 

01
 

02
 

05
 

10
 

20
 

39
 

78
 

56
 

13
 

01
 

02
 

05
 

10
 

20
 

39
 

78
 

56
 

13
 

01
 

02
 

04
 

08
 

16
 

3 1
 

0.
0

0.
0

0.
0

0. 0.
2

0.
0

0.
0

0.
0

0. 0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0. 0.
3

0.
6

1.
2

2.
5

5.
0

0.
0

0.
0

0.
0

0.
0

0. 0.
3

0.
6

1.
2

2.
5

5.
0

10 0.
0

0.
0

0.
0

0. 0.
2

0.
3

0.
7

0.
0

0.
0

0.
0

0.
0

0. 0.
0

0.
0

0.
0

0. 0.
2

0.
3

0.
7

1.
5

3. 6.
2

12 25 50 10 0.
0

0.
0

0.
0

0. 0.
2

0.
3

0.
7

1.
5

3. 0.
0

0.
0

0.
0

0. 0.
2

0.
3

0.
7

1.
5

3. 0.
0

0.
0

0.
0

0.
0

0. 0.
3

Concentrations (%)

Fig. 3 (continued)
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detected by all five marker genes and eugenol was judged as posi-
tive by four out of the five marker genes (ATF3, DNAJB4, HSPA6 and
HSPH1) (Table 3).
4. Discussions

In this study, we investigated the genetic marker candidates
that would detect skin sensitizers and assessed the predictive per-
formance of these marker genes in order to develop a novel skin
sensitization assay using a RhE model, EpiDerm™. Microarray
analysis demonstrated that a total of 142 genes were significantly
up-regulated by two sensitizers (DNFB and OXA) but not by a non-
sensitizer (BKC). Furthermore, the DAVID functional analysis re-
vealed 62 genes related to at least either one of highly enriched
34 GO terms. Then, five genes (ATF3, DNAJB4, GCLM, HSPA6, and
HSPH1) out of these 62 genes were selected as marker gene candi-
dates, taking into account the significant (>5-fold) induction level
by sensitizers. When the predictive performance of the five genes
was assessed with 8 sensitizers, 4 non-sensitizers, and 4 pre-/
pro-haptens, ATF3 showed complete agreement with the results
from an in vivo skin sensitization test (LLNA). DNAJB4 and GCLM
also showed relatively high predictive performance, where the
accuracy to LLNA was 93.8% and 87.5%, respectively. These data
suggested that ATF3, DNAJB4, and GCLM could be useful markers
of skin sensitization in the RhE model.

Regarding the 142 genes induced by both DNFB and OXA, and
not by BKC (Fig. 1), the functional analysis with DAVID revealed
that a unique set of genes related to anti-apoptosis (e.g., positive
regulation of anti-apoptosis, negative regulation of apoptosis)
and cellular stress response (response to unfolded protein re-
sponse) were highly enriched (Table 1). In general, protein folding
is induced in the endoplasmic reticulum (ER). But, several stresses,
referred to ER stress, are known to reduce the protein folding
capacity of the ER, which results in the accumulation of unfolded
proteins in the ER and leads to apoptosis (Szegezdi et al., 2006;
Ma and Hendershot, 2004). Furthermore, it has been reported that
a skin sensitizer, diphenylcyclopropene, acts as ER stress inducer
by up-regulating spliced XBP1 mRNA expression in human mono-
cytic cells (Hirota et al., 2010). Taken together, the results of the
functional analysis with DAVID suggested that the cytoprotective
systems to survive from the stress by sensitizers were activated.
In fact, DNAJB4, GCLM, HSPA6, and HSPH1 marker genes were
highly associated with anti-apoptosis regulation or unfolded
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Fig. 4. Marker gene expression and cell viability for four pre-/pro-haptens. EPI-296 was exposed to chemicals for 6 h at indicated concentrations; then marker gene
expression and cell viability were analyzed by real-time PCR and MTT assay, respectively. Gene expression increases for 5 selected genes (ATF3 (A), DNAJB4 (B), GCLM (C),
HSPA6 (D) and HSPH1 (E)), compared to vehicle control (AOO or distilled water), are shown as black bars. Results are expressed as mean (n = 2). Cell viabilities were shown as
outline dots (A) (n = 1). The data with over 50% of cell viability were shown for each chemical.
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protein response. The biological relevance of five gene markers to
the skin sensitization or related biological processes (e.g., keratino-
cyte activation, skin inflammation and immune response) is
discussed below.

ATF3 is a member of the ATF/cyclic AMP response element-
binding protein family of transcription factors that regulates vari-
ous biological processes like immune response, apoptosis, and
oncogenesis (Thompson et al., 2009). The up-regulation of ATF3
expression was observed in the lung of ovalbumin-treated wild-
type mice and the ovalbumin-induced inflammatory responses
(e.g., cytokine induction) markedly increased in ATF3 null-mice
(Gilchrist et al., 2008); indicating that ATF3 might attenuate the
allergen-induced inflammatory responses. The expression of ATF3
has been found to be also up-regulated in the epidermis of patients
with skin inflammatory diseases (e.g., erythema multiform and
psoriasis) (Pollack et al., 2010). The expression of ATF3 are also
mediated by Nrf2-ARE signaling pathway (Kim et al., 2010), which
regulates the expression of redox-related genes to reduce cellular
stresses. Recent studies demonstrated that a lot of skin sensitizers
activated Nrf2-ARE pathway in keratinocytes (Emter et al., 2010;
McKim et al., 2010). Taken together, the ATF3 gene expression in
epidermis or keratinocytes might lead to regulation of inflamma-
tory responses relevant to skin sensitization.

DNAJB4, also known as HLJ1, belongs to the DNAJ/Hsp40 (heat
shock protein 40) superfamily and acts as a molecular chaperone
(Qiu et al., 2006). Tumor suppressive effect has been reported as
a function of HLJ1 (Tsai et al., 2006), but the function of DNAJB4
in skin sensitization has not been reported. On the other hand,
HSPA6 and HSPH1 also act as molecular chaperones and are
members of HSPA and HSPH families, respectively. These two
HSP families are highly homologous and play a prime role in
protein homeostasis by protein unfolding or degradation (Vos
et al., 2008). Although direct functional association of HSPA6 and
HSPH1 with skin sensitization has not been reported, Yusuf et al.
(2009) showed that HSP27 (HSPB) protein itself augmented
DNFB-induced skin sensitization response through a Toll-like
receptor 4 (TLR4)-dependent process in mouse model. Other inves-
tigators also reported that HSP70 (HSPA) induced the production of
Table 3
Maximum gene expression change values and predictive performance of 5 marker genes.

Chemical name LLNA EC3
(%)

ATF3 DNAJB4

1st 2nd mean 1st 2nd m

Oxazolone 0.003 15.8 24.6 20.2 5.73 5.64 5.
4-Nitrobenzylbromide 0.05 17.2 29.8 23.5 5.38 6.47 5.
2,4-Dinitrochlorobenzene 0.06 2.64 23.5 13.1 25.4 7.85 16
Methyldibromo

glutaronitrile
0.9 5.96 3.33 4.64 5.18 1.68 3.

Glyoxal 1.4 70.5 28.6 49.5 1.60 2.52 2.
2-Mercaptobenzothiazole 1.7 23.5 16.3 19.9 3.15 2.02 2.
Cinnamic aldehyde 3 5.59 6.62 6.10 19.8 38.9 29
Tetreamethylthiuram

disulfide
5.2 8.62 1.39 5.00 17.9 7.53 12

p-Phenylenediaminea 0.16 95.8 234 165 38.1 63.4 50
Isoeugenola 1.2 82.2 24.5 53.4 32.6 3.10 17
Eugenola 13 57 146 101 4.21 18.9 11
Cinnamic alcohola 21 2.03 18.0 10.0 23.8 18.0 20

Glycerol – 2.24 3.46 2.85 1.64 1.90 1.
Lactic acid – 1.08 1.86 1.47 1.15 1.31 1.
Salicylic acid – 1.39 1.71 1.55 1.81 0.90 1.
Sodium lauryl sulfate – 2.46 5.51 3.99 1.91 2.40 2.

Positive criteria 4-Fold 2-Fold
Sensitivity (%) 100 100
Specificity (%) 100 75
Accuracy (�/o) 100 93.8

For maximum gene expression values, both values of two replicates and the mean valu
a Pre-/pro-haptens.
TNF-a and IL-1b, and the expression of CD86 in human DCs (Asea
et al., 2002). These cytokines and the co-stimulatory molecule play
important roles in the activation and antigen presentation of DCs
in the early phase of skin sensitization, respectively (Toebak
et al., 2009). Taking the above findings together, the HSPA6,
HSPH1, and perhaps DNAJB4 might play a role in the initiation of
skin sensitization.

GCLM is one of the components of glutamate cysteine ligase,
which is a heterodimeric protein complex and a first rate-limiting
enzyme of glutathione (GSH) synthesis (Franklin et al., 2009). This
means that cellular GSH increases coupled with the up-regulation
of GCLM protein level. On the other hand, Na et al. (2007) reported
that contact hypersensitivity induced by skin sensitizer, trinitro-
cholorobenzene, was inhibited in transgenic mice over-expressing
extracellular superoxide dismutase. Along with GSH, superoxide
dismutase is one of the major enzymes that protect tissue from
the toxic effect of reactive oxygen species (ROS) as a ROS scaven-
ger. Considering the recent findings that skin sensitizers have po-
tential to induce intracellular ROS production (Byamba et al.,
2010; Nukada et al., 2011), it’s suggested that GCLM would play
a cytoprotective role from the stress induced by sensitizers in the
induction of skin sensitization.

We performed the real-time PCR analysis for the five genes
(ATF3, DNAJB4, GCLM, HSPA6 and HSPH1), which were signifi-
cantly induced by two sensitizers in the microarray analysis. When
we compared the expression of each gene induced by a sensitizer, a
good correlation was found between the microarray and real-time
PCR (Table 2, Fig. 2). The direction of the change (up-regulation)
was consistent in all five genes. Furthermore, the magnitude of
up-regulation in gene expression values in real-time PCR was quite
similar in DNAJB4, GCLM, HSPA6 and HSPH1. For example, DNAJB4
expression in DNFB- and OXA-treated RhE model were up-regu-
lated 5.2-fold (DNFB) and 3.6-fold (OXA) using the microarray,
and 5.1-fold (DNFB) and 3.3-fold (OXA) using the real-time PCR.
Other investigators also reported a good correlation between
affymetrix microarray and real-time PCR, although minor discor-
dances have been observed (Ryan et al., 2004). In contrast, ATF3
showed a larger gene expression increase value in the real-time
GCLM HSPA6 HSPH1

ean 1st 2nd mean 1st 2nd mean 1st 2nd mean

68 1.92 2.77 2.35 2.13 2.83 2.48 1.05 1.61 1.33
92 6.56 3.11 4.84 8.22 15.3 11.8 1.87 3.14 2.50
.6 10.1 1.82 5.96 6.81 19.6 13.2 3.83 1.20 2.52

43 4.88 1.97 3.43 17.1 6.07 11.6 2.30 1.28 1.79

06 1.88 2.08 1.98 51.7 10.2 31.0 2.37 1.67 2.02
58 4.92 0.63 2.78 6.73 3.62 5.17 1.04 2.78 1.91
.4 3.15 3.52 3.34 215 25.8 120 4.50 5.79 5.14
.7 7.62 8.89 8.26 17.7 4.90 11.3 2.35 2.31 2.33

.7 10.3 17.3 13.8 57.2 66.2 61.7 5.66 10.76 8.21

.9 2.78 2.37 2.57 118 103 110.3 13.65 9.54 11.6

.5 1.16 2.13 1.65 22.3 132 77.1 5.37 17.89 11.6

.9 7.82 9.20 8.51 7.11 10.8 8.97 1.12 3.39 2.25

77 1.27 0.99 1.13 10.6 10.2 10.40 1.04 0.87 0.95
23 0.79 1.79 1.29 57.3 20.7 39.0 5.88 4.20 5.04
36 0.79 1.13 0.96 1.05 1.19 1.12 0.59 1.62 1.11
16 1.08 1.61 1.34 11.8 6.81 9.32 2.63 2.40 2.52

2-Fold 2-Fold 2-Fold
83.3 100 75
100 25 50
87.5 81.3 68.8

es were shown. The values shown in bold letters were over threshold.
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PCR (DNFB; 13.6-fold, OXA; 38.3-fold) than in the microarray
(DNFB; 2.3-fold, OXA; 7.3-fold). Gene expression increase mea-
sured with the real-time PCR has been reported to be higher than
those measurements with microarray analysis (Szameit et al.,
2008). The real time PCR studies confirmed that the selection of
marker genes based on our microarray data was appropriate.

ATF3 correctly predicted the skin sensitizing potential of all
tested chemicals (the accuracy was 100%), although SLS might be
rated borderline. In addition, DNAJB4 and GCLM also showed high
predictive performance (the accuracy was 93.8% and 87.5%, respec-
tively) (Table 3). ATF3 and GCLM have been reported to be ARE-
dependent genes (Erickson et al., 2002; Kim et al., 2010). Moreover,
Emter et al. (2010) reported that the ARE reporter assay using a
genetically modified HaCaT cell line, referred to KeratinoSens, pro-
vided an accuracy of over 80% to the LLNA regarding the 67 tested
chemicals. Mckim et al. (2010) also showed that the combination
of chemical reactivity potential and expression changes of ARE-
dependent genes in the HaCaT offered an accuracy of 84% to the
LLNA regarding 58 chemicals. These findings indicate that ARE-
dependent genes such as ATF3 and GCLM can be sensitive markers
in not only the HaCaT but also the RhE model. However, the sensi-
tivity may vary depending on gene and chemical. In looking at the
ARE genes, the induction levels of ATF3 and GCLM expression were
different for the same tested sensitizer (Table 3). For example, the
maximum gene expression change for ATF3 induced by eugenol
(101-fold) and glyoxal (49.5-fold) were quite different from that
of GCLM (1.98-fold by eugenol and 1.65-fold by glyoxal) (Table 3).
Consistent with our findings, differences in magnitude of gene
expression have been reported for ARE-dependent genes depend-
ing on tested sensitizers (Ade et al., 2009; Mckim et al., 2010).
Other signaling pathways other than Nrf2/ARE might contribute
to the difference in the expression between these genes (Inoue
et al., 2004; Yang et al., 2005). Taken together, our results not only
demonstrated that ATF3 and GCLM in the RhE model could be
promising gene markers to predict skin sensitizing potential of
chemicals, but also suggested that the combination of marker
genes might be required to correctly evaluate a broad number of
skin sensitizers.

Two HSP genes (HSPA6 and HSPH1) showed relatively low
accuracy (HSPA6; 81.3%, HSPH1; 68.8%) compared with ATF3,
DNAJB4 or GCLM. Both HSPA6 and HSPH1 expression was mark-
edly induced by non-sensitizers, LA and SLS. The protein level of
HSP27, which belongs to HSP family, has been reported to be up-
regulated by some skin irritants (nonanoic acid and SLS) in human
skin and/or excised skin (Boxman et al., 2002). A second investiga-
tor reported that the expression of HSPA1 gene was up-regulated
in SLS-treated RhE model (Niwa et al., 2009). Although the precise
mechanism for which SLS or other irritants up-regulate the gene
expression of HSPs has remained unknown, these findings suggest
that some HSP-related genes might not be suitable markers to de-
tect skin sensitizers.

ATF3 and DNAJB4 correctly detected all tested pre-/pro-haptens
(PPD, IEU, eugenol and CinA) (Table 3). It has been reported that
the correct prediction of pre-/pro-haptens in in vitro tests is chal-
lenging. For instance, isoeugenol was not detected as a sensitizer
in the ‘‘human Cell Line Activation Test’’, which focuses on the
change in expression level of cell surface molecules (CD86 and
CD54) in DC-like cell line THP-1 cells (Ashikaga et al., 2010). Euge-
nol was not correctly predicted in the KeratinoSens (Emter et al.,
2010). The authors of these studies have suggested that false
outcomes might attribute to the lack of metabolic enzymes like
cytochrome P450 (CYP), which has been suggested to play a role
in the bioactivation of pro-haptens (Chipinda et al., 2011). On the
other hand, Gerberick et al. (2009) incorporated a peroxidase
system into the ‘‘direct peptide reactivity assay’’, an in chemico
method based on the reactivity to model peptides, to detect pre-/
pro-haptens. Their findings showed that the addition of peroxidase
system dramatically improved the reactivity of eugenol, but not
CinA, to a model peptide (Gerberick et al., 2009). CinA is a pro-hap-
ten which could be converted to CA, a complete hapten, by alcohol
dehydrogenase (ADH) (Elahi et al., 2004). EpiDermTM and human
skin have been reported to display similar gene expression profiles
of drug metabolizing enzymes including CYP and ADH (Hu et al.,
2010; van Eijl et al., 2012). With regard to their enzymatic activi-
ties, Götz et al. (2012) demonstrated that the basal CYP enzymatic
activities were very low in both EpiDerm™ and human skin, but
the CYP-mediated biotransformation in EpiDerm™ was signifi-
cantly enhanced after treatment with specific inducers. Moreover,
Jäckh et al. (2011) characterized the basal activities of Flavin-
dependent monooxygenases, N-acetyltransferases, and UDP-glu-
curonyltransferases in EpiDerm™. Thus, it is possible that
in vivo-like expression of drug metabolizing enzymes in the RhE
model may contribute the detection of pre-/pro-haptens.

In summary, we developed the RhE-based assay, termed epider-
mal sensitization assay (EpiSensA) for detecting skin sensitizers by
measuring the expression of ATF3, DNAJB4, and GCLM genes. This
assay correctly predicted the 16 reference chemicals recom-
mended by ECVAM including pre-/pro-haptens. To further examine
the utility of EpiSensA as a part of test battery for non-animal skin
sensitization assessment, we would need to not only increase the
number of tested chemicals but also test the chemicals which are
difficult to be evaluated in cell culture systems due to high
lipophilicity.
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