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The importance of personalized medicine and healthcare is becoming increasingly recognized. Genetic polymorphisms associated
with potential risks of various human genetic diseases as well as drug-induced adverse reactions have recently been well studied, and
their underlying molecular mechanisms are being uncovered by functional genomics as well as genome-wide association studies.
Knowledge of certain genetic polymorphisms is clinically important for our understanding of interindividual differences in drug
response and/or disease risk. As such evidence accumulates, new clinical applications and practices are needed. In this context, the
development of new technologies for simple, fast, accurate, and cost-effective genotyping is imperative. Here, we describe a simple
isothermal genotyping method capable of detecting single nucleotide polymorphisms (SNPs) in the human ATP-binding cassette
(ABC) transporter ABCCII gene and its application to the clinical diagnosis of axillary osmidrosis. We have recently reported that
axillary osmidrosis is linked with one SNP 538G>A in the ABCCII gene. Our molecular biological and biochemical studies have
revealed that this SNP greatly affects the protein expression level and the function of ABCCIL In this review, we highlight the

clinical relevance and importance of this diagnostic strategy in axillary osmidrosis therapy.

1. Introduction

Body odor production is a physiological characteristic of
animals, including humans. In humans, however, strong
or specific body odors are sometimes considered to be
unpleasant. Axillary osmidrosis is known as a phenomenon
characterized by strong body odor and profuse sweating
from the armpits resulting from an excessive secretion of the
body’s metabolites from well-developed apocrine glands in
the axillae.

Recently, we have reported that axillary osmidrosis is
linked with one single nucleotide polymorphism (SNP)
538G>A in exon 4 of the human ABCCII gene, a member of

the human ABC transporter gene family. This SNP 538G>A
(rs17822931) in the ABCCII gene is a nonsynonymous poly-
morphism that alters one amino acid at position 180 from
Glycine (Gly180) to Arginine (Argl80) in the ABCCII pro-
tein. As discussed later, this amino acid substitution enhances
proteasomal degradation of the SNP variant (Argl80) of
de novo synthesized ABCCI1 protein and disruption of its
transport function [1]. Human subjects carrying homozygous
alleles of 538G/G or heterozygous alleles of 538G/A have a
higher risk of axillary osmidrosis, whereas those who are
carrying the homozygous allele of 538A/A have no risk [1-
3]. This association has also been confirmed within various
ethnic groups [4, 5].
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The ABCCII gene is located on human chromosome
16q12.1 [6-8]. ABCCIl], also known as multidrug resistance-
associated protein 8 (MRP8), is a full ABC transporter
with a total of 12 putative transmembrane domains and
two ATP-binding cassettes [9]. The predicted amino acid
sequence of ABCCIl shows high similarity to those of
ABCC4 and ABCC5 among the C family of human ABC
transporters [6]. Functional assays have demonstrated that
ABCCIl WT (Gly180) is able to transport a variety of
lipophilic organic anions including cyclic nucleotides, glu-
tathione conjugates such as leukotriene C, (LTC,) and S-
(2,4-dinitrophenyl)-glutathione (DNP-SG), steroid sulfates
such as dehydroepiandrosterone 3-sulfate (DHEAS) and
estrone 3-sulfate (E;3S), glucuronides such as estradiol 17-
B-p-glucuronide (E,173G), and the monoanionic bile acids
glycocholate and taurocholate, as well as folic acid and its
analog methotrexate [10, 11]. Interestingly, there is no putative
mouse or rat orthologous gene corresponding to human
ABCCII [12], indicating that ABCCII is not an orthologous
gene but rather a paralogous gene generated by gene duplica-
tion within the human genome.

The SNP 538G>A in the ABCCII gene was originally
identified as a determinant of human earwax type [13].
Human earwax, a secretory product of the ceruminous
apocrine glands, is classified into wet and dry types. Both
ABCCI1538G/G and 538G/A correspond to the wet type, and
538A/A corresponds to the dry type. The latter is the recessive
phenotype and is commonly found within the Asian popula-
tion (Korean, Chinese, and Japanese populations), whereas
the former is the dominant phenotype and is found majorly
in Africans and Caucasians. Accordingly, the frequency of
the 538A allele is predominantly high among the Mongoloid
populations in Asia but low among Africans and Caucasians.
Thus, humans with the wet type of earwax naturally have
a strong axillary odor, whereas those with dry earwax have
little odor. Interestingly, this association had already been
pointed out in the middle of the 20th century [14, 15]. In
this context, wet earwax is regarded as an apocrine gland-
related phenotype. The family history of axillary osmidrosis
and its autosomal dominant pattern has also been recognized
[16], and the wet type of earwax has been used as one of the
phenotype-based diagnostic criteria for axillary osmidrosis
(17].

2. A New Method for
Genotype-Based Diagnosis

2.1. Rapid Genotyping of ABCCIl 538G>A to Assess the
Risk of Axillary Osmidrosis. The association between the
ABCCII genotype (538G>A) and axillary osmidrosis has
enabled us to perform genotyping-based diagnosis of axillary
osmidrosis, which is considered to be more objective than
the phenotype-based diagnosis. Therefore, in the clinical
setting, rapid, simple, and cost-effective methods are required
for on-demand genotyping. To achieve this objective, we
have recently developed a simple method targeting the SNP
538G>A in the human ABCCII gene based on an isothermal
DNA amplification technique [18] (Figures 1(a)-1(c)). The
new method enabled the determination of the genotype
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TABLE 1: Primers sets for the detection of WT and SNP alleles in the
human ABCCII gene.

WT (538G) detection primers set (5'to 3')

TP CGAGTACACTGGTTGATTTTCGATGCACTTC
FP agcgatgcgttcgagcatcgct GTCTGCCACTTACTGGCC
BP AGAAGCAGATGCCCAGAA
OP1 TGATGCTGAGGTTCCAG
OP2 TAGAGTCCCCCAAACCT
CP TACTGGCCTGAGTACAC-NH,

SNP (538A) detection primers set (5'to 3")
TP CTGAGTACACTGGTTGATTTTCGATGCACTTC
FP agcgatgcgttcgagcatcgct GTCTGCCACTTACTGGCC
BP AGAAGCAGATGCCCAGAA
OP1 TGATGCTGAGGTTCCAG
OP2 TAGAGTCCCCCAAACCT
CP TACTGGCCCGAGTACAC-NH,

TP: turn-back primer; FP: forward primer; BP: boost primer; OP: outer
primer; CP: competitive probe.

within 30 min under isothermal reaction conditions without
necessitating the isolation of genomic DNA and sequential
PCR steps [1, 2].

2.2. Genotyping Procedure. In the method we developed, the
entire DNA amplification process is achieved by designing
a total of five primers, namely, turn-back primer (TP),
forward primer (FP), boost primer (BP), and outer primers
1 and 2 (OPI1 and OP2) (Table 1). In addition, to inhibit the
background amplification from mismatch sequence pairs, a
competitive probe (CP) was constructed for effective geno-
typing at the SNP 538G>A in the ABCCII gene.

Since this method requires only a small volume (1-2 L)
of peripheral blood, genotyping is easy [19]. Each SNP typing
reaction is performed in a 25 yL reaction mixture under an
isothermal condition at 60°C. The mixture contains 2.0 uM
FP, 2.0 uM TP, 1.0 uM BP, 0.25 uM each of the OPs, 20 uM
CP, 1.4mM dNTPs, 5% DMSO, 20 mM Tris-HCI (pH 8.0),
10mM KCl, 10mM (NH,),SO,, 8 mM MgSO,, 0.1% (v/v)
Tween®20, 1/100,000 diluted SYBR® Green I (Takara Bio
Inc., Shiga, Japan), and 0.24 U/uL Aac DNA polymerase
(K.K. DNAFORM, Yokohama, Japan). The polymorphism
538G>A is distinguished by TPs. DNA amplification and
subsequent self-priming elongation (larger DNA production)
are induced by the allele-specific TP and FP.

A multiple end-point determination of the SNP-
dependent DNA amplification signal, an increase in the
fluorescence of SYBR Green I, can be achieved by introducing
a CCD camera and computational data acquisition, resulting
in a simpler and more cost-effective detection (Figure 1(d))
[20].

2.3. DNA Amplification Process in the SmartAmp-Based
Method. In the first step of the isothermal SmartAmp-
based DNA amplification, FP and TP hybridize the template
genomic DNA. Next, amplification products primed by each
primer are detached from template genomic DNA. This
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FIGURE I: Genotyping at ABCCII 538G>A by the SmartAmp method. (a) Flowchart of the SmartAmp-based genotyping. After a simple
heat treatment to degrade RNA and denature proteins, blood samples were added to the reaction mixture (total 25 yL) and subjected to
isothermal incubation at 60°C for 30 min while the fluorescence intensity was monitored. (b) Detection of the SNP 538G>A in ABCCII
by the SmartAmp method. Time-dependent increases in fluorescence intensity produced by the SmartAmp reaction with ABCCII allele-
specific primers carrying 538G (WT) or 538A (SNP) alleles were monitored by a real-time PCR system (Mx3000P; Stratagene). (c) Schematic
illustration of the human ABCCII gene and relative positions of each primer for SmartAmp-based genotyping. The details of the DNA
amplification process were described in Aw et al. [19]. (d) Schematic illustration for multiple end-point detection of SmartAmp-based SNP

typing with a CCD camera-linked digital processor.

process is induced by strand-displacing DNA polymerase,
whose extensions are primed by OP1 and OP2, respec-
tively. Subsequently, single-stranded amplification products
become new templates in the second amplification step for
opposing FP and TP. Due to the special features of the FP
and TP, those amplicons will refold at their 3’ and 5" ends
to form new priming sites that maintain self-amplification
in the further self-primed DNA elongation. The formation of
concatenated DNA products in the SmartAmp reaction was
schematically illustrated in our previous report [19].

The CPs inhibit the background amplification from
mismatch sequence pairs. For example, the CP for the
detection of WT (538G) allele is designed as a complementary
sequence around the alternative (538A) allele and its 3" end
is modified by amination (Figure 1(a)). Therefore, this CP
(538G) inhibits the misannealing of FP for WT allele and the
following SmartAmp-based amplification from the genomic
DNA carrying SNP (538A) allele. The CP (538A) enhances
the assay specificity of allele-specific amplification in the
similar manner.

2.4. Clinical Decision and Treatments of Axillary Osmidrosis.
The genetic test for a SNP in the ABCCII gene is one of
the clinical factors that underlies a doctor’s decision. Patients
carrying genotypes of 538G/G or 538G/A may be subjected
to a surgical operation of excising apocrine glands, whereas
such surgery is not indicated for those who are carrying the
genotype of 538A/A (Figure 2).

Epidemiologic surveys indicate that subjects with
ABCCII 538A/A have little risk of axillary osmidrosis,
unlike 538GG/GA subjects. This SNP has been reported
to correlate with deodorant usage, at least within the

Treatments
including surgery
Genotyping at
ABCCI1 538G>A
treatments

FIGURE 2: Gene-targeted strategy for the diagnosis and treatment of
axillary osmidrosis. This strategy would be useful for the objective
diagnosis of axillary osmidrosis, especially in ORS patients who have
subjective olfactory delusion.

Complaint
of axillary
osmidrosis

European population [21], while subjects with the 538A/A
genotype are not directly affected by axillary osmidrosis. In
particular, for the management of patients with olfactory
reference syndrome (ORS) who tend to opt for aggressive
surgical treatment simply due to the delusion of body odor,
genetic evidence would be a powerful tool for diagnosis and
nonsurgical treatment. Therefore, we proposed the clinical
decision tree shown in Figure 2 [2].

2.5. Distinguishing Olfactory Reference Syndrome and Axillary
Osmidrosis. The genotype-based diagnosis would be useful
especially for olfactory reference syndrome (ORS) patients.
Many ORS patients, also referred to as “jiko-syu-kyofu” in
the Japanese medical literature, are characterized by having
a preoccupation with the idea that their body emits a foul
body odor that may be strong and/or offensive to others
[22, 23]. These patients are convinced that they are the
source of a strong smell, even if the people around them
deny it. This kind of olfactory delusion, the main feature of
ORS, is sometimes recognized by medical doctors during
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FIGURE 3: Effects of the SNP variant (Argl80) on the protein level and intracellular degradation of ABCCIL. (a) To assess the effect of the Argl80
variant on the protein level of ABCCII, Flp-In-293 cells expressing the WT or Argl80 variant of ABCCI1 were cultivated in the presence of
MGI132, a proteasome inhibitor, for 24 h. ABCC11 WT and Argl80 variant proteins were analyzed by immunoblotting with ABCClI-specific
antibody after treatment with PNGase F, a glycosidase. The signal intensity ratio (ABCCI1/GAPDH, internal control) was normalized to
the control and expressed as mean + SD. (b) Schematic illustration of the posttranslation modification of ABCC11 WT and proteasomal

degradation of the Argl80 variant.

diagnosis of axillary osmidrosis. ORS patients tend to hope
that surgical resection of the axillary apocrine glands will
fundamentally resolve their problem, even if this is contrary
to the clinical judgment of the doctor. Since the subjective
diagnosis of this odor-producing disease by a doctor is
psychologically difficult for these patients to accept, objective
evidence indicating that they have no risk is important for
dissuasion from surgery. Moreover, it would be unfortunate
if the distress of body odor was not alleviated despite having
undergone surgery, leading such patients to become even
more nervous regarding their odor. Hence, an unnecessary
surgery based solely on a request from patients or their
family should be avoided, even if they are anxious about it.
Therefore, genotyping the ABCCII SNP 538G>A can provide
scientific evidence in an objective manner as an alternative
approach to subjective/experienced assessment by clinicians.

3. More Insight into ABCC11 538G>A

While more than 10 nonsynonymous SNPs are found in
the human ABCCII gene, only 538G>A (Glyl80Arg) is
directly related to the phenotypes above described. The SNP
538G>A is located in exon 4 where Glyl80 is substituted
by Argl80 in the putative first transmembrane domain of
the ABCCII protein. This amino acid substitution results
in constitutional instability of the nascent ABCCII protein.
The SNP variant ABCCIl1 Argl80 undergoes proteasomal

degradation and loses its intracellular function (Figure 3).
This molecular mechanism is consistent with the fact that
apocrine gland-related phenotypes such as human earwax
and axillary osmidrosis are Mendelian traits [1]. In fact,
fluorescence immunohistochemistry analyses of the human
apocrine gland show that ABCCI1 Glyl180 (wild type: WT)
is expressed in the gland, and the nonsynonymous SNP
538G>A greatly affects the cellular localization of the ABCCI1
protein in apocrine secretory cells [1].

Although the endogenous substrate of ABCCII deter-
mining the dominant phenotype has not been elucidated to
date, recent findings suggest that ABCC11 WT contributes
to development and/or regulation of the secretion activity of
human apocrine glands [24, 25]. For instance, during surgical
resection, large and extensive apocrine glands are usually
observed in the axillae of patients with axillary osmidrosis
[26]. The wet type of earwax is derived from the secretion
product of the apocrine gland in the external auditory
canal, whereas this apocrine secretion is lacking in the dry-
type phenotype. Furthermore, according to our preliminary
analyses of tissue sections from ceruminous apocrine glands,
the luminal area of the apocrine glands of a 538G/A subject
was larger than that of a 538A/A subject (Figure 4). Since
the total secretion activity of apocrine glands depends on
tissue development and intracellular mechanisms regulating
apocrine secretion, ABCC1l WT would be responsible for
the development of human apocrine glands, resulting in the
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FIGURE 4: Image analysis of human apocrine glands with ABCCI1
538GA and 538AA. (a) Typical image of human apocrine glands
in the external auditory canal (left). Schematic illustration of
measurement parameters for image analysis (right). (b and c) Well-
developed apocrine glands in a subject with ABCCII 538GA (grey)
as compared with a subject with 538 AA (white). Histological images
of human apocrine glands [1] were analyzed by the ImageJ program
(v1.46d). Calculated data are expressed as box plots. Differences were
considered significant when p < 0.01 (*).

excess production of apocrine sweat, including the precursor
compounds of axillary odor. Recently, Harker et al. demon-
strated that the ABCCI1538A/A genotype did not result in the
complete absence of precursors and produced significantly
lower levels of precursor compounds as compared with
the 538G/G or G/A genotype [27]. These findings suggest
that apocrine glands with the ABCCII 538A/A genotype
have little secretory activity. They surmised that their results
were due to the extremely low level of ABCCII activity
in the Argl80 variant. A more rational explanation of this
minimal secretion, however, might be that other contributors
regulating the total secretory activity of apocrine glands
besides ABCCIl1 also contribute to the promotion of apocrine
secretion. To clarify this, we need to further address the issue
of how ABCCII proteins are involved in the regulation of
apocrine glands.

Interestingly, as shown in Figure 5, the allele frequency
of the SNP 538G>A in the human ABCCII gene exhibits
wide differences across different ethnic groups [13], reflecting
the genetic diversity of the human genome that occurred
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FIGUre 5: Allele frequencies of ABCCII 538G (WT; Glyl80) and
538A (Argl80) among different ethnic populations. Data are calcu-
lated from Yoshiura et al. [13].

during the history of intercontinental migrations of Homo
sapiens [9, 24]. According to the popular theory of out of
Africa, ancient humans should have had the ABCCII 538G
allele which corresponds to the high secretory phenotype of
apocrine glands. Considering the production of pheromone-
like compounds in human armpits probably originating from
their axillary apocrine glands [17, 28], axillary odor directly or
indirectly regulated by ABCCI1 might have been important
for nonverbal communication among ancient Homo sapiens
and our ancestors.

4. Nature of Body Odor

4.1. Characteristics of Axillary Osmidrosis. Humans tend to
emit peculiar body odors, but each individual might have
a chronic body odor or little odor. Across most cultures,
body odor is often perceived as being unpleasant by other
persons, whereas it also affects the confidence and self-esteem
of the person emitting the odor. To address this problem,
mankind has developed ways and means to manage body
odor, for example, by the use of deodorants, refreshing sprays,
and perfumes. In modern society, elimination of body odor
is part of daily grooming, like hand-washing, hair styling,
and other similar activities. Nevertheless, the genetic and/or
environmental factors that give rise to individual differences
in body odor and the molecular mechanisms thereof remain
unclear.

Axillary osmidrosis is a condition characterized by strong
odors and profuse sweating from the axillae [29]. The symp-
toms of axillary osmidrosis generally develop around the
time of puberty when the apocrine glands existing from birth
become active for the first time [30]. The yellow staining in
the armpits of clothing also impacts the affected individual’s
quality of life. Thus, axillary osmidrosis is often perceived
as an undesired problem, particularly by young women.
Especially in Asian countries where persons with strong body
odor comprise a minor population, axillary osmidrosis tends
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to be even more strongly disliked. In particular, it is true
that axillary osmidrosis is recognized as a disease in Japan,
and its clinical treatments are covered by the national health
insurance system.

The major contributors to axillary odor are unsaturated
fatty acids, hydroxylated branched fatty acids, sulfanylalka-
nols, and some steroids represented by (E)-3-methyl-2-
hexenoic acid (3M2H) [31], 3-hydroxy-3-methyl-hexanoic
acid (3H3MH), 3-methyl-3-sulfanylhexan-1-ol (3M3SH) [32,
33], 5a-androstenone, and 5a-androst-16-en-3a-ol [34, 35],
respectively (Figure 6). In addition, an in vitro transport
experiment showed that the glutathione conjugate of 3M3SH,
a putative precursor of 3M3SH, was transported by ABCCIl1
WT [36], suggesting the involvement of ABCCII in the
formation of axillary odor. Some precursors of those odorous
components have been found to be secreted from axillary
apocrine glands [5, 37, 38], which suggests that the inhibition
of secretion and/or development of axillary apocrine glands
would contribute to the prevention or treatment of axillary
osmidrosis.

5. Future Perspectives

Apart from axillary osmidrosis, ABCCII genotypes might be
associated with the risk of breast cancer or drug-induced
toxicity [25, 39-41]. According to recent studies, women in
the Japanese population with the 538G allele in ABCCII had
a higher risk of breast cancer than those with the 538A allele
[41], whereas this association was not found in the Caucasian
population [42, 43]. It has also been shown by a Japanese
research group that the expression of ABCCIl in women
with breast cancer is associated with aggressive phenotypes

and poor disease-free survival [44]. Since some anticancer
agents and metabolites thereof are substrates of ABCCll, a
patient’s response to nucleoside-based chemotherapy could
be affected by the ABCCII genotype [25]. A recent Caucasian
human liver cohort study has shown an association between
ABCCII SNP 1637C>T (Trp546Met) and the risk of toxicity
of 5-fluorouracil, which is a widely used antipyrimidine
anticancer drug [40]. There is no finding, however, on the
relationship between the ABCCII 538A allele and the risk
of toxicity of 5-fluorouracil in this European case study.
Further studies, preferably in Asia, where the 538A allele is
predominant, are warranted to shed light on this question. In
addition, it remains to be clarified how ABCCI1 affects breast
cancer or its origin. Interestingly, an evolutionary derivation
of mammary glands from apocrine glands has been suggested
based on their biological similarities [45]. Since the func-
tional form of ABCCII might contribute to the development
and/or activity control of both mammary glands, as well as
apocrine glands, further verifications would be required from
various aspects including not only chemoresistance but also
the physiological function and regulation of ABCCIL.

6. Conclusions

In this review article, we have addressed the clinical impor-
tance of human ABCCII 538G>A as a risk factor of axillary
osmidrosis by using an efficient genotyping method. This
genotyping-based strategy would be helpful in making the
diagnosis of axillary osmidrosis, since the objective evidence
acquired would relieve ORS patients of their odor delu-
sion. Although the molecular mechanisms regulating the
secretory process in apocrine glands have not been clearly



understood, accumulating evidence strongly suggests that
ABCCII contributes to the function of apocrine glands and
ABCCII 538G>A reflects their activity. Further studies are
needed to elucidate the physiological function of ABCCIl
and its endogenous substrates secreted from apocrine glands.
Therefore, the validation of clinically relevant genetic factors
and the development of systems to be used for personalized
medicine would be the next important steps.

Conflict of Interests

The authors have no conflict of interests to declare.

Acknowledgments

The authors thank Drs. Norio Niikawa (Health Sciences
University of Hokkaido) and Koh-ichiro Yoshiura (Nagasaki
University), as well as Dr. Yasuo Sakai (Osaka University)
for their helpful discussions about the relationship between
ABCCII genotype and axillary osmidrosis risk. Furthermore,
the authors’ thanks go to Drs. Hiroshi Suzuki and Tappei
Takada (The University of Tokyo Hospital) for their generous
support. In addition, they acknowledge collaboration with
Drs. Yoshihide Hayashizaki, Alexander Lezhava, Aki Sakurai,
and Wanping Aw (RIKEN Omics Science Center).

References

[1] Y. Toyoda, A. Sakurai, Y. Mitani et al., “Earwax, osmidrosis, and
breast cancer: why does one SNP (538G>A) in the human ABC
transporter ABCCI1 gene determine earwax type?” The FASEB
Journal, vol. 23, no. 6, pp. 2001-2013, 2009.

[2] Y. Inoue, T. Mori, Y. Toyoda et al., “Correlation of axillary
osmidrosis to a SNP in the ABCCII gene determined by the
Smart Amplification Process (SmartAmp) method,” Journal of
Plastic, Reconstructive & Aesthetic Surgery, vol. 63, no. 8, pp.
1369-1374, 2010.

[3] M. Nakano, N. Miwa, A. Hirano, K.-I. Yoshiura, and N. Niikawa,
“A strong association of axillary osmidrosis with the wet earwax
type determined by genotyping of the ABCCII gene;” BMC
Genetics, vol. 10, article 42, 2009.

[4] Y. Sun, J. Long, and Y. Wang, “Correlation between ABCCI11
gene single nucleotide polymorphism and the incidence of
axillary osmidrosis in Chinese Han population,” Zhong Nan Da
Xue Xue Bao Yi Xue Ban, vol. 38, no. 11, pp. 1141-1145, 2013.

[5] A. Martin, M. Saathoff, F. Kuhn, H. Max, L. Terstegen, and
A. Natsch, “A functional ABCCI11 allele is essential in the
biochemical formation of human axillary odor,” The Journal of
Investigative Dermatology, vol. 130, no. 2, pp. 529-540, 2010.

[6] H. Yabuuchi, H. Shimizu, S.-I. Takayanagi, and T. Ishikawa,
“Multiple splicing variants of two new human ATP-binding
cassette transporters, ABCCI1 and ABCCI12,” Biochemical and
Biophysical Research Communications, vol. 288, no. 4, pp. 933—
939, 2001.

[7] J. Tammur, C. Prades, I. Arnould et al., “Two new genes from the
human ATP-binding cassette transporter superfamily, ABCCI1
and ABCCI2, tandemly duplicated on chromosome 16q12;
Gene, vol. 273, no. 1, pp. 89-96, 2001.

[8] T. K. Bera, S. Lee, G. Salvatore, B. Lee, and 1. Pastan, “MRPS,
a new member of ABC transporter superfamily, identified by

BioMed Research International

EST database mining and gene prediction program, is highly
expressed in breast cancer,;” Molecular Medicine, vol. 7, no. 8, pp.
509-516, 2001.

Y. Toyoda, Y. Hagiya, T. Adachi, K. Hoshijima, M. T. Kuo,
and T. Ishikawa, “MRP class of human ATP binding cassette
(ABC) transporters: historical background and new research
directions,” Xenobiotica, vol. 38, no. 7-8, pp. 833-862, 2008.

M. Bortfeld, M. Rius, J. Konig, C. Herold-Mende, A. T.
Nies, and D. Keppler, “Human multidrug resistance protein 8
(MRP8/ABCCI1), an apical efflux pump for steroid sulfates, is
an axonal protein of the CNS and peripheral nervous system,”
Neuroscience, vol. 137, no. 4, pp- 1247-1257, 2006.

Z.-S. Chen, Y. Guo, M. G. Belinsky, E. Kotova, and G. D.
Kruh, “Transport of bile acids, sulfated steroids, estradiol 17-
B-D-glucuronide, and leukotriene C4 by human multidrug
resistance protein 8 (ABCCI11),” Molecular Pharmacology, vol.
67, no. 2, pp. 545-557, 2005.

H. Shimizu, H. Taniguchi, Y. Hippo, Y. Hayashizaki, H. Abu-
ratani, and T. Ishikawa, “Characterization of the mouse Abccl2
gene and its transcript encoding an ATP-binding cassette
transporter, an orthologue of human ABCCI12,” Gene, vol. 310,
no. 1-2, pp. 17-28, 2003.

K.-I. Yoshiura, A. Kinoshita, T. Ishida et al., “A SNP in the
ABCCII gene is the determinant of human earwax type,” Nature
Genetics, vol. 38, no. 3, pp- 324-330, 2006.

B. Adachi, “Das ohrenschmalz als rassenmerkmal und der ras-
sengeruch (“Achselgeruch”) nebst dem rassenunterschied der
schweissdriisen,” Zeitschrift fiir Rassenkunde und die Gesamte
Forschung, vol. 6, pp. 273-307, 1937.

E. Matsunaga, “The dimorphism in human normal cerumen,”
Annals of Human Genetics, vol. 25, pp. 273-286, 1962.

W. M. Yoo, N. S. Pae, S. J. Lee, T. S. Roh, S. Chung, and K.
C. Tark, “Endoscopy-assisted ultrasonic surgical aspiration of
axillary osmidrosis: a retrospective review of 896 consecutive
patients from 1998 to 2004,” Journal of Plastic, Reconstructive &
Aesthetic Surgery, vol. 59, no. 9, pp. 978-982, 2006.

G. Rothardt and K. Beier, “Peroxisomes in the apocrine sweat
glands of the human axilla and their putative role in pheromone
production,” Cellular and Molecular Life Sciences, vol. 58, no. 9,
pp. 1344-1349, 2001.

Y. Mitani, A. Lezhava, Y. Kawai et al., “Rapid SNP diagnos-
tics using asymmetric isothermal amplification and a new
mismatch-suppression technology;” Nature Methods, vol. 4, no.
3, pp. 257-262, 2007.

W. Aw, I. Ota, Y. Toyoda et al., “Pharmacogenomics of human
ABC transporters: detection of clinically important SNPs by
SmartAmp2 method,” Current Pharmaceutical Biotechnology,
vol. 12, no. 4, pp. 693-704, 2011.

T. Ishikawa and Y. Toyoda, “Human ABC transporter ABCCII:
looking back pioneers” odyssey and creating a new path toward
clinical application,” in ABC Transporters—40 Years on, T.
George, Ed., pp. 297-318, Springer, Basel, Switzerland, 2016.

S.Rodriguez, C. D. Steer, A. Farrow, J. Golding, and I. N. M. Day,
“Dependence of deodorant usage on ABCCII genotype: scope
for personalized genetics in personal hygiene,” The Journal of
Investigative Dermatology, vol. 133, no. 7, pp. 1760-1767, 2013.

K. A. Phillips and W. Menard, “Olfactory reference syndrome:
demographic and clinical features of imagined body odor
General Hospital Psychiatry, vol. 33, no. 4, pp. 398-406, 2011.

K. Suzuki, N. Takei, Y. Iwata et al., “Do olfactory reference
syndrome and jiko-shu-kyofu (a subtype of Taijin-kyofu) share



BioMed Research International

(25]

(26]

(27]

(30]

(31]

(32

(37]

(38]

a common entity?” Acta Psychiatrica Scandinavica, vol. 109, no.
2, pp. 150-155, 2004.

T. Ishikawa, Y. Toyoda, K.-I. Yoshiura, and N. Niikawa, “Phar-
macogenetics of human ABC transporter ABCCI1: new insights
into apocrine gland growth and metabolite secretion,” Frontiers
in Genetics, vol. 3, article 306, 2013.

Y. Toyoda and T. Ishikawa, “Pharmacogenomics of human ABC
transporter ABCCI1 (MRP8): potential risk of breast cancer
and chemotherapy failure,” Anti-Cancer Agents in Medicinal
Chemistry, vol. 10, no. 8, pp. 617-624, 2010.

Y. H. Bang, J. H. Kim, S. W. Paik, S. H. Park, I. T. Jackson, and
R. Lebeda, “Histopathology of apocrine bromhidrosis,” Plastic
and Reconstructive Surgery, vol. 98, no. 2, pp. 288-292, 1996.
M. Harker, A.-M. Carvell, V. P. J. Marti et al., “Functional
characterisation of a SNP in the ABCCII allele—effects on
axillary skin metabolism, odour generation and associated
behaviours,” Journal of Dermatological Science, vol. 73, no. 1, pp.
23-30, 2014.

K. Stern and M. K. McClintock, “Regulation of ovulation by
human pheromones,” Nature, vol. 392, no. 6672, pp. 177-179,
1998.

W.-H. Wu, S. Ma, J.-T. Lin, Y.-W. Tang, R.-H. Fang, and E-L.
Yeh, “Surgical treatment of axillary osmidrosis: an analysis of
343 cases,” Plastic and Reconstructive Surgery, vol. 94, no. 2, pp.
288-294,1994.

K. Wilke, A. Martin, L. Terstegen, and S. S. Biel, “A short

history of sweat gland biology,” International Journal of Cosmetic
Science, vol. 29, no. 3, pp. 169-179, 2007.

X.-N. Zeng, J. J. Leyden, H. J. Lawley, K. Sawano, I. Nohara,
and G. Preti, “Analysis of characteristic odors from human male
axillae,” Journal of Chemical Ecology, vol. 17, no. 7, pp. 1469-1492,
1991.

A. Natsch, J. Schmid, and E Flachsmann, “Identification of
odoriferous sulfanylalkanols in human axilla secretions and
their formation through cleavage of cysteine precursors by a C-
S lyase isolated from axilla bacteria,” Chemistry & Biodiversity,
vol. 1, no. 7, pp. 1058-1072, 2004.

Y. Hasegawa, M. Yabuki, and M. Matsukane, “Identification
of new odoriferous compounds in human axillary sweat,’
Chemistry & Biodiversity, vol. 1, no. 12, pp. 2042-2050, 2004.

S. Bird and D. B. Gower, “The validation and use of a radioim-
munoassay for 5«-androst-16-en-3-one in human axillary col-
lections,” Journal of Steroid Biochemistry, vol. 14, no. 2, pp. 213—
219, 1981.

D. B. Gower, “16-Unsaturated C19 steroids. A review of their
chemistry, biochemistry and possible physiological role,” Jour-
nal of Steroid Biochemistry, vol. 3, no. 1, pp. 45-103, 1972.

T. Baumann, S. Bergmann, T. Schmidt-Rose et al., “Glutathione-
conjugated sulfanylalkanols are substrates for ABCCIl and
y-glutamyl transferase 1: a potential new pathway for the
formation of odorant precursors in the apocrine sweat gland,”
Experimental Dermatology, vol. 23, no. 4, pp. 247-252, 2014.

C. Starkenmann, Y. Niclass, M. Troccaz, and A. J. Clark, “Iden-
tification of the precursor of (S)-3-methyl-3-sulfanylhexan-1-
ol, the sulfury malodour of human axilla sweat,” Chemistry &
Biodiversity, vol. 2, no. 6, pp. 705-716, 2005.

R. Emter and A. Natsch, “The sequential action of a dipeptidase
and a f-lyase is required for the release of the human body
odorant 3-methyl-3-sulfanylhexan-1-ol from a secreted Cys-
Gly-(S) conjugate by Corynebacteria,” The Journal of Biological
Chemistry, vol. 283, no. 30, pp. 20645-20652, 2008.

(39]

(41]

[42]

(43

(44]

A. T. Nies, T. Magdy, M. Schwab, and U. M. Zanger, “Role
of ABC transporters in fluoropyrimidine-based chemotherapy
response,” Advances in Cancer Research, vol. 125, pp. 217-243,
2015.

T. Magdy, R. Arlanov, S. Winter et al., “ABCC11/MRP8 polymor-
phisms affect 5-fluorouracil-induced severe toxicity and hepatic
expression,” Pharmacogenomics, vol. 14, no. 12, pp. 1433-1448,
2013.

L. Ota, A. Sakurai, Y. Toyoda et al., “Association between breast
cancer risk and the wild-type allele of human ABC transporter
ABCCI1,” Anticancer Research, vol. 30, no. 12, pp. 5189-5194,
2010.

T.Lang, C. Justenhoven, S. Winter et al., “The earwax-associated
SNP ¢.538G>A (GI80R) in ABCCII1 is not associated with
breast cancer risk in Europeans,” Breast Cancer Research and
Treatment, vol. 129, no. 3, pp. 993-999, 2011.

J. Beesley, S. E. Johnatty, X. Chen et al., “No evidence for an
association between the earwax-associated polymorphism in
ABCCII and breast cancer risk in Caucasian women,” Breast
Cancer Research and Treatment, vol. 126, no. 1, pp. 235-239, 2011.
A. Yamada, T. Ishikawa, I. Ota et al., “High expression of
ATP-binding cassette transporter ABCCI1 in breast tumors
is associated with aggressive subtypes and low disease-free
survival,” Breast Cancer Research and Treatment, vol. 137, no. 3,
pp. 773-782, 2013.

O. T. Oftedal, “The mammary gland and its origin during

synapsid evolution,” Journal of Mammary Gland Biology and
Neoplasia, vol. 7, no. 3, pp. 225-252, 2002.



