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hybrid sterility involves both the unusual abun-
dance and retention of OdsHmau protein in
the D. simulans testis, as well as an unusual
localization and possibly decondensation of the
D. simulans Y chromosome. We conclude on
the basis of these data that hybrid male sterility
is caused by a gain-of-function interaction be-
tween OdsHmau and some component of the
D. simulans Y chromosome heterochromatin,
with this protein-DNA interaction representing
the Dobzhansky-Muller incompatibility.

OdsH shares similarities with the hybrid
sterility genes Prdm9 (or Meisetz) in mouse (23)
and Overdrive (Ovd) in Drosophila (24), all of
which encode proteins with putative DNA-
binding domains. Satellite DNAs have also
been implicated in hybrid inviability, including
a pericentric satellite locus (Zar) (25, 26) and a
gene encoding a heterochromatin-binding pro-
tein (Lhr) (27). Thus, rapidly evolving repetitive
DNA clements driven by genetic conflict may
represent a major evolutionary force driving
sequence divergence of speciation genes that would
ultimately result in hybrid incompatibilities
(13, 14, 28).
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Mapping Human Genetic Diversity in Asia

The HUGO Pan-Asian SNP Consortium*t

Asia harbors substantial cultural and linguistic diversity, but the geographic structure of

genetic variation across the continent remains enigmatic. Here we report a large-scale survey of
autosomal variation from a broad geographic sample of Asian human populations. Our results
show that genetic ancestry is strongly correlated with linguistic affiliations as well as geography.
Most populations show relatedness within ethnic/linguistic groups, despite prevalent gene flow
among populations. More than 90% of East Asian (EA) haplotypes could be found in either
Southeast Asian (SEA) or Central-South Asian (CSA) populations and show clinal structure with
haplotype diversity decreasing from south to north. Furthermore, 50% of EA haplotypes were
found in SEA only and 5% were found in CSA only, indicating that SEA was a major geographic

source of EA populations.

netic diversity focusing primarily on broad

continental relationships, or fine-scale struc-
ture in Europe, have been published recently (1--8).
We have extended this approach to Southeast
Asian (SEA) and East Asian (EA) populations by
using the Affymetrix GeneChip Human Mapping
50K Xba Amay. Stringently quality-controlled
genotypes were obtained at 54,794 autosomal
single-nucleotide polymorphisms (SNPs) in 1928
individuals representing 73 Asian and two non-
Asian HapMap populations (9). Apart from de-
veloping a general description of Asian population
structure and its relation to geography, language,
and demographic history, we concentrated on un-

S everal genome-wide studies of human ge-

*All authors with their affiliations appear at the end of this
paper.
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covering the geographic source(s) of EA and SEA
populations.

We first performed a Bayesian clustering pro-
cedure using the STRUCTURE algorithm (/0)
to examine the ancestry of each individual. Each
person is posited to derive from an arbitrary num-
ber of ancestral populations, denoted by K. We ran
STRUCTURE fiom K =2 to XK'= 14 using both
the complete data set and SNP subsets to exclude
those in strong linkage disequilibrium (Fig. 1 and
figs. S1t0 S13). AtK'=2 and K'=3, all SEA and
EA samples are united by predominant member-
ship in a common cluster, with the other cluster(s)
corresponding largely to Indo-European (IE) and
African (AF) ancestries. At K = 4, a component
most fiequently found in Negrito populations that
is also shared by all SEA populations emerges,
suggesting a common SEA ancestry. Each value
of K beyond 4 introduces a new component that
tends to be associated with a group of popula-

tions united by membership in a linguistic family,
by geographic proximity, by a known history of
admixture, or, especially at higher Ks, by mem-
bership in a small population isolate. The results
obtained using fFappe (11), a maximum-likelihood—
based clustering analysis, showed a general con-
cordance with those of STRUCTURE (figs. S14
to S26). These analyses show that most individ-
uals within a population share very similar an-
cestry estimates at all Ks, an observation that is
consistent also with a phylogeny relating indi-
viduals (fig. S27) based on an allele-sharing dis-
tance (/2). Therefore, we proceeded to evaluate
the relationships among populations. A maximum-
likelihood tree of populations, based on 42,793
SNPs whose ancestral states were known (Fig.
1), showed that all the SEA and EA populations
make up a monophyletic clade that is supported
by 100% of bootstrap replicates. This pattern re-
mained even after data from 51 additional popu-
lations and 19,934 commonly typed SNPs from a
recent study were integrated into the tree (fig.
S28). These observations suggest that SEA and
EA populations share a common origin.
STRUCTURE/fiappe and principal compo-
nents analyses (PCA) (13) (Figs. 1 and 2 and figs.
S1 to S26) identify as many as 10 main popula-
tion components. Each component corresponds
largely to one of the five major linguistic groups
(Altaic, Sino-Tibetan/Tai-Kadai, Hmong-Mien,
Austro-Asiatic, and Austronesian), three ethnic
categories (Philippine Negritos, Malaysian Negritos,
and East Indonesians/Melanesians) and two small
population isolates (the Bidayuh of Borneo and
the hunter-gatherer Mlabri population of central
and northern Thailand). The STRUCTURE results
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(Fig. 1 and figs. S1 to S13), population phy-
logenies (Fig. 1 and figs. 27 and S28), and PCA
results (Fig. 2) all show that populations fiom the
same linguistic group tend to cluster together. A

Mantel test confirms the correlation between lin-
guistic and genetic affinities (R* = 0.253; P < 0.0001
with 10,000 permutations), even after controlling
for geography (partial correlation = 0.136; P <

0.005 with 10,000 permutations). Nevertheless, we
identified eight population outliers whose linguistic
and genetic affinities are inconsistent [Affymetrix-
Melanesian (AX-ME), Malaysia-Jehai (MY-JH)

K
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Fig. 1. Maximum-likelihood tree of 75 populations. A hypothetical most-
recent common ancestor (MRCA) composed of ancestral alleles as inferred
from the genotypes of one gorilla and 21 chimpanzees was used to root the
tree. Branches with bootstrap values less than 50% were condensed.
Population identification numbers (IDs), sample collection locations with
latitudes and longitudes, ethnicities, language spoken, and size of pop-
ulation samples are shown in the table adjacent to each branch in the tree.
Linguistic groups are indicated with colors as shown in the legend. All

11 DECEMBER 2009 VOL 326

population IDs except the four HapMap samples are denoted by four
characters. The first two letters indicate the country where the samples
were collected or (in the case of Affymetrix) genotyped, according to the
following convention: AX, Affymetrix; CN, China; ID, Indonesia; IN, India;
1P, Japan; KR, Korea; MY, Malaysia; Pl, the Philippines; SG, Singapore; TH,
Thailand; and TW, Taiwan. The last two letters are unique IDs for the
population. To the right of the table, an averaged graph of results from
STRUCTURE is shown for K = 14.
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(Negrito), Malaysia-Kensin (MY-KS) (Negrito),
Thailand-Mon (TH-MO), Thailand-Karen (TH-
KA), China-Jinuo (CN-JN), India-Spiti (IN-TB),
and China-Uyghur (CN-UG); see table S3]. These
linguistic outliers tend to cluster with their geo-
graphic neighbors or [especially evident in the
principal component (PC) plots of Fig. 2] occupy
an intermediate position between their geographic
neighbors and the more-distant members of their
linguistic group. These pattems are consistent either
with substantial recent admixture among the pop-
ulations (J4-16), a history of language replacement
(17), or uncertainties in the linguistic classifications
themselves (for example, the controversial Altaic
family, which groups Korean and Japanese with
Uyghur).

Considerable gene flow among Asian pop-
wlations was observed among subpopulations in
these clusters, including those groups believed to

practice endogamy based on linguistic, cultural,
and ethnic information. In fact, most popula-
tions studied, even at lower Ks, show evidence
of admixture in the STRUCTURE analyses. For
example, the Han Chinese have grown to be-
come the largest ethnic group today in a de-
mographic expansion that has occurred mostly
within historical times. STRUCTURE reveals
that the six Han Chinese population samples in
our study show varying degrees of admixture
(Fig. 1 and figs. S1 to S26) between a northern
Altaic cluster and a Sino-Tibetan/Tai-Kadai
cluster, which most frequently appears in the
ethnic groups sampled from southemn China
and northermm Thailand. Finally, most of the
Indian populations showed evidence of shared
ancestry with European populations, which is
consistent with the recent observations (/8) and
our understanding of the expansion of Indo-

REPORTS

European-speaking populations (Fig. 1 and figs.
S1 to S26).

The geographic source(s) contributing to EA
populations have long been debated. One hypoth-
esis suggests that all SEA and EA populations
derive primarily from a single initial migration,
which entered the continent along a southem,
largely coastal route (19, 20). Another hypothesis
argues for at least two independent migrations
into East Asia, first along a southem route, fol-
lowed later by a series of migrations along a more
northern route that served to bridge Furopean and
EA populations, but with little contribution to
populations in Southeast Asia (20). The topology
of a maximum-likelihood tree (Fig. 1 and fig.
S28) displays a largely south-to-north ordering of
the populations, and a plot of the first two PCs
(Fig. 2) similarly orients most populations accord-
ing to their geographic coordinates. The average
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Fig. 2. Analysis of the first two PCs. (A) 1928 individuals representing all 75
populations. (B) 1868 individuals representing 74 populations (excluding
YRI). {€) 1471 individuals representing 58 populations (excluding all Indians,
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value of the first PC is highly correlated with the
latitade at which the populations were sampled
(R* = 0.79, P < 0.0001). Such a pattern could
result simply from isolation-by-distance (IBD), as
suggested by Ding et al. (21), aithough a recent
study failed to detect IBD in East Asia with data
from the Human Genome Diversity Project (22).

In an effort to distinguish between long-term
historical divergence and the effects of IBD, we
applied partial and multiple Mantel tests to the
data (23) [see supporting online material (SOM)
text for details]. The primary approach was to
ascertain the differential correlation between ge-
netic distance, geographical distance, and a group
indicator matrix as an indication of prehistoric
population divergence. The partial correlation co-
efficient of genetic and geographic distances was
0.228 (P < 0.0006), after controlling for the group
indicator matrix (inferred from STRUCTURE/
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frappe analyses), whereas the partial correlation

of the genetic and group indicator matrices was
0.403 (P < 0.0001) after controlling for geogra-
phy. The superior association between genetic
distance and the group indicator matrix as mea-
sured by the correlation coefficients suggests that
prehistorical population divergence is the favored
model over IBD in explaining the data (24). This
conclusion is supported by simulation studies that
also suggest that the observed patterns cannot be
explained by simple IBD effects alone (see SOM
text for details).

To further refine the analysis, we looked to
haplotype organization to limit the effect of fluc-
tuations in single-nucleotide determinations and
to increase the resolution around genetic diversity.
The IBD model predicts a correlation of genetic
distance with geographical distance but not ge-
netic diversity and geographic distance (24). By

c 100

100
100

contrast, we found (Fig. 3A) that haplotype di-
versity is strongly correlated with latitude (R =
0.91, P<0.0001), with diversity decreasing from
south to north, which is consistent with a loss of
diversity as populations moved to higher lati-
tudes. In estimating the contribution of SEA and
Central-South Asian (CSA) haplotypes to the EA
gene pool by haplotype sharing analyses (/6), we
found that more than 90% of haplotypes in EA
populations could be found in SEA and CSA pop-
ulations, of which about 50% were found in SEA
and EA only and 5% found in CSA only (Fig. 3B,
see also SOM text). Phylogenetic analysis of pri-
vate haplotypes indicates greater similarity be-
tween EA and SEA populations relative to EA and
CSA populations (Fig. 3C). These observations
suggest that the geographic source(s) contributing
to EA populations were mainly from SEA popula-
tions, with rather minor contributions from CSA,
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Fig. 3. Analysis of haplotype diversity, haplotype sharing, and population
phylogeny. (A) Haplotype diversity versus latitudes. Haplotypes were estimated
from combined data, and diversity was measured by heterozygosity of haplo-
types. HSa, b, ¢, and d and the corresponding colors show the percentages of EA
group haplotypes in each class: HSa, found in CSA only; HSb, found in neither
CSA nor SEA; HSc, found in both CSA and SEA; HSd, found in SEA only. Latitudes
{v axis) for groups were obtained from the center of sample collection locations.
Circled numbers are as follows: 1, Indonesian; 2, Malay; 3, Philippine; 4, Thai; 5,
Southern Chinese minorities; 6, Southern Han Chinese; 7, Japanese and Korean;
8, Northern Han Chinese; 9, Northern Chinese minarities; and 10, Yakut. Haplo-
type heterozygosity of each group was estimated from 100-kb bins and taking
together all haplotypes within each group. R for the regression line is 6.91 (P <
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0.0001). (B) Haplotype sharing analysis for EA populations and groups. YKT,
Yakut; N-CM, Northern Chinese minorities; N-HAN, Northern Han Chinese;
JP-KR, Japanese and Korean; S-HAN, Southern Han Chinese; S-CM, Southern
Chinese minorities; EA, East Asian. (€) Phylogeny of group private haplotypes.
EA private haplotypes: haplotypes found only in EA samples; SEA private
haplotypes: haplotypes found only in SEA samples; CSA private haplotypes:
haplotypes found only in CSA samples; Shared haplotypes: haplotypes found
in all EA, SEA, and CSA samples; African haplotypes were used as outgroup. (D)
Maximum-likelihood tree of 29 populations. The tree is based on data from
19,934 SNPs. Bootstrap values were based on 100 replicates. Only values on
splitting of African and non-African, European and Oceanian and Asian, and
Oceanian and Asian are shown.
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and that this clinal shuctre of EA populations
arose from prehistoric population divergence rather
than IBD or gene flow from CSA populations.

On the basis of increased cultural, linguistic,
and genetic diversity, the origins of SEA popula-
tions are thought to be more complex than the
origins of those to their north. Notably, the Negritos
of the Philippines and Malaysia differ from
neighboring populations in aspects of their phys-
ical appearance, prompting intense speculation
about models of human settlement in Southeast
Asia. The two-wave hypothesis, which suggests
that ancestral Negrito populations settled in South-
cast Asia, Australia, and Oceania before a more
northerly migration originating in or near the Mid-
dle East, and spreading both toward Europe and
Northeast Asia via Central Asia (25), has been sup-
ported by phylogenetic trees constructed from data
on a limited number of protein markers (24, 25).
The topology of our population trees, both with
and without the data from additional European
and Asian populations discussed in (7), is in-
consistent with regard to this genetic similarity
of European and EA populations (Figs. 1 and
3D). Instead, on the basis of variation at a large
number of independent SNPs, we observed that
there is substantial genetic proximity of SEA and
EA populations (fig. S28). An identical pattern is
seen in the population tree of Li et al. (1) based
on all of their 642,690 SNPs. Our forward-time
simulation results under extreme ascertainment
scenarios (SOM text) show that the observed phy-
logeny is not the result of ascertainment bias.
Simulation studies also suggest that substantial
levels of migration between populations afier
their initial scparation are unlikely to distort the
topology of the phylogeny (SOM text).

To unambiguously infer population histories
represents a considerable challenge (26). Although
this study does not disprove a two-wave model of
migration, the evidence from our autosomal data
and the accompanying simulation studies (figs.
S29 and S30) point toward a history that unites the
Negrito and non-Negrito populations of Southeast
and East Asia via a single primary wave of entry
of humans into the continent.
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ABSTRACT One singlenucleotide  polymorphism
(SNP), 538G>A (Gly180Arg), in the ABCC1I gene deter-
mines the type of earwax. The G/G and G/A genotypes
correspond to the wet type of earwax, whereas A/A
corresponds to the dry type. Wide ethnic differences exist
in the frequencies of those alleles, reflecting global migra-
tory waves of the ancestors of humankind. We herein
provide the evidence that this genetic polymorphism has
an effect on the Nlinked glycosylation of ABCC11, intra-
cellular sorting, and proteasomal degradation of the vari-
ant protein. Immunohistochemical studies with cerumen
gland-containing tissue specimens revealed that the
ABCCI11 WT protein was localized in intracellular gran-
ules and large vacuoles, as well as at the luminal mem-
brane of secretory cells in the cerumen gland, whereas
granular or vacuolar localization was not detected for the
SNP (Arg180) variant. This SNP variant lacking Nlinked
glycosylation is recognized as a misfolded protein in the
endoplasmic reticubum and readily undergoes ubiquitina-
tion and proteasomal degradation, which determines the
dry type of earwax as a mendelian trait with a recessive
phenotype. For rapid genetic diagnosis of axillary os-
midrosis and potential risk of breast cancer, we developed
specific primers for the SmartAmp method that enabled
us to clinically genotype the ABCCII gene within 30
min.—Toyoda, Y., Sakurai, A., Mitani, Y., Nakashima, M.,
Yoshiura, K., Nakagawa, H., Sakai, Y., Ota, I., Lezhava, A.,
Hayashizaki, Y., Niikawa, N., Ishikawa, T. Earwax, osmidro-
sis, and breast cancer: why does one SNP (538G>A) in the
human ABC transporter ABCCII gene determine earwax
type? FASEB J. 23, 2001-2013 (2009)

Key Words: endoplasmic reticubum-associated degradation - ge-
nelic polymorphism + N-linked glycosylation « protein instability

CELL SECRETION IS AN IMPORTANT physiological process
that ensures smooth metabolic activities and tissue repair

0892-6638/09/0023-2001 © FASEB

as well as growth and immunological functions in the
body. Human earwax is a dimorphic trait consisting of wet
or dry types. Wet earwax (cerumen) is a secretory product
of ceruminous apocrine glands, whereas the diy type of
earwax lacks oily components. In addition, apocrine
glands can be found in the external auditory canal, breast,
and axillary region; those physical characteristics also are
concemned with apocrine glands. A positive association
among the wet earwax type, axillary osmidrosis (1), co-
lostrum secretion (2), and breast cancer risk (8, 4) has
been suggested by phenotype-based analysis. Apocrine
secretion occurs when the secretory process is accom-
plished with a partial loss of cell cytoplasm. The secretory
materials may be contained within the secretory vesicles
or dissolved in the cytoplasm, and during secretion they
are released as cytoplasmic fragments into the glandular
lumen or interstitial space (5).

Hitherto apocrine secretory mechanisms have not
been well characterized (5). Although the biochem-
ical and physiological pathways that regulate the
apocrine secretory process are not clearly known,
our recent finding that the nonsynonymous SNP
538G>A (rs17822931; Gly180Arg) in the ABCCI1 gene
determines the type of earwax has shed light on the
novel function of this ABC transporter in apocrine
glands (6). In 2001, we and other groups indepen-
dently cloned human ABCCIl1 and ABCCI2 cDNAs
(79). Both ABCC1I and ABCCI2 genes are located on
human chromosome 16q12.1 in a tail-to-head orienta-
tion with a separation distance of ~20 kb (7). Interest-
ingly, there is an orthologous gene corresponding to

! Correspondence: Department of Biomolecular Fngineer-
ing, Graduate School of Bioscience and Biotechnology, To-
kyo Institute of Technology, 4259-B-60 Nagatsuta, Midori-ku,
Yokohama 226-8501, Japan. F-mail: tishikaw@bio.titech.ac.jp
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the ABCCI2 gene in mammals (10, 11), but no gene
orthologous to human ABCCII (11) has been found in
mammals except for primates. Based on a database
search, it is speculated that ABCCII is a paralogous
gene generated by ABCCI2 gene duplication in the
primate genome, including that of humans (12). Hurnan
ABCCI11 reportedly functions as an ATP-dependent efflux
pump for amphipathic anions, including cyclic nucle-
otides, leukotriene C,, estrone 3-sulfate, dehydroepi-
androsterone 3-sulfate (DHEAS), estradiol 17-B-p-glu-
curonide, and folic acid (13-16).

We have recently reported that one single-nucleotide
polymorphism (SNP), 538G>A (Glyl80Arg), in the
ABCCI1 gene determines the type of earwax (6). This s
the first example of a DNA polymorphism determining
a visible genetic trait. The G/G and G/A genotypes
correspond to the wet type of earwax, whereas A/A
corresponds to the dry type. A functional assay has
demonstrated that cells with allele A show a lower excre-
tory activity for cGMP than those with allele G (6). Wide
ethnic differences were also observed in the frequencies
of those alleles (6). Furthermore, it has most recently
been demonstrated that the genotype frequencies in the
ABCC11 and EDAR genes differ significantly between the
Hondo and Ryukyu clusters in Japan (17).

At the present time, however, little is known about
how genetic polymorphisms of the ABCCII gene affect
the function of the ceruminous apocrine gland. The
present study has two specific aims. First, to understand
the molecular mechanism determining the earwax
type, we investigated the effect of the SNP 538G>A
(Glyl80Arg) on the protein expression and intacellu-
lar localization of ABCC11. Second, to gain insight into
the link between the genetic polymorphisms of ABCC11
and the functions of apocrine glands, such as cerumen
secretion and axillary osmidrosis, we designed a primer
set for clinical genotyping.

In this article, we provide evidence that the SNP
538G>A (Glyl80Arg) variant of human ABCCII lack-
ing Mlinked glycosylation is recognized as a misfolded
protein in the endoplasmic reticulum (ER) and readily
undergoes proteasomal degradation. This ABCCI11
protein degradation underlies the molecular mecha-
nism to form the dry type of earwax as a mendelian trait
with a recessive phenotype. Furthermore, we demon-
strate that the wet type of earwax is genetically linked
with axillary osmidrosis, which is recognized as a dis-
ease covered by the national health insurance system in
Japan. Human ABCCI1 is suggested to play a pivotal
role in the secretion of steroid metabolites from secre-
tory cells in the apocrine glands.

MATERIALS AND METHODS

Collection of genomic DNA from volunteers
and preparation of DNA samples

Under written informed consent, we collected blood samples
from 124 Japanese volunteers at Nagasaki University (Na-
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gasaki, Japan) during a period from January 2004 to Decem-
ber 2005. Genomic DNA was exiracted from whole blood by
the standard method. Protocols for the present study were
approved by the Committee for the Ethical Issues on Human
Genome and Gene Analysis, Nagasaki University. The clinical
investigation was conducted according to the Declaration of
Helsinki Principles. Briefly, all blood samples were collected
in standard 2Na-EDTA-coated blood collection tubes. The
samples were subjected to proteinase K digestion, and then
genomic DNA was isolated by phenol/chloroform extrac-
tion and subsequently by ethanol precipitation. Part of the
ABCCI1 gene including the 538G>A alleles was amplified by
PCR with the following primers: EWX1, 5" TGCAAAGAGAT-
TCCACCAGTT-3'; and EWX2, 5-AAGGTCTTCATTTTCTA-
GACAGC-3'.

Diagnosis of axillary osmidrosis in Japanese patients
and genotyping

All procedures for the diagnosis of axillary osmidrosis pa-
tients and their genotyping were performed according to the
protocol approved by the Ethical Review Board of Fujita
Health University School of Medicine (Nagoya, Japan). The
clinical investigation was conducted according to the Decla-
ration of Helsinki Principles. Fourteen axillary osmidrosis
patents participated in this study under written informed
consent. All of the patients expressed their subjective views on
symptoms by answering survey inquiries. Axillary osmidrosis
was diagnosed basically from both the self-declaration of
patients and the odor-smelling test carried out by authorized
medical doctors. Farwax type was determined from wax
samples obtained by stirring a cotton swab in the external
auditory canal of the patient. Individual genomic DNA was
obtained from 2 ml of whole blood by using QuickGene-610L
(Fyjifilm Co., Tokyo, Japan) according to the manufacturer’s
protocol. To sequence the SNP 538G>A, the following PCR
primers were designed: P1, 5" TGTCACATGCAAAGAGAT-
TCC-3'; and P2, 5'-CTCCTGGCATGGACTTGAACA-3'. To
identify the A27 mutation, we designed one set of primers: P3,
5" " AGGTCTCTAGGGCCTGAAGTA-3"; and P4, 5-AGCCT-
TCACCTTCCCATTGCC-3'. The experiments to determine
the genotype of each patient with ABCCII gene amplification
by PCR and DNA sequencing were carried out in a masked
manner.

DNA sequence analysis

DNA sequence analysis was carried out by using BigDye
Terminator 3.1 (Applied Biosystems Inc., Foster City, CA,
USA) after ExoSAP-IT treatment, and with an Autosequencer
Model 3100 (Applied Biosystems Inc.), according to the
manufacturer’s protocol. The sequences were aligned with an
AutoAssembler (Applied Biosystems Inc.) and visualized with
Sequencher 4.7 Demo (Hitachi Software Engineering Co.,,
Ltd., Tokyo, Japan) to find SNPs or mutations.

Data analysis

SNP data on the polymorphisms of ABCC11 were obtained
from the dbSNP database of the National Center for Biotech-
nology Information (NCBI; Bethesda, MD, USA). The hy-
dropathy profile of the ABCCI1 protein deduced from the
cDNA sequence was calculated with the Kyte-Doolittle hy-
dropathy algorithm (18). Potential Nlinked glycosylation
sites were predicted with Genetyx-Win 5.1. (Software Devel-
opment Co., Ltd., Tokyo, Japan)
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Polyclonal antibody against ABCCI11

The cytoplasmic domain (aa 746-804) close to the first
ATP-binding cassette, located between transmembrane do-
mains 6 and 7 (TM6 and TM7) of the ABCCI11 protein, was
selected as an epitope for development of the polyclonal
antibody. The epitope-encoding ¢DNA (2236-2412) was in-
serted into the pGEX-2T vector (GE Healthcare, Little Chal-
font, UK), and then Escherichia coli strain BL21 [F™, ompT,
hsdS(ry~, my" ), gal] cells were transformed with the vector to
produce a glutathione-Stransferase (GST)-like fusion pep-
tide. The expressed fusion peptide was isolated by using a
glutathione-affinity gel column (Pierce, Rockford, IL, USA)
according to the manufacturer’s protocol. The epitope pep-
tide was then recovered by PreScission Protease digestion (GE
Healthcare). The anti-ABCCI1 polyclonal antibody was pro-
duced by immunization of rabbits with the epitope peptide. The
antiserum was purified through an affinity column and used for
immunohistochemistry and immunoblotting studies.

Immunohistochemical detection of ABCC11 expressed in
the ceruminous apocrine gland

External auditory canal tissues were obtained, with informed
consent, from a patient undergoing surgical excision of a
squamous cell carcinoma around the ear at Nagasaki Univer-
sity. The tissue samples were fixed with 4% paraformaldehyde
in phosphate-buffered saline (PBS, pH 7.4) at 4°C overnight,
embedded in paralfin, and sectioned at 4 pm in thickness.
After antigen retrieval by microwave treatment in 0.01 M
citrate buffer (pH 6.0), deparaffinized sections were preincu-
bated with 10% normal goat serum. Thereafter, tissues were
reacted with anti-ABCCI1 rabbit polyclonal antibody at 1:500
dilution. The slides were subsequently incubated with Alexa
Fluor 488-conjugated goat anti-rabbit IgG antibody (Invitro-
gen Co., Carlsbad, CA, USA). Specimens were counterstained
with 4',6-diamidino-2-phenylindole dihydrochloride (DAPII;
Vysis Inc., Downers Grove, IL, USA), visualized, and photo-
graphed with a fluorescence microscope (Zeiss Axioplan2;
Carl Zeiss Japan, Tokyo, Japan) equipped with a charge-
coupled device camera (19).

Expression of ABCC11 in Sf9 insect cells

The cDNA of human ABCC11 WT was inserted into the
pFastBacl vector (Invitrogen) between the restriction enzyme
sites of Xbal and HindIIl. To express ABCC11 in insect cells,
recombinant baculoviruses were generated with the Bac-to-
Bac baculovirus expression systems (Invitrogen) according to
the manufacturer’s protocols. Insect Spodoptera frugiperda St9
cells (1.0X10° cells/ml) were infected with the recombinant
baculovirus and cultured in NIM-Ex Insect serum-free me-
dium (Nosan Co., Yokohama, Japan) supplemented with
penicillin (100 U/ml), and streptomycin (100 pg/ml) (In-
vitrogen) with gentle shaking at 28°C. Three days after
infection, cells were harvested by centrifugation. To prepare
the whole-cell lysate, cells were subsequently washed with PBS
and collected by centrifugation.

Generation of ABCC11 variant forms

The human ABCC11 WT or G180R ¢DNA was inserted into
the pcDNAS.1/Hygro(—) vector (Invitrogen) between the
restriction enzyme sites of Xhol/Sall and Hindlll, respectively.
The resulting expression construct [ABCC11 WT-pcDNA3.1/
Hygro(—)] was used as the template for site-directed mu-
tagenesis to obtain ABCC11 variants, i.e.,, N838Q), N844Q), and
N838Q/N844Q. To generate Asn-to-Gln variant forms of

GENETIC POLYMORPHISMS OF ABCC11

ABCCI1, a codon (AAT) encoding asparagine was converted
to CAA by using Pfu Turbo DNA polymerase and the
QuikChange site-directed mutagensis kit (Stratagene, La
Jolla, CA, USA) according to the manufacturer’s protocol.
The sequences of internal complementary PCR primers used
for the site-directed mutagenesis, as well as the corresponding
PCR conditions, are summarized in Supplemental Table 1.
To generate the N838Q/N844Q) variant, ABCC11 N838Q-
pcDNA3.1/Hygro(—) was used as the template. Each variant
¢DNA generated in the pcDNA3.1/Hyg(—) plasmid was
subjected to nucleotide sequence analysis (Shimadzu Co.,
Kyoto, Japan). To substitute Gly180 to Arg, Lys, His, Asp, Glu,
AL, or Pro in the ABCC11 WT protein, the codon (GGG)
encoding the Gly residue in TM1 was changed by site-directed
mutagenesis, as described above. The PCR primers used for
the site-directed mutagenesis are shown in Supplemental
Table 2. Furthermore, hitherto known nonsynonymous SNP
variants of ABCC11 were generated in the same manner as
described above (see Supplemental Table 3 for the PCR
primers used for site-directed mutagenesis).

Expression of ABCC11 WT and variants in Flp-In-293 cells

Flp-In-293 cells (Invitrogen) were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) heatinactivated fetal calf serum
(FCS), 2 mM vL-glutamine, penicillin (100 U/ml), and strep-
tomycin (100 pg/ml) in a humidified atmosphere at 37°C
with 5% CO, in air, as described previously (20-22). Fip-In-
293 cells were replated onto 35-mm dishes at a concentration
of 1.0 X 10° cells/dish. After 24 h, the cells were transfected
with the ABCCI11-pcDNA3.1/Hyg(—) vector by using Lipo-
fectamine 2000 (Invitrogen). The amount of plasmid DNA
used for transfection was adjusted to be the same among
ABCCI1 WT and its variants. To inhibit proteasomal degra-
dation when needed, cells at 24 h after transfection were
cultivated in the presence of 2 pM MG132 for a further 24 h.

At 48 h after the transfection, cells were washed with PBS
and then treated with lysis buffer A containing 50 mM
Tris/HCl (pH 7.4), 1% (w/v) Triton X-100, 1 mM dithiothre-
itol, and protease inhibitor mixture (CompleteTM Mini;
Nacalai Tesque, Inc., Kyoto, Japan). The cell suspension
sample was homogenized by passage through a 27-gauge
needle and then centrifuged at 800 g at 4°C for 10 min. The
resulting supernatant fraction (whole-cell lysate) was trans-
ferred to a new tube, and the protein concentration was
quantified by using the BCA Protein Assay Kit (Pierce,
Rockford, IL, USA).

Detection of ABCC11 mRNA by reverse transcription-PCR

Total RNA was extracted from the ABCCl1-transfected cells
with the High-Pure RNA Isolation Kit (Roche Ltd., Mann-
heim, Germany) according to the manufacturer's protocol.
c¢DNA was prepared from the extracted RNA in a reverse
transcriptase reaction by using the High Capacity cDNA
Archive kit (Applied Biosystems Inc.) and random hexamers,
according to the manufacturer’s instructions. The mRNA
levels of ABCCI11 and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were determined by PCR in an iCycler™
thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) with the following specific primers: ABCCl11, 5-AGCT-
TACGGAGTCGCTTAGATGA-3' and 5-TGGCTGTGCGTT-
GGTTGA-3"; and GAPDH, 5-AATTCCATGGCACCGTCA-
A-3" and 5'-CATGAGTCCTTCCAGGATACCA-3'. The PCR
reaction consisted of a hotstart incubation at 95°C for 2 min,
followed by 95°C for 30 s, 56°C for 30 s,and 72°C for 30 s for
25 cycles. The PCR products were then analyzed by 2.0%
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(w/v) agarose gel electrophoresis and detected under UV
light by using ethidium bromide.

Analysis of Nlinked glycosylation of ABCC11

The whole-cell lysates (150 pg of protein) were incubated
with 190 U of either peptide Nglycosidase F (PNGase F; New
England Biolabs, Ipswich, MA, USA) or endoglycosidase H
(Endo H; New England Biolabs) at 37°C for 10 min before
immunoblot analysis.

Immunoblotting detection of ABCCI11 expressed in
Flp-In-293 cells

The ABCCI1 protein expressed in Flp-In-293 cells was de-
tected by immunoblotting with the anti-ABCC11 polyclonal
antibody. Briefly, samples were separated by SDS-PAGE (7.5%
polyacrylamide slab gel) and transferred to Hy-bond ECL
nitrocellulose membrane (GE Healthcare) by electroblotting
at 15 V for 70 min. One hour after blocking in Tris-buffered
saline containing 0.05% (v/v) Tween 20 (TTBS) and 5%
(w/v) skim milk, immunoblotting was performed by using
anti-human ABCC11 antibody (1:1000 dilution) as the first
antibody and a goat anti-rabbit IgG-horseradish peroxidase
(HRP)-conjugate (1:2000; Zymed, San Francisco, CA, USA) as
the second antibody. HRP-dependent luminescence was de-
veloped by using Western Lightning Chemiluminescence
Reagent Plus (PerkinElmer Life Sciences, Boston, MA, USA)
and detected with a Lumino Imaging Analyzer FAS-1000
(Toyobo, Osaka, Japan). To detect GAPDH, used as an
internal loading control, immunoblot detection was carried
out in the same manner as described above, except for the
use of mouse monoclonal ant-GAPDH antibody (1:2000;
American Research Products, Belmont, MA, USA) as the
primary antibody and HRP-conjugated horse anti-mouse IgG
(1:3000; Cell Signaling Technology, Inc., Beverly, MA, USA)
as the second antibody.

Immunofluoresence microscopy

Flp-In-293 cells were replated onto 35-mm dishes at a concen-
tration of 1.0 X 10° cells/dish. After 24 h, the cells were
transfected with the ABCC11-pcDNA3.1/Hyg(—) vector by
using Lipofectamine 2000 (Invitrogen), as described above.
At 36 h after oransfection, ABCCl1-expressing Flp-In-293 cells
were seeded onto collagen type I-coated coverslips and incu-
bated under the above-mentioned culture conditions for a
further 36 h. Cells were fixed with 4% paraformaldehyde in
PBS at room temperature for 20 min. Thereafter, cell mem-
branes were permeabilized by incubation with 0.02% Triton
X-100 in PBS at room temperature for 5 min. To block the
free aldehyde groups of formaldehyde, cells were treated with
10 mg/ml glycine in PBS at room temperature for 10 min,
followed by a further incubation with 0.5% (w/v) bovine
serum albumin (BSA) in PBS at room temperature for 1 h. To
detect the ABCC11 protein, cells were treated with the
anti-ABCC11 antibody (1:500 dilution) as the primary anti-
body and subsequently with the Alexa Fluor 488-conjugated
goat anti-rabbit IgG antibody (1:1000; Invitrogen). In the
same preparations, nuclear DNA was stained with 4 pg/ml
propidium iodide in PBS containing 0.5% (w/v) BSA. The
immunofluorescence of Flp-In-293 cells was detected with a
laser-scanning confocal fluorescence microscope (IX70/
Fluoview; Olympus, Tokyo, Japan).

Detection of SNP 538G>A in ABCC11 gene by SmartAmp
method

Templates used for the SmartAmp (KK DNAFORM, Yoko-
hama, Japan) detection of the SNP 538G>A in the ABCCI11
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gene were prepared from genomic DNA samples that were
incubated at 98°C for 3 min. After chilling on ice, the sample
preparation (20 ng of genomic DNA) was added directly into
the reaction mixture (total volume of 25 pl) containing 2.0
M folding primer (FP), 2.0 pM turn-back primer (TP}, 1.0
1M boost primer (BP), 0.25 uM of each outer primer (OP1
and OP2), 20 uM competitve probe (CP), 1.4 mM dNTPs,
5% DMSO, 20 mM Tris-HCl (pH 8.0), 10 mM KCl, 10 mM
(NH,),S0O,, 8 mM MgSO,, 0.1% (v/v) Tween®20, 1:100,000
SYBR® Green 1 (Takara Bio Inc., Shiga, Japan), and 0.24
U/ul Aac DNA polymerase (K.K. DNAFORM). SmartAmp
reaction mixtures were incubated at 60°C for 60 min under
an isothermal condition in a real-time PCR system (Mx3000P;
Stratagene), where changes in the fluorescence intensity of
SYBR Green T dye indicating DNA amplification were moni-
tored during the reaction.

Statistical tests

Experimental data were analyzed by determining the statisti-
cal significance according to Student’s £ test.

RESULTS

Localization of ABCC11 in secretory cells of human
ceruminous apocrine glands

Fig. 1A displays photomicrographs of wet- and dry-type
ceruminous apocrine glands stained with hematoxylin-
eosin. In this study, we obtained the samples from
Japanese subjects carrying the heterozygous (538G/A)
and SNP homozygous (538A/A) alleles. Wet-type ceru-
minous apocrine glands in the subjects carrying het-
erozygous (H38G/A) alleles are well developed, and
they exhibited large luminal cavities as compared with
dry-type ceruminous apocrine glands (homozygous
538A/A). Such morphological differences were consis-
tent with previously reported observations for wet and
dry types of human ceruminous glands (23).

To elucidate the expression and cellular localization
of the ABCCI11 protein in the ceruminous apocrine
gland, we developed an ABCCll-sspecific polyclonal
antibody raised against the epitope encoding amino
acid residues 746-804 in the ABCCI1 protein. The
specificity and immunological activity of this antibody
were confirmed as described below. Immunofluores-
cence staining of human tissue specimens containing
cerumen glands revealed the expression of ABCCI11 in
the luminal domain of the plasma membrane of secre-
tory cells in both wet- and dry-type ceruminal glands
(Fig. 1B). It is noteworthy, however, that ABCC11 was
predominantly localized in intracellular granules and
large vacuoles in the secretory cells of wet-type cerumi-
nous glands (Fig. 18). In contrast, such granular and
vacuolar localization of ABCC11 was not detected in
the dry-type ceruminous glands (Fig. 1B). It is likely
that the nonsynonymous SNP 538G>A (Glyl80Arg)
greatly affects the cellular localization of the ABCCI11
protein in secretory cells.

TOYODA ET AL



A Wet type
ABCC11 WT (538G/A)

Dry type B
ABCC11 R180 (538A/A)

Wet type
ABCC11 WT (538G/A)

Figure 1. Microscopic pictures of wet- and dry-type ceruminous apocrine glands after hematoxylin-eosin staining and
immunofluorescence staining of human ABCC11 protein. 4) External auditory canal tissues were fixed with 4% paraformal-
dehyde in PBS (pH 7.4) overnight at 4°C, embedded in paraffin, and sectioned at 4 pm in thickness. Tissue sections were then
stained with hematoxylin and eosin. B) Immunofluorescence staining of human ABCC11 protein in tissue specimens containing
ceruminous apocrine glands, from human subjects carrying heterozygous (538G/A) and SNP homozygous (538A/A) alleles.
ABCCI1 protein expressed in secretory cells of wet- and dry-type ceruminous apocrine glands, 538G/A and 538A/A, was

immunologically detected with ABCC1 I-specific polyclonal antibody and Alexa Fluor 488 (green). Cellular nuclei were stained
with Hoechst 33342 (blue). Scale bars = 100 pm (A); 40 pm (B).

Dry type
ABCC11 R180 (538A/A)

Validation of the ABCCl1-specific antibody tive band (Fig. 2C, left column, arrowhead) in the
ABCCll-expressing Sf9 cells. The molecular weight of the

Fig. 2 provides evidence that the polyclonal antibody is protein band was estimated to be ~150,000 (Fig. 2C). On

specific to human ABCC11. We expressed ABCC11 WT in
519 insect cells and Flp-In-293 human embiyonic kidney
cells by using pFastBacl and pcDNA3.1/Hygro(—) vec-
tors, respectively. Immunoblotting performed with the

the contrary, in the case of Flp-In-293 cells, two immu-
nologically positive bands were observed at molecular
weights of 180,000 and 150,000 (Fig. 2C, right column).
After the sample was treated with PNGase F, the larger

polyclonal antibody revealed one immunologically posi-  band (MW=180,000) disappeared, and one single im-

C Sf9 | Fip-in-293
N
ABCCH1- o o o & ABcett
pFastBac’™ <ONAD Tygrof
plasmid PN ok PNGaseF - - |- +
9,747 bp G —» | 180
Non-G —p yﬁ » e
- 118 &
Expression in Sf9 cells Expression in Flp-In-293 cells §
=te0 S
Figure 2. Expression and detection of ABCCI1 expressed in Sf9 and Flp-In-293 cells by é
immunoblotting. A} ¢cDNA of human ABCC11 WT was inserted into the pFastBacl vector
between restriction enzyme sites of Xbal and Hindlll. To express ABCCI11 in insect cells, » - 63
recombinant baculoviruses were generated with the Bac-to-Bac baculovirus expression system. T
Insect Sf9 cells were then infected with recombinant baculoviruses. B) Human ABCC11 WT L 49

or G180R cDNA was inserted into pcDNA3.1/Hygro(—) vector between restriction enzyme
sites of Xhol/Sall and Hindlll, respectively. Resulting expression construct [ABCC11 WT-
pcDNA3.1/Hygro(—)] was used as template for site-directed mutagenesis with corresponding primers (Supplemental
Tables 1 to 3). Human Flp-In-293 cells were transfected with expression vector by using Lipofectamine 2000 to express
ABCCI1 in cells. ) ABCC1I protein expressed in Sf9 and Flp-In-293 cells was detected by immunoblotting with
anti-ABCC11 polyclonal antibody. ABCCI1 protein expressed in Sf9 cells was not glycosylated, whereas it was Mlink
glycosylated in Flp-In-293 cells. The Mlinked glycosylated form of ABCCI1 (MW=180,000) was changed to the
nonglycosylated form (MW=150,000) by PNGase F treatment.
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munologically positive band remained to be detected at
the molecular weight of 150,000 (Fig. 2C). This molec-
ular weight is consistent with that estimated from the
ABCCI11 cDNA. Thus, these observations strongly sug-
gest that the ABCC11 WT protein is Nglycosylated in
mammalian cells.

Expression of ABCC11 WT and SNP variant in
Flp-In-293 cells

To understand the molecular mechanism underlying
the difference in cellular localization of the ABCC11
WT and the SNP variant (Fig. 1B), we expressed both
types (WT and R180) in Flp-In-293 cells in vifro. Figure 3
shows the differential interference and immunofluores-
cence images of Flp-In-293 cells expressing ABCC11
WT and R180 variant proteins, as well as Flp-In-293 cells
transfected with a mock vector. These ABCC11 proteins
were probed with the polyclonal antibody and then
labeled with green fluorescence dye (Alexa Fluor 488),
whereas DNA in the nuclei was stained with propydium
iodide (red fluorescence). Strong green fluorescence
was observed at the plasma membrane and within
intracellular compartments in Flp-In-293 cells express-
ing ABCC11 WT. In the case of the SNP variant,
however, expression of the ABCCI11 R180 variant at the
plasma membrane was negligibly low. In contrast, the

ABCC11WT

ABCC11 R180

variant protein was detected within intracellular com-
partments proximal to the cellular nuclei in Flp-In-293
cells.

Protein expression levels of ABCC11 WT and SNP
variant and their Nlinked glycosylation status

In accordance with the results shown in Fig. 3, immu-
noblotting experiments revealed a significant differ-
ence in the protein expression level between the WT
(G180) and the SNP variant (R180) of ABCCI1 (Fig. 44).
Despite having similar mRNA levels, the expression
level of the R180 variant protein was much lower than
that of the WT (Fig. 4A). Interestingly, the R180
protein level was remarkably (14-fold) enhanced by
treatment of the cells with the proteasome inhibitor
MG132 (Fig. 4B). In contrast, the protein level of the
WT was only moderately affected by MG132 treatment
(Fig. 4B), suggesting that the R180 protein is more
susceptible to proteasomal degradation than the WT.
Furthermore, the R180 protein was not the Minked
glycosylated form, whereas the WT was expressed as
both AHinked glycosylated and nonglycosylated forms
(Fig. 4C). The Mlinked glycan was digested by PNGase
F, but not by Endo H (Fig. 4D).

Mock

Figure 3. Immunocytochemical staining of Flp-In-293 cells expressing ABCC11 WT and R180 variant proteins. Differential
interference (4, €, E) and immunofluorescence images (B, D, F). ABCC11 proteins were immunologically detected with
ABCCl1-specific polyclonal antibody and Alexa Fluor 488 (green). Cellular nuclei were stained by propydium iodide (red).
Antibody interacts with epitope peptide residing in cytoplasmic domain (aa 746-804) between TM6 and TM7. Since Gly180 or
Argl180 residue resides in TM1, this amino acid alteration (Glyl80Arg) does not affect immunoreactivity. Scale bars = 10 pm.
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Figure 4. FEffect of SNP 538G>A
(Glyl80Arg) on expression of human
ABCCI11 protein in Flp-In-293 cells. A)
Levels of ABCC11 WT and R180 variant
proteins in Flp-In-293 cells. Prior to SDS-
PAGE separation, cell lysate samples were
treated with PNGase F. Data are ex-
pressed as means = sp; n = 3. *P < 0.05
vs. WT. Mock: P= 0.013; R180: P= (.016.
B) Effect of MG132 on expression levels
of ABCCl1 WT and R180 variant pro-
teins. ABCC11 and GAPDH (loading
marker) were detected by immunoblot-
ting. MG132-induced increases in protein
levels of ABCC11 WT and R180 variant are
normalized and expressed as means * sp;
n = 3. C, D) Nlinked glycosylation status of
ABCCI1 WT and R180 variant proteins.
WT and RI180 variant of ABCCI11 were
separately expressed in Flp-In-293 cells, and
mRNA and protein levels of ABCC11 were
detected. Prior to SDSPAGE separation,

cell lysate samples were treated with PNGase F or Endo H. Mlinked glycosylated (G) and nonglycosylated (non-G) ABCC11
proteins were detected by immunoblotting. GAPDH, a control for equal loading, was detected in a similar manner.

Identification of Nlinked glycosylation sites in
ABCC11 WT protein

Based on the amino acid sequence of ABCC11, a total
of 8 potential Minked glycosylation sites (Asn-XThr/
Ser) was predicted (Fig. 54). The ABCC11 protein has
12 transmembrane helices, and its hydropathy profile
indicates that only Asn838 and Asn844 reside in an
extracellular loop between transmembrane helices
TM7 and TM8 (Fig. 5A). Thus, we changed these Asn
residues to Gln by site-directed mutagenesis and then
expressed the protein in Flp-In-293 cells. Substitution
of both Asn838 and Asn844 to Gln residues completely
diminished Mlinked glycosylation of the ABCC11 WT
(Fig. 5B), demonstrating that these two Asn residues
are Mlinked glycosylation sites in the ABCC11 WT
protein.

We hypothesized that amino acid substitution at 180
in the first transmembrane helix (TM1) might affect
Minked glycosylation of ABCC11. To examine our
hypothesis, we substituted Gly180 to Arg, Lys, His, Asp,
Glu, AL, and Pro in the ABCC11 WT protein. The
substitution of Glyl80 to a positively or negatively
charged amino acid (i.e, Arg, Lys, His, Asp, or Glu)
diminished Nlinked glycosylation of ABCC11, whereas
substitution to a neutral amino acid (i.e., AL or Pro)
had no great effect (Fig. 5C). It is suggested that the
electrostatic charge (either positive or negative) at aa

GENETIC POLYMORPHISMS OF ABCC11

180 in the TM1 interferes with correct folding of the de
novo synthesized ABCC11 protein in the ER.

Effect of nonsynonymous SNPs and a A27 mutation
on the Nlinked glycosylation of ABCC11

Furthermore, we created previously known nonsynony-
mous SNP variants and the A27 mutant of ABCCl11
(Fig. 64) and expressed them in FlpIn-293 cells to
examine their Mlinked glycosylation status. The rare
deletion mutation A27 results from the removal of a 9-aa
stretch (Aspl313-Argl321) from the Gterminal intracel-
lular region of the ABCC11 protein (6). Both the rare
mutation and G180R provide the dry type of earwax (6).
Among the variants tested, only G180R and A27 dimin-
ished Mlinked glycosylation of ABCC11 (Fig. 6B). Like
the SNP variant R180 (Fig. 44, B), the expression level of
the A27 mutant protein was low (Fig. 6C), whereas it was
significantly enhanced by MG132 treatments (Fig. 6D).
Thus, lack of Minked glycans of ABCC11 appears to be
related with the diy type of human earwax.

Clinical genotyping of the SNP 538G >A (Gly180Arg)
in the ABCC11 gene by the SmartAmp method

We tried to create a clinical method to genotype the SNP
538G>A in the heman ABCCI1 gene. For rapid genotyp-
ing, we have recently developed the SmartAmp method
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cassette (ABC). Arrows indicate Asn residues; N
linked glycosylated Asn838 and Asn844 are shown in
boxes. B) Effect of substitution of Asn838 and
Asn844 to Gln on Minked glycosylation status of
ABCC11. Asn838 and Asn844 were substituted to
Gln by site-directed mutagenesis with PCR primers
listed in Supplemental Table 1. Minked glycosy-
lated (G) and nonglycosylated (non-G) forms of ABCCI1 protein were detected by immunoblotting. ) Effect of
electrostatic charges at amino acid residue 180 on Minked glycosylation status of ABCC11. Gly180 residue in ABCC11 WT
protein was substituted to Arg, Lys, His, Asp, Glu, AL, and Pro by site-directed mutagenesis with PCR primers listed in
Supplemental Table 2. ABCCI1 protein was detected by immunaoblotting; glycosylation forms are indicated. Asterisk (¥)
indicates no Minked glycosylation of ABCCI11.
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that enables us to detect genetic polymorphisms or mu- SNP 538G>A (Glyl80Arg) in the ABCCII gene, we
tations in ~30 min under isothermal conditions (24). prepared one set of primers designated TP, FP, BP, OP,
Figure 74 schematically illustrates the strategy of SNP and CP (Fig. 7B). The TPs discriminate the polymor-
detection by the SmartAmp method. To determine the  phism 538G or 538A in the ABCCII gene, and the CPs
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Figure 6. Effect of nonsynonymous SNPs and a A27
mutation on the Mlinked glycosylation status of
ABCCI11. A) Locations of hitherto reported nonsyn-
onymous SNPs and A27 are indicated in putative
structure of ABCC11. B) Variants of nonsynonymous
SNPs and A27 were created by site-directed mutagen-
esis with PCR primenrs listed in Supplemental Table 3.
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blotting. Data are expressed as means * sp; n = 3.
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Figure 7. Strategy for SmartAmp-based detection of SNP 538G>A in ABCCI! gene. A) Schematic illustration of SmartAmp-based
SNP detection. SNP 538G>>A resides in exon 4 of ABCC11 gene on chromosome 16q12. B) Partial genomic DNA sequences of
ABCCII gene carrying WT (538G) and SNP (538A) alleles and sequences of primers used for SmartAmp assay.

inhibit the background amplification from mismatch se-
quence pairs (25, 26) (Fig. 74). These primers selectively
recognized the SNP 538G>A of the ABCCII gene to
discriminate homozygous 538G/G (wet type), heterozy-
gous 338G/A (wet type), and homozygous 538A/A (dry
type) in genomic DNA (Fig. 84). By this new method, we
typed the SNP in genomic DNA samples from a total of
124 healthy volunteers and compared the results obtained
by DNA sequencing. Neither false positives nor false
negatives were observed (Fig. 8B). Thus, the perfect
matching validated the SmartAmp-based SNP typing
method for use in clinical practice.

Since previous phenotype-based studies have suggested
a positive association between the wettype earwax and
axillary osmidrosis (1), we analyzed the SNP in the
ABCCI1 gene of Japanese axillary osmidrosis patients. In
this clinical study, axillary osmidrosis was diagnosed basi-
cally from both the self-declaration of patents and the
odorsmelling test carried out by authorized medical
doctors. The eamrwax type was determined from wax
samples obtained by stirring a cotton swab in the external
auditory canal of the patient. Table 1 summarizes the
clinical results from this study with respect to the ABCCI1
genotype as well as axillary osmidrosis and earwax types. It
is notable that all axillary osmidrosis patients carrying the
538 alleles as either WI' homozygous (538G/G) or het-
erozygous (538G/A) have the wet type of earwax, without
exception. Although the population size was rather small in
this study, the ABCC1I WT allele is suggested to be a genetic
biomarker for clinical diagnosis of axillary osmidrosis.

DISCUSSION

Proteasomal degradation of ABCC11 R180 is the
molecular mechanism determining the dry-type earwax

The present study provides direct evidence that human
ABCCI11 WT is an Mlinked glycosylated protein, which

GENETIC POLYMORPHISMS OF ABCC11

is localized in intracellular granules and large vacuoles
as well as at the luminal membrane of secretory cells in
the cerumen apocrine gland. Alinked glycosylation
occurs at both Asn838 and Asn844 in the extracellular
loop between TM7 and 8 TM8 of the ABCCl11 WT
protein. In contrast, the SNP variant R180 lacks A
linked glycosylation and readily undergoes proteasomal
degradation, most probably wiz ubiquitination. As a
consequence, granular or vacuolar localization was not
detected in the cerumen apocrine gland for the SNP
variant.

Morphological differences were previously reported
between the secretory cells of wet and dry types of
human ceruminous glands (23). In the wet-type glands,
the Golgi apparatus was reportedly well developed,
whereas it was generally small in the corresponding
cells of the dry type. Furthermore, intracellular gran-
ules were abundantly observed in the wettype gland in
close relationship to their well-developed Golgi appara-
tus, whereas intracellular granules were rare in the
dry-type gland.

The ER and Golgi apparatus are the sites of synthesis
and maturation of proteins destined for the plasma
membrane, for the secretory and endocytic organelles,
and for secretion (27, 28). Efficient quality-control
systems have evolved to prevent incompletely folded
proteins from moving along the secretory pathway.
Accumulation of misfolded proteins in the ER would
detrimentally affect cellular functions. Therefore, mis-
folded proteins may be removed from the ER by
retrotranslocation to the cytosol compartment, where
they are degraded by the ubiquitin-proteasome system.
This process is known as endoplasmic reticulum-associ-
ated degradation (ERAD) (29-32). It is likely that both
the SNP variant R180 and the A27 mutant are recog-
nized as misfolded proteins in the ER and readily
undergo the proteasomal degradation. Indeed, the
protein levels of both R180 (Fig. 4B) and A27 (Fig. 6D)
were greatly enhanced by treatment of cells with the

2009



>

538G/G 538G/A 538A/A
4,500 - 4,500 ! 4,500 §
% 3,500 [ % 3,500 % 3,500
P i @ ' @
0% 2,500 5386‘ : § 2,500 : gz,soo
o H o H 2]
g 1,500 : 8 1,500 i $ 1,500
) 538A 8 : E
T 500 oA L 500 : i 500
500 ) N 500 RPN S 500 R " ot
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min) Time (min})
A G T C NG G GC © AC T CHNMG GG C
AL 1C 6GG &L C AL T CAHGGC C

538GIG
B
SMAP
Geno
o |-tee GIG _qlf._ AIA
2 oGl 4 | 0o | o
§ (221 & ,
T lGAl 0 | 33 0
w : :
ANA ] O 0 87
N =124

[ |Wettype [[-]Dry type

proteasome inhibitor MG132. This protein processing
may influence the activity of ceruminous apocrine
glands and determine the type of human earwax. In
Fig. 9, we schematically illustrate the effects of the SNP
on the cellular localization and function of ABCC11 in
secretory cells of the apocrine gland.

TABLE 1.  Genotyping of the ABCCII gene in axillary
osmidrosis patients and comparison with earwax type

ABCCI11 genotype (538G>A)

Diagnosis G/G G/A A/A
Axillary osmidosis
Positive 1 11 0
Negative 0 0 2
Earwax type
Wet 1 11 0
Dry 0 0 2

Diagnosis of axillary osmidrosis and earwax type as well as
genotyping of ABCCII were performed at Fujita Health University
School of Medicine according to the protocol approved by the
Fithical Review Board. The SNP 538G>A in the ABCCII genc was
analyzed by hoth DNA sequencing and the SmartAmp method.
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Figure 8. Diagnosis of SNP 538G>A by SmartAmp assay and DNA sequencing.
A) Time course of SmartAmp assay reaction with ABCCII allele-specific
primers. Results of SmartAmp assay (top panels) and DNA sequence analysis
(bottom panels) are shown for 3 diploid genotypes of ABCC11. B) Comparison
of SNP analysis data obtained by SmartAmp method and DNA sequencing.

We have recently demonstrated that the intramolec-
ular disulfide bond formation and Mlinked glycosyla-
tion in the extracellular loop are important for stability
of human ABC wtransporter ABCG2 in the ER (33-36).
During de novo synthesis in the ER, cysteine disulfide
bonds are formed, and oligosaccharides are added to
asparagine (Mlinked glycosylation) or serine residues
(Oglycosylation) of glycoproteins. In general, Ninked
glycans are added en block to proteins as “core oligosac-
charides” (GlcsMangGlcNAc,) (27, 29). As described
above, AsnB838 and Asn844 are glycosylation target sites
in human ABCC11. The Minked glycans are thought
to be subjected to extensive modification as glycopro-
teins mature and move through the ER wvia the Golgi
apparatus to their final destination, for example, intra-
cellular granules and large vacuoles of secretory cells in
the apocrine gland. It is puzzling, however, how amino
acid alteration at 180 in TM1 affected the Ainked
glycosylation occwring in the extracellular loop be-
tween TM7 and TMS8. To answer this question, we
assume that the electrostatic charge at aa 180 in the
TM1 could interfere with correct folding of the de novo
synthesized ABCC11 protein in the ER, as shown in Fig.
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Figure 9. Schematic illustration of intracellular sorting of
ABCC11 WT and proteasomal degradation of R180 and A27
variants in secretory cells in ceruminous apocrine gland. De
novo synthesized ABCC11 WT is Mlink glycosylated at Asn838
and Asn844 in the ER, further processed in the Golgi
apparatus, and destined for membrane of intracellular gran-
ules and vacuoles. Ceruminous components are thought to be
transported by ABCC11 WT and sequestrated in intracellular
granules and vacuoles. SNP variant R180 and A27 mutant
lacking Nlinked glycosylation are recognized as misfolded
proteins in the ER and readily undergo ubiquitination and
proteasomal degradation.

5C. Tt is important to note, however, that Minked
glycosylation may affect in part the protein stability, but
it is not the principal factor for correctly folding
and/or enhancing the stability of the ABCC11 protein
in the ER. As exemplified by our recent study, substi-
tutions of one single amino acid due to nonsynony-
mous polymorphisms greatly affected the protein sta-
bility of SNP variants of human ABCG2 (33), whereas
deletion of Nlinked glycosylation at Asn596 reduced
the protein expression level of ABCG2 WT only by half,
without any change in its plasma membrane localiza-
tion (unpublished results). Thus, molecular mecha-
nisms underlying the misfolding and degradation of
membrane proteins appear to be rather complex, as
they involve interactions with different chaperone pro-
teins.

At present, it remains unclear how misfolded mem-
brane proteins are selected and destroyed during
ERAD. Chaperones are considered to solubilize aggre-
gation-prone motifs. In the case of the yeast ABC
transporter Stebp, a 12-transmembrane protein, it has
recently been shown that Hsp70/40s act before ubig-
uitination and [facilitate Ste6p association with an E3
ubiquitin ligase (37). Furthermore, polyubiquitination
was a prerequisite for retrotranslocation, which re-
quired the Cdc48 complex and ATP (87). In this
regard, Wang et al. (38) and Younger et al. (39) recently
provided new insights into the complexity of protein
networks that govern the fate of the cystic fibrosis
transmembrane conductance regulator (CFTR), an api-
cal membrane ABC transporter. The loss of phenylala-
nine residue at position 508 in the first nucleotide-
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binding domain disrupts the folding pathway of CFTR
protein in the ER, and subsequently misfolded CFTR is
targeted for ERAD (38-42). In the case of human bile
salt export pump (BSEP/ABCB11), at least two N
linked glycans are reportedly important for protein
stability, intracellular trafficking, and function in the
apical membrane (43). In this context, it is increas-
ingly important to identify and to characterize mul-
tiple chaperone proteins that control the folding and
degradation of ABC transporter proteins, including
ABCC11.

Clinical relevance of genetic polymorphisms of
human ABCCI11

Genetic polymorphisms of human ABC transporter genes
are reportedly related to the risk of disease and patient
response to medication (44, 45). Phenotype-based studies
have suggested positive associations among the wet-type
earwax, axillary osmidrosis (1), colostrum secretion from
the mammary gland (2), and the potential susceptibil-
ity of breast cancer (4). Our genotyping study has
revealed that the ABCCI1I WT allele is intimately asso-
ciated with axillary osmidrosis (Table 1). Since the
frequency of the ABCCI1 WT allele is low in Japan,
axillary osmidrosis is recognized as a disease that is
covered by the national health insurance system.
Axillary osmidrosis is often perceived, especially by
young women, as a distressing and troublesome prob-
lem.

Sweat produced by axillary glands is odorless. Secre-
tions from the apocrine glands, however, can be con-
verted to odoriferous compounds by bacteria (C ‘oryne-
bacteria), which results in the formation of the unique
“human axillary odor” (46). In axillary osmidrosis pa-
tients (G/G homozygote or G/A heterozygote), mgmi—
icantly numerous and largersized axillary apocrine
glands were observed as compared with the subjects
carrying the A/A homozygote. Our results (Table 1)
suggest that the 538G allele of the ABCCII gene is
associated with axillary osmidrosis and that ABCC11
WT is responsible for the secretion of preodoriferous
compounds from the axillary apocrine gland.

In primates, the axillary odors may play a role in
olfactory communication, although no documented
behavioral or endocrine changes by volatiles produced
in the axillae have been reported to occur in humans.
Previous studies have shown that androgen steroids
were present in the axillary area. Androsterone sulfate
(AS) and DHEAS were detected in the extract of
axillary hairs, in addition to high levels of cholesterol
(47). It was also demonstrated, following injection of
radioactive pregnenolone or progesterone, that steroid
secretion was concentrated in the axillary area (48).
The axillary sweat collected in these studies from the
skin surface, however, represents a mixture of materials
from apocrine, eccrine, and sebaceous glands, in addi-
tion to desquamating epidermal cells. In this respect,
Lebows et al. (49) conclusively demonstrated that at
least two androgen steroids, AS and DHEAS, in addi-
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tion to cholesterol, did exist in pure apocrine secre-
tions. It has more recently been reported that DHAES
is wransported by ABCC11 WT (13-15). Further studies
are needed to define more precisely the substrates for
ABCC11 in apocrine glands.

CONCLUSIONS

Based on the previous phenotype analysis, mortality
and frequency rates for breast cancer were reported to
be associated with the frequency of the allele for
wet-type earwax (4), although the association with
breast cancer was controversial (50). Our preliminary
genotyping study, however, revealed that the allele of
538G (wild type) in the ABCCI1I gene is associated with
risk of breast cancer among a total of 416 Japanese
premenopausal women as compared with the 538A
(SNP type) allele. The odds ratio was found to be 1.86
(unpublished results). The SNP typing method pre-
sented in this study would provide a practical tool to
examine a latent genetic link between wet-type earwax
and the potential risk of breast cancer.
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The mouse SnurffSnrpn gene has two differentially methylated regions (DMRs), the maternally methylated
region at the 5’ end (DMR1) and the paternally methylated region at the 3’ end (DMR2). DMR1, a region that
includes the Snrpn promoter and the entire intron 1, has been thought to be a germline DMR, which inherits
the parental-specific methylation profile from the gametes. DMRT1 is not only associated with imprinted

Sarpn expression, but implicated in imprinting control of other genes in the region. We have now
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characterized the highly conserved activator sequence (CAS} in the Snrpn intron 1 among human and rodents
and demonstrate that the mouse CAS is not a germline DMR but shows developmentally dynamic changes of
DNA methylation and has methylation-sensitive enhancer activity. The tissue-specific methylation of the
mouse CAS and its methylation-sensitive enhancer activity may control tissue-specific expression of IC
transcripts, resulting in the establishment andjor maintenance of imprinting in the Snrpn locus.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Genomic imprinting is an important mechanism of gene regulation,
which causes genetic nonequivalence in expression between maternal
and paternal genomes in mammals, Such parent-of-origin specific gene
regulation is caused by epigenetic modifications, which initially occur
during gametogenesis without any nucleic acids changes (Surani, 1998;
Tilghman, 1999). Epigenetic modifications in gametes continue to dif-
ferentiate alleles of parental origin even after zygote formation, so that
one parentally-derived allele eventually becomes preferentially ex-
pressed. One of the epigenetic modifications in imprinting is DNA
methylation. DNA methylation can be stably inherited in somatic cells
and reset in gametes. In the imprinted loci, differentially methylated
regions {DMRs) between the maternal and paternal alleles are often
found and associated with parent-allele-specific expression. For some
imprinted loci, DMRs are gamete-derived methylated regions {germline
DMRs), where DNA methylation in the gamete is maintained throughout
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development in all somatic lineages. However, there exist secondary
DMRs, which are acquired during development and associated with
primary imprints in the gamete (Constancia et al. 1998). Although the
primary DMRs are essential for establishment and maintenance of im-
printing, which are associated with the imprinting center (IC) (Bourc'his
etal. 2001, Hata et al. 2002), it is unknown whether the secondary DMRs
directly control the imprinted expression or exist only as the conse-
quence of an epigenetic event.

The mouse chromosome 7C is a large imprinted domain orthologous
to the Prader-Willi syndrome (PWS)/Angelman syndrome (AS) critical
region at human chromosome 15q11-q13. The imprinted domain 7C
contains paternally expressed genes, Snurf/Snrpn (hereafter termed
Snrpn), Ndn, Magel2, Mkrn3 and C/D-box small nucleolar RNAs
(snoRNAs), and the maternally expressed gene, Ube3a (Nicholls and
Knepper, 2001). Imprinted expression within this large domain is
coordinated by a bipartite cis-acting IC located upstream from the Snrpn
gene, In the large imprinted domain, several DMRs have been identified.
One of them is in the Snipn locus, which has two DMRs (Fig. 1A), the 57
end methylated on the maternal allele (DMR1) and the 3’ end
methylated on the paternal allele (DMR2) (Shemer et al. 1997; Gabriel
et al. 1998). DMRT1 is a ~6 kb region containing the 5' end of the Snrpn
gene and the entire Snrpn intron 1 (Fig. 1A). DMR2 is a 3.5-kb region
spanning exons 7-10. Both DMR1 and DMR2 are thought as germline
DMRs, which inherit the parental-specific methylation profile from the



