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Fig. 2. A. Exon-intron organization of C4APN10. The physical distance between SNP-118 and SNP-32 is approximately 40 kb. The

locations of the SNPs are shown.

B. Pairwise linkage disequilibrium in CAPNI0 evaluated by 2. All SNP numbers are denoted in Fig. 2A. Pairwise LD was
determined using 136 and 105 marker pairs in Japanese (left panel) and Mexican Americans (right panel), respectively. SNP-
134 and -135 were not identified in the previous study with Mexican Americans [5]. The color gradations from red (perfect
LD, i.e, r?=1)to blue (no LD, i.e., ¥ = 0) reflect the degree of the observed LD. Subgroups of SNPs found in tight linkage
(r*>0.5) also are shown. Since there was no suitable polymorphic site upstream of CAPN10 [5], we used SNP-118 and -66 in

the study, despite their low allele frequencies.

selection model but requires a multiallele selection
model with sequential turnover of polymorphisms.
Thus, a complicated population structure other than
natural selection may be involved in this feature, but
that alone cannot explain the rapid decline in LD. For
loci suchas intron 13 of calpain-10 that exhibit a rapid
decline in LD, a high recombination rate is generally
reported. Although no studies have reported a correla-
tion between the recombination rate and the frequency
of polymorphisms, exceptional recombination or mu-
tation in a neutral state is possible [23]. Recently, a
close analysis of intron 13 showed that a selection
model consisting of five clusters of haplotypes can ex-
plain the genetic findings in Mexican Americans, two
of the five clusters appearing 2 to 3 million years ago

Fig. 3.
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Domain structures of the human calpain family

Typical calpains are composed of four domains (I-IV),
but in the case of atypical calpains, certain domains
have been deleted or replaced. The small subunit of
calpain is composed of two domains.
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in the glacial ages. Comparisons of the partial se-
quence at intron 13 among 10 species show that four
USF1 and one HNF1 binding sites in a segment share
common sequence motifs. In addition, an unknown
gene is expressed around the segment that might influ-
ence calpain-10 expression [24].

Calpains

Calpains are a family of cytoplasmic cysteine pro-
teases activated by Ca?*. At least 15 calpains have
been identified as eight typical calpains, six atypical
calpains, and one small subunit of calpain [25, 26].
The domain structures of the calpain family are shown
in Fig. 3. Known substrates for calpains include cyto-
skeletal proteins, actin-binding proteins, calmodulin-
binding proteins, hormone receptors, cell membrane
hormone receptors, glucose-metabolizing enzymes,
enzymes regulating signal transmission, and transcrip-
tion factors. Calpains are known to play a physiologi-
cal role in reconstruction of cytoskeleton, apoptosis,
and reconstruction (proliferation, differentiation, and
transformation) of tissue cells. Mutations in genes
encoding calpains cause various disorders including
diabetes related to calpain-10, gastric cancer related to
calpain-9, muscular dystrophy related to calpain-3,
neurodegenerative diseases (e.g., Alzheimer’s disease),
cerebral infarction, spinal injury, myocardial infarc-
tion, hepatic ischemia, and renal impairment. Animal
tests show death in the fetal period in calpain-4 (small
subunit) knockout mice due to impaired development
of the cardiovascular system. Calpain-1 knockout
mice develop normally because the lost function of
calpain-1 is compensated by calpain-2, but the mice
often show platelet aggregation disorder.

Calpain-10

The human calpain-10 gene is located in chromo-
some band 2q37.3 and consists of 15 exons. There are
at least eight isoforms (calpain-10a to calpain-10h) of
the gene. The longest isoform, calpain-10a, consists of
672 amino acids. Calpain-10 is an atypical calpain
that lacks domain IV and instead has a tandem linking
domain, domain III. Calpain-10a is expressed most
strongly in the heart, but is present in various tissues
including those playing an important role in glucose

metabolism, including liver, muscle, pancreatic islets,
and adipocytes [5, 25]. Although calpain-10c and 10g
can be detected in many tissues, calpain-10b, 10d, 10e,
and 10f are much less abundant [S]. Because calpain-
10 lacks calcium-binding sites in domains II and IIL, it
is not known whether the protein is activated by calci-
um. Calpain-10 may react with calcium in a separate
mechanism, as it can be found in sarcomere, the calci-
um storage in muscle fibre, and its expression is in-
creased or its distribution is altered following calcium
stimulation in the epithelium of crystalline [27].

Effects of calpain-10
Effects of calpain-10 on j celis

1) Calpain and apopiosis

Involvement of calpain-10 in ryanodine-induced ap-
optosis was reported based on finding that apoptosis
was enhanced by ryanodine or palmitin acid in pancre-
atic B cell-specific calpain-10 transgenic mice by the
rat insulin promoter but was not enhanced in calpain-
10 knockout mice [28].

2) Calpain and insulin secretion

The relationship between calpain and insulin secre-
tion was assessed with calpain inhibitors. Assessed
with a nonspecific calpain inhibitor, glucose-responsive
insulin secretion was enhanced in short-term culture
with the inhibitor added, while insulin secretion was
inhibited by reduced mitochondrial ghicose metabo-
lism in 48-hour culture with the inhibitor added [29, 30].

Calpain-1, a typical calpain, is reported to break
ICAS512, a tyrosine phosphatase-like protein located in
insulin granules, dependent on the intracellular Ca®
concentrations. A calpain inhibitor blocked the
breakage, thereby impairing insulin secretion [31]. In
a recently reported assay system in which calpain-10
was overexpressed stably in INSI cells, glucose-
responsive insulin secretion was enhanced. The break-
age was reduced by the addition of E64, a calpain in-
hibitor, to the cells. When Ca?* was removed from the
supernatant, these reactions were not induced. These
results indicate that the intracellular Ca?* concentra-
tion increased by glucose stimulation can activate
calpain-10 and break SNAP25 (a SNARE protein),
thereby inducing fusion of insulin granules to the mem-
brane of the B cells [32]. However, considering the
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absence of key 54-kD proteins among the reported
calpain-10 isoforms, further analysis is required.

Effects of calpain-10 on muscles

In clinical research assessing the relationship be-
tween SNP-43G/G and the level of calpain-10 mRNA
expression in Pima Indians, individuals with the SNP-
43G/G allele were found to have a low level of expres-
sion. A significant association was also found be-
tween oxidative utilization of glucose and the level of
calpain-10 expression [33]. In an animal study using
mice expressing calpastatin (a calpain inhibitor) in
muscles, muscular glucose uptake and general glucose
tolerance remained unchanged despite increased ex-
pression of GLUT4 protein and muscular hypertrophy
mainly due to loss of insulin action resulting from
reduced AKT kinase activity [34]. However, while
calpastatin inhibits the activity of calpain-1 and calpain-
2, action on calplain-10 is unlikely since calpain 10 does
not bind with the calpain small subunit (calpain-4),
the target of calpastatin. In an in-vitro study with
human myoblasts to assess the relationship between
calpain-10 and muscle differentiation, 60 kD calpain-
10 protein levels were found to increase as differen-
tiation progressed [35]. As differentiation of the myo-
blasts progressed, calpain-1 levels also increased and
calpastatin expression decreased. In L8 cells over-
expressing calpastatin, muscle differentiation was inhib-
ited [36-38]. These findings demonstrate the involve-
ment of calpain-10 as well as the calpain-calpastatin
system in the process of myoblast differentiation.

Effects of calpain-10 on adipocytes

Some groups have investigated the function of adi-
pocytes in association with calpains, but no relation-
ship between SNP43 and obesity was noted. In an in-
vitro study using human adipocytes, adipogenesis in
adipocytes was increased in a group with the SNP-
43G/G aliele irrespective of the level of GLUT4 ex-
pression. Lipolysis function from B3 adrenalin recep-
tors was reduced in a group with the SNP19-deficient
allele to one-thirtieth that in the normal group [39, 40].
In a clinical study, the level of calpain-10 mRNA ex-
pression in adipocytes decreased dependent on the
blood triglyceride level in obese patients with the
SNP43G/G allele [41]. In calpain-10 antisense-
expressing stable cell line 3T3L1 adipocytes, actin

reconstruction was inhibited by insulin with an un-
changed level of GLUT4 expression, resulting in
reduced glucose uptake and inhibited transfer of
GLUT4 to the membrane by insulin [42]. As in other
reports on the relationship between calpains and adipo-
cytes, the level of calpain-1 expression increased while
calpastatin expression decreased as adipocyte differ-
entiation progressed, and when the action of calpain
was inhibited by forced expression of calpastatin or the
addition of the calpain inhibitor, C/EBPa expression
and adipocyte differentiation were inhibited [43].

Clinical assessment of calpain-10

An analysis in nondiabetic British subjects revealed
that genetic variation in the CAPNI0 gene influences
blood glucose levels and that this is, at least in part,
due to the effects of calpain-10 on early insulin secre-
tory response [44]. An analysis in Finns showed that
individuals with the1121/1121-haplotype combination
for SNP-44, -43, -19, or -63 have approximately two
times higher risk of development of diabetes, and that
SNP-43 is associated with high fasting insulin levels,
high HOMA-R levels, and high fasting fatty acid lev-
els [45]. An analysis in Japanese found no significant
association between diabetes and these haplotype com-
binations, but did find an association with insulin re-
sistance and high fatty acid levels under euglycemic
hyperinsulinemic clamp in individuals with the 112/
121 haplogenotype [17] (Table 1).

Relationship between calpain-10 and
diabetes-related diseases

For polycystic ovary syndrome, no phenotypic dif-
ferences were noted among non-diabetic European
Americans with a single polymorphism or haplotype
of SNP-43, -19, or -63. In non-diabetic African
American probands, no single polymorphism of SNP-
43, -19, or -63 was associated with any phenotype, but
individuals with the 112/121-haplotype combination
showed a significantly greater area under the insulin-
time curve on oral glucose tolerance test. This result
was evident after data adjustment for body mass index.
In African Americans and European Americans, the
112/121-haplotype combination was associated with
approximately two times higher risk of polycystic ova-
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Table 1. Association studies of CAPNI0 in various populations
Population Genotype Odds Ratio Phenotype

Mexican American 112/121 3.02 (1.37-6.64)
Pima Indian SNP-43 G/G Glucose utilization ¢

111/111 2.04 (1.22-3.39)
British/Irish Whites 21112111 2.52 (1.06-5.97)

21111111 2.36 (1.19-4.66) AILRY

112/121 HOMA-R T
Samoans 112/121 1.42 (0.68-2.98)
Utah-Caucasian 111/221 1.48 (1.06-1.91) Insulin AUC T

SNP-19-63 HOMAR T
African-American SNP-43 G/G 1.38 (1.04-1.83) Insulin AUC T

112/121 2.18 (1.06-4.45) PCOS Odds Ratio T
Spanish SNP-44 CC, TC 2.57 (1.22-5.44) PCOS Odds Ratio T
Polish 121/121 1.93 (1.03-3.54)
Finnish 112171121 1.93(1.07-3.47) Fasting Insulin HOMA-RFFA T
Japanese 112/121 FFA T

121/121 Protective against T2DM T

The results of studies with various populations are shown in this slide. The major (1) and minor (2) alleles are

denoted as in Mexican Americans.

A.LR, Acute Insulin Response; A.U.C, Area Under Curve; HOMA-R, Homeostasis Model Assessment-

Resistance; FFA, Free Fatty Acid

ry syndrome [46]. In Spanish, an association between
UCSNP44 and the incidence of polycystic ovary syn-
drome was reported {47].

Protease inhibitors and diabetes

Protease inhibitors are effective in the treatment of
HIV infection. However, long-term use appears to in-
duce pathology of hyperlipidemia or diabetes, includ-
ing peripheral fatty atrophy and central fatty hyper-
trophy [48]. The mechanism is thought to be inhibited
adipocyte differentiation. Calpain inhibitors, a type of
protease inhibitor, are considered in the treatment of
several disorders including spinal injury, liver trans-
plantation, and myocardial infarction. Since calpain
inhibitors inhibit adipocyte differentiation, attention
must be paid to the possibility of diabetes and hyper-
lipidemia when they are used.

Conclusions

Ethnic comparison of polymorphisms can clarify the
association of genetic structure with disease and play
an important role in supporting case-control results.
The approach is especially useful in screening putative

susceptibility genes for common diseases that may
have undergone recent natural selection, including
those for type 2 diabetes. Sequence determination of a
naturally selected segment can both identify a suscep-
tibility gene and the mechanism of its regulation. Be-
cause of the recent, remarkable progress in sequencing
techniques, identification of all of the polymorphisms
on the entire human genome, SNPs in particular, may
soon be possible. However, the enormous cost of SNP
typing remains a limiting factor for their use in in-
vestigations of ethnic variants in common diseases.
Association studies based on haplotype analysis can
identify susceptibility genes, calculate developmental
risks, and predict drug responsiveness. Translational
research on function using interactome, proteome, and
model mice can be used to apply the results clinically
as individualized therapy.
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Shugoshin collaborates with protein
phosphatase 2A to protect cohesin
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Sister chromatid cohesion, mediated by a complex called cohesin, is crucial—particularly at centromeres—for proper
chromosome segregation in mitosis and meiosis. In animal mitotic cells, phosphorylation of cohesin promotes its
dissociation from chromosomes, but centromeric cohesin is protected by shugoshin until kinetochores are properly
captured by the spindle microtubules. However, the mechanism of shugoshin-dependent protection of cohesin is
unknown. Here we find a specific subtype of serine/threonine protein phosphatase 2A (PP2A) associating with human
shugoshin. PP2A colocalizes with shugoshin at centromeres and is required for centromeric protection. Purified
shugoshin complex has an ability to reverse the phosphorylation of cohesin in vitro, suggesting that dephosphorylation of
cohesin is the mechanism of protection at centromeres. Meiotic shugoshin of fission yeast also associates with PP2A,
with both proteins collaboratively protecting Rec8-containing cohesin at centromeres. Thus, we have revealed a
conserved mechanism of centromeric protection of eukaryotic chromosomes in mitosis and meiosis.

Sister chromatid cohesion is carried out by a multisubunit complex,
cohesin, consisting of two SMC (structural maintenance of chromo-
some) family proteins—a kleisin subunit Scc1/Rad21 and an acces-
sory subunit Scc3 (also called stromal antigen (SA) in animal cells)' .
Cohesion is maintained until metaphase when sister kinetochores
attach to microtubules emanating from the opposite spindle poles.
The cohesion at centromeres is especially important at this stage,
because the establishment of bipolar spindle attachment depends on
the tension generated by the pulling force of spindle microtubules and
the counteracting force of centromeric cohesion of sister chromatids®.
Indeed, in animal mitotic cells centromeric cohesin (and cohesion)
persists until metaphase, whereas most cohesin dissociates from
chromosome arms during prophase and prometaphase to resolve
sister chromatids’. At the onset of anaphase, the anaphase promoting
complex (APC)-dependent degradation of securin allows the acti-
vation of a specific endopeptidase, separase, which in turn cleaves
and cleans off residual chromosomal Sccl/Rad2l, allowing the
separation of sister chromatids®. Thus, the dissociation of cohesin
is regulated by at least two mechanisms in animal cells. During
meiosis, the temporally staggered release of arm and centromeric
cohesion is most striking. At the first meiotic division (meiosis I),
Rec8—which replaces Sccl/Rad2l in meiosis—is cleaved along
chromosome arms but is protected at centromeres, where it is only
cleaved during the second division (meiosis II)%”.

In yeast and probably most eukaryotes, shugoshin (Sgo/MEI-5332)
protects meiotic Rec8-containing cohesin from separase cleavage at
meiosis I°*%. Human shugoshin (hSgo1; also called shugoshin-like 1
(SGOL1)), which is also expressed during proliferation, protects
cohesin at centromeres for mitosis’>**. Phosphorylation of the
cohesin subunit SA2 (an Scc3 homologue) by Polo-like kinase 1
(PIk1) is critical for prophase dissociation because the inactivation of
PIk1, or the expression of a non-phosphorylatable form of SA2,
substantially blocks dissociation of cohesin in early mitosis**'.
Moreover, the dissociation of sister ¢chromatids in hSgol-depleted

cells is suppressed by expressing this mutant SA2 (ref. 15). In budding
yeast and human cells, phosphorylation of the Sccl subunit by Plk1
enhances its cleavability by separase'™'®®, and this may similarly
apply for the meiotic counterpart Rec8 (refs 21, 22). Therefore, a
mechanism to protect cohesin at centromeres might be to inhibit its
phosphorylation, but no evidence for this has been obtained as yet. It
is also unknown whether shugoshin uses a similar mechanism to
protect centromeric cohesin in both mitosis and meiosis. Therefore,
we have investigated the mechanism by which shugoshin protects
cohesin at the centromere.

Shugoshin associates with protein phosphatase 2A
To better understand shugoshin function, we sought to identify
associating proteins by tagging hSgol with the Flag epitope and
expressing the fusion protein in human embryonic kidney (HEK)
293T cells. Anti-Flag immunoprecipitates were analysed using
liquid chromatography, followed by tandem mass spectrometry
(LC-MS/MS)®. The majority of peptides identified in the analysis
were those of serine/threonine protein phosphatase 2A (PP2A)
(Fig. 1a). PP2A is known to act as a heterotrimeric complex
consisting of a core dimer of the catalytic C subunit (PP2A-C) and
the scaffold A subunit (PP2A-A), which recruits a third variable
regulatory B subunit (PP2A-B/PR55/B55, PP2A-B'/PR61/B56,
PP2A-B" or PP2A-B”) that controls substrate specificity or localiza-
tion of PP2A%, Our MS analysis identified both core subunits PP2A-A
and PP2A-C, and most isoforms of the regulatory B56 subunit, but not
any isoforms of other B subunits, suggesting that hSgol specifically
associates with PP2A containing the B56 subunit. Immunoprecipita-
tion analysis of endogenous hSgol supported this conclusion (Fig. 1b)
and yeast two-hybrid assays suggested direct association of hSgol
with the PP2A-B56 subunit (Supplementary Fig. 1).

If PP2A functions together with hSgol, PP2A would localize at the
centromere during mitosis. Immunostaining experiments in Hela
cells indicated that the o isoform of PP2A-B56 (PP2A-B56a)
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colocalizes with hSgol at centromeres from mitotic prophase to
metaphase (Fig. 1c). The signals of both proteins decreased at
the onset of anaphase. Immunostaining after chromosome
spreading further indicated that PP2A-B560. localizes at the inner
centromere between a pair of sister kinetochores (Fig. 1d), like hSgol
(refs 14, 15, 25). When immunostaining for the core subunits,
PP2A-A and PP2A-C, was performed in fixed cells, we found that
the signals were dispersed throughout the cell (data not shown).
However, by extracting mitotic cells before fixation, we could detect
signals of PP2A-A and PP2A-C at centromeres in prometaphase cells
but not in anaphase cells (Fig. 1e). Whereas PP2A-B56a localized
only at the inner centromere, PP2A-A and PP2A-C were additionally
found at spindle poles during mitosis (Fig. le and Supplementary
Fig. 2b). These results suggest that the PP2A core complex localizes at
various places within mitotic cells, including centromeres, but the
PP2A complex containing the B56 subunit preferentially localizes at
the inner centromere.

PP2A is required for the protection of centromeric cohesion
To directly assess the importance of PP2A for protecting sister
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chromatid cohesion at centromeres, we constructed short interfering
(si)RNAs against PP2A-A and treated HeLa cells with them, which
resulted in considerable reduction of PP2A-A protein (Fig. 2a).
PP2A-A depletion resulted in an accumulation of mitotic cells,
with the prometaphase population being particularly increased in
number (Fig. 2b). Chromosomes were highly condensed and the
number of spindle poles was often increased (Fig. 2c and Supplemen-
tary Fig. 2a), consistent with previous observations using okadaic
acid, a potent PP2A inhibitor®*?. To examine centromeric cohesion,
we spread the chromosomes of mitotic cells treated with PP24-A
siRNAs after incubation with nocodazole for 4h. In control cells,
only ~5% of mitotic cells showed separation of sister chromatids. In
PP2A-A-depleted cells, however, ~15% of mitotic cells showed
loosened or lost centromere cohesion, and ~30% showed sister
chromatid separation (Fig. 2d, e). This separation occurred at
prometaphase rather than anaphase, because most PP2A-A-depleted
mitotic cells showed positive staining for cyclin Bl (Fig. 2b).
Immunostaining of PP2A-A siRNA-treated cells with anti-Rad21
antibodies showed that cohesin localization was accordingly lost in
prometaphase cells (Fig. 2f). The poor penetrance of the phenotype

Figure 1| PP2A associates and colocalizes with

Protein symbo! Protein name Peptides iP hSgol. a, Proteins reproducibly detected in two
PPP2CA/PPP2CB PP2A catalytic subunit C, o or B isoform 2 e independent hSgol immunoprecipitations by
PPP2R1B PP2A regulatory subunit A (PR65), B isoform 8 ‘W = , O MS analysis are listed. The number of identified
PPP2RSA PP2A regulatory subunit B (B56), « isoform 7 g § ":e; <§’ peptides of each protein is also shown.
PPP2R5B PP2A regulatory subunit B (B56), p isoform 1 e b, Immunoprecipitates (IP) from an extract of
PPP2R5C PP2A regulatory subunit B (B56), v isoform 7 3 asynchronously growing Hela cells, obtained
PPP2R5D PP2A regulatory subunit B (B56), 8 isoform 8 using an anti-hSgo1 antibody or control (Cont)
PPP2RSE PP2A regulatory subunit B (B56), ¢ isoform 4 IgG, were analysed by western blotting using
SET SET translocation (leukaemia-associated) 5 . H Py :
PRO1855 Hypothetical protein PRO1855 1 z&;g‘mtmi‘zgr&aﬂoﬁ%
RBM10/RBMS RNA binding motif protein, 10 or 5 1 of the whole cell extract, ¢, Hela cells ’
RPL10A Ribosomal protein L10a 1 PP2A-B560 | w o the who: . - & were
RPL28 Ribosomal protein L 1 » | op stained with anti-PP2A-B56x (green) and anti-
RPL7 Ribosomal protein L7 1 PP2A-BSS > thol (red) antibodies. DNA was counterstained
RPL7A Ribosomal protein L7a v 1 using Hoechst 33342 (blue). PP2A-B56c
RPLP1 Ribosomal protein, large, P1 1 colocalizes with Sgol at centromeres from
mitotic prophase to metaphase in almost all cells
(n > 50). Pro, prophase; Prometa,
[ PP2A-B560, d
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prometaphase; Meta, metaphase; Ana, anaphase,
d, A single mitotic chromosome stained with
anti-PP2A-B56a (green) and anti-centromere
antibodies (ACA) (red). e, Mitotic cells were spun
onto glass slides using a cytospin and pre-
extracted before fixation. The cells were
immunostained with anti-PP2A-A or anti-PP2A-
C (green) and ACA (red). DNA was stained with
Hoechst 33342 (blue). Signals on the spindle
poles are indicated by arrowheads. Scale bars,
10pm (¢, €) and 1 pm (d).
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after exposure to the PP2A-A siRNA can be explained by the residual
amount of PP2A-A in the siRNA-treated cells (Fig. 2a), as a more
severe phenotype was obtained by treating HeLa cells with okadaic
acid (Supplementary Fig. 3). Taken together, we conclude that,
like hSgol, PP2A is required for centromeric protection of sister
chromatid cohesion during prophase and prometaphase.

hSgo2 is required for the localization of PP2A at centromeres
Given that hSgol associates with PP2A, we examined the possibility
that hSgol and PP2A require each other for their localization to
centromeres (Fig. 3, and see also Supplementary Fig. 4). When
PP2A-A was depleted by siRNA, centromeric hSgol signals became
weakened (Fig. 3a), suggesting that PP2A has a role in facilitating
hSgol localization to centromeres. In contrast, PP2A-B56 and
PP2A-A localization was preserved at centromeres in the hSgol-
depleted cells (Fig. 3c, d), indicating that PP2A can associate with
centromeres independently of hSgol.
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Human cells contain another shugoshin-like protein, hSgo2 (also
known as SGOL2 and TRIPIN)?, which has not been studied as yet.
To gain a thorough understanding of the relationship between
shugoshin and PP2A, we included hSgo2 in our analysis. We found
that hSgo2 localizes at centromeres throughout prophase until
metaphase, and disappears at anaphase (Supplementary Fig. 5),
which is very similar to the localization of hSgol (refs 13-15, 25).
Likewise, the depletion of hSgo2 using siRNA caused precocious
dissociation of centromeric cohesin and separation of sister chroma-
tids (Fig. 2), indicating that hSgo2 also functions in the centromeric
protection of cohesin. The depletion of either hSgo1 or hSgo2 did not
influence the localization of the other, indicating that they can
independently localize to centromeres (Fig. 3a, b). Notably, the
depletion of hSgo2 abolished the localization of PP2A (both the
regulatory PP2A-B56 and core PP2A-A subunits) at centromeres
(Fig. 3¢, d). Consistent with this, PP2A coprecipitates with hSgo2;
however, the association may occur through the core subunit PP2A-A
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Figure 2 | PP2A is required for centromeric protection. a, Extracts from
mitotic HelLa cells after exposure to siRNA were immunoblotted with the
indicated antibodies. b, Mitotic index after siRNA treatment was
determined by observing cell shape in living cells (1 > 560). The mitotic
phase was determined by staining for cyclin Bl and DNA in fixed cells

(n > 100). c, Representative prometaphase or metaphase cells stained with
anti-o-tubulin (green) and Hoechst 33342 (purple) are shown. d, e, Mitotic
cells after siRNA exposure were treated with nocodazole for 4h, and
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chromosomes were spread and stained with Giemsa (d). The frequency of
cells showing sister chromatid separation (‘Separated’) or loss of
centromeric cohesion (‘Cen lost’) was determined (n > 100) (e). f, Mitotic
cells treated with the indicated siRNAs were spread by cytospin and stained
with ACA (red) and anti-Rad21 (green). DNA was counterstained with
Hoechst 33342 (blue). Average percentage of Rad21-positive centromeres
are shown (one dot represents the average of positive centromeres within
one cell). Scale bars, 10 um (¢, d, f).
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rather than the regulatory subunit PP2A-B56 (Supplementary Figs 1
and 6). Curiously, when centromeric PP2A was displaced by hSgo2
siRNA, hSgo1 localization was not impaired, although it was reduced
by the depletion of PP2A (Fig. 3a). This may indicate that hSgol
dynarmically associates with centromeres, and that cytoplasmic PP2A
may influence this interaction. If either hSgol or centromeric PP2A
(using hSg02 siRNA) is absent from the centromere, the protection of
sister centromeres is impaired, suggesting that both proteins colla-
boratively function at the centromere to protect the dissociation of
cohesin,

The shugoshin complex counteracts phosphorylation of SA
Given that phosphorylation of the cohesin subunit SA2 (and pre-
sumably SAl) by Plkl is critical for cohesin dissociation®’,
we proposed that SA2 phosphorylation is counteracted by the
shugoshin-PP2A complex at centromeres. To examine whether
cohesin SA2 preserved around centromeres is indeed dephosphory-
lated in vivo, we prepared nocodazole-treated prometaphase cells in
which cohesin is largely dissociated from the chromosome arms but
tethered exclusively at centromeres, depending on shugoshin and
PP2A (Fig. 2f). The cell extracts were fractionated into chromatin-
bound and -unbound fractions, separated by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE), and blotted with anti-SA2 anti-
bodies. As expected, SA2 showed slow electrophoretic migration in
the prometaphase chromatin-unbound fraction, representing phos-
phorylation (presumably by Pik1)". In contrast, chromatin-bound
SA2 was mostly dephosphorylated (Fig. 4a). These results suggest
that SA2 preserved at centromeres is dephosphorylated in vivo.

We next examined the biochemical properties of the shugoshin
complex in vitro. We prepared a carboxy-terminal peptide of SA2
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Figure 3 | Interdependency of shugoshin and PP2A for localization.

a-d, Cells after siRNA treatment were stained with the indicated antibodies
(a, hSgol; b, hSgo2; ¢, PP2A-B56; d, PP2A-A; see also the representative
stained cells in Supplementary Fig. 4). The intensities of the fluorescent
centromeric signals in prometaphase cells were quantified as described in
Methods. AU, arbitrary units, Error bars represent s.d. (n = 20).

{SA2-C), in which most of the phosphorylation sites are included?’,
and phosphorylated it with recombinant PIk1 in vitro. The phospho-
labelled SA2 fragment was then mixed with purified hSgol complex.
The results show that immunoprecipitates of hSgol can dephos-
phorylate SA2-C, and that this phosphatase activity is inhibitable by
okadaic acid (Fig. 4b). Similar phosphatase activity was detected in
the hSgo2 immunoprecipitates. These phosphatase activities also
dephosphorylated a C-terminal peptide of SA1 that had been
phosphorylated by Plki, but not histone H3 phosphorylated by
Aurora B kinase, indicative of substrate specificity. Thus, the shu-
goshin complex has the ability to counteract the phosphorylation of
8cc3/SA in vitro. Taken together, these results support the hypothesis
that PP2A-dependent dephosphorylation of Scc3/SA prevents the
dissociation of cohesin from centromeres, as part of the centromeric
protection function of the shugoshin complex.

PP2A is required for centromeric protection in meiosis
Schizosaccharomyces pombe Sgol protects centromeric cohesin con-
taining Rec8 from separase cleavage at meiosis I%°. In a yeast two-
hybrid screen searching for proteins that interact with Sgol, we
frequently isolated Parl—one of the PP2A-B56 homologues in
fission yeast®. The interaction between Sgol and Par1 was confirmed
by immunoprecipitation (Fig. 5a). In proliferating cells, Parl loca-
lizes in the cytoplasm, and on the spindle pole body and the division
septum (data not shown)*?*; however, it colocalizes with Sgol at
centromeres during meiosis I (Fig. 5b). Sgol localization was not
impaired in mutant parlA cells (data not shown). In contrast, the
centromeric Jocalization of Par] was abolished in mutant sgolA cells
(Fig. 5c), indicative of the dependency of Parl localization on
shugoshin and reminiscent of the situation in human mitotic cells.
To examine whether Parl is required for the protection of
centromeric cohesin during meiosis, we analysed Rec8 localization
at metaphase II—the period during which Rec8 is detected only at
centromeres. We found that, like sgol4 cells, parlA cells mostly lost
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Figure 4 | Dephosphorylation of cohesin subunit SA. a, Chromatin-bound
SA2 is dephosphorylated in vivo, Cell extracts prepared from interphase and
prometaphase cells were fractionated into chromatin-bound and -unbound
fractions and analysed by western blotting with the indicated antibodies.
Four-times more of the chromatin-bound fractions were loaded. P-SA2,
phosphorylated SA2; P-H3, histone H3 phosphorylated on Ser 10. In the
mitotic chromatin-bound fraction, contaminated interphase chromatin is, if
any, negligible (see Supplementary Fig. 9). b, Endogenous shugoshin
associates with an okadaic-acid-inhibitable phosphatase activity that
dephosphorylates cohesin subunit Scc3/SA. C-terminal peptides of SA1 or
SA2 phosphorylated by Plk1, and a control histone H3 phosphorylated by
Aurora B, were mixed with immunoprecipitation (IP) buffer (lane 1 and 2),
control IgG immunoprecipitates (lane 3 and 4), immunoaffinity-purified
hSgol (lane 5 and 6) or hSgo2 (lane 7 and 8) from Hela cell extracts. Each
sample was incubated in the presence (+) or absence (~) of 1 uM okadaic
acid (OA) for 2 h. Autoradiography is shown in the upper panel, Coomassie
blue staining in the lower panel.
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centromeric Rec8 localization at this stage (Fig. 5d). Consistent with
this observation, both of these mutant cell types showed precocious
centromeric dissociation after meiosis I, and random chromosome
segregation following meiosis II (Supplementary Fig. 7). S. pombe
cells have another PP2A-B56 homologue, Par2, which is expressed at
much lower levels®® and contributes little to centromeric protection
in meiosis (data not shown). Taken together, these results argue
that, like Sgol, Sgol-associating PP2A (including Parl/PP2A-B56)
has a crucial role in protecting cohesin at centromeres during
meiosis L.

Individual protection ability of PP2ZA and shugoshin

Our current results in both human cells and fission yeast have raised
the possibility that PP2A has an intrinsic ability to protect cohesin.
Indeed, by ectopically localizing S. pombe Parl/PP2A-B56 to a
specific site on a chromosome arm, we observed that the cohesion
(and cohesin) at this site was partly preserved even after meiosis I—
the period when arm cohesin should dissociate (Supplementary
Fig. 8). To assess more thoroughly the individual ability of PP2A
for centromeric protection, we used the ‘ectopic protection system’
in fission yeast, where coexpression of Rec8 and its protector
blocks sister chromatid separation in mitosis, causing lethality®. We
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Figure 5 | 5. pombe PP2A associating with Sgo1is required for centromeric
protection of RecB-containing cohesin during meiosis I. a, Extracts,
prepared from mitotic par]l *—GFP cells ectopically expressing Sgol, were
immunoprecipitated with control IgG or anti-GFP (green fludrescent
protein) antibodies and analysed by western blotting using antibodies
against GFP and Sgol. WCE, 7.5% of the whole cell extract. b, Meiotic
parl *—GFP cells were arrested at metaphase I by repressing APC activation
(slpI™ and cut23™ expression), and stained with DAPI (4,6-diamidino-2-
phenylindole) and antibodies against Sgol arid GFP. Colocalization was
observed in most cells (95%, n = 20). ¢, As in b, fluorescence of Parl-GFP
was examined at metaphase I in wild-type (WT) sgol ™ and sgolA cells. The
spindles were visualized by expressing cyan fluorescent protein (CEP)-Atb2
(o2-tubulin). Parl-GFP was detected as dots in most metaphase I sgol *
cells (98%, n = 219), but never in sgolA cells (0%, n = 178). d, The
Rec8-GFP signal was monitored at prometaphase II in the indicated strains.
Representative samples are shown together with the frequency of the cells
showing centromeric Rec8-GFP (n > 50).
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Figure 6 | Individual ability of PP2A and shugoshin for centromeric
protection. a, Parl-CD proteins visualized by CFP localized in close
vicinity to cen2-GFP in proliferating cells. b, The haploid cen2-GFP strains
expressing the indicated genes by exogenous promoters (a constitutive
promoter, Padh1, for rad21 * and rec8™, and a thiamine-repressible
promoter, Pnmtd1, for parl *—CD) were streaked on a thiamine-depleted
plate. ¢, The strains in b were cultured at 30 °C for 15 h after thiamine
depletion and the frequency of NDJ was counted among septated cells.
Examples of cen2-GFP (green) in Padhl-rec8 " Pnmtdl-parl *~CD cells are
shown. d, Centromeric Rec8—GFP signals are detected during anaphase in
most par] —CD-expressing cells (81%) but in fewer non-expressing cells
(199%). e, The indicated haploid cen2-GFP strains expressing Rec8 or Rec8
and Sgol (by the Pnmt1 promoter) were examined for the frequency of NDJ
among septated cells. f, The haploid cen2-GFP Padhl-rec8™ strains mildly
expressing Sgol and/or Par1-CD were examined for the frequency of NDJ.
Note the different strength of the thiamine repressible promoters

(Pnmtl > Pnmt4l > Pumt81). Error bars represent s.d. of triplicate
samples (each n > 100) (¢, e, f). Scale bars, 5 um (a, ¢, d). g, Model for the
collaboration of shugoshin and PP2A in protecting centromeric cohesin
during human mitosis and fission yeast meiosis. PP2A containing the B56
subunit, which is recruited to the centromere by shugoshin (hSgo2 in
human cells and Sgol in S. pombe), dephosphorylates cohesin subunits as a
mechanism of protection. Human hSgol and S. pombe Sgol may have an
individual activity for centromeric protection, apart from localizing PP2A to
centromeres.
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proposed that PP2A has an intrinsic ability to protect Rec8 without
the help of Sgo1 once it is localized to centromeres. To test this, we
endowed Parl with its own ability to localize to centromeres by
fusing its C-terminal end with the chromo domain (CD) of Swi6,
which binds to Lys-9-methylated histone H3 largely locating at
pericentromeric heterochromatin regions—the sites where Sgol
usually localizes®. The engineered protein, Par1—-CD, indeed localized
at centromeres in mitotic cells in which Sgol is not expressed
(Fig. 6a). Notably, coexpression of Parl-CD and Rec8 frequently
led to blocked nuclear division, as centromere-associated cen2-GFP
(green fluorescent protein) frequently segregated to the same side of a
septated cell (Fig. 6b, ¢). This non-disjunction (NDJ) of sister
chromatids presumably stems from persistent cohesion at anaphase
because centromeric cohesin Rec8 was largely protected at this stage
(Fig. 6d). Coexpression of Par1-CD with Rad21 caused a much
weaker phenotype, indicative of the specificity of protection for the
cohesin kleisin subunit (Fig. 6b, ¢). Finally, the protection is indeed
executed by PP2A activity recruited by Parl-CD because the NDJ
was suppressed by introducing a mutation in Ppa2, a major catalytic
subunit of PP2A in fission yeast® (NDJ decreased from 24% to 7%).
As Sgol is meiosis-specific and is not expressed in mitotic cells, these
results demonstrate that centromeric localization of PP2A itself can
protect Rec8 cohesin from cleavage, suggesting that dephosphoryla-
tion of cohesin Rec8 is a mechanism for the protection of sister
centromeres in fission yeast.

‘We noticed that the ectopic protection mediated by Sgol over-
expression was alleviated, but not abolished, when endogenous Parl
(or both Parl and Par2) was depleted from the cells (Fig. 6¢). This
indicates that Sgol also has an individual ability to protect Rec8-
containing cohesin without the aid of PP2A-B56 if sufficient
amnounts of protein are expressed. However, in physiological meiosis,
this ability of Sgol is not sufficient to complement the loss of PP2A
activity. The collaboration of Sgol and PP2A was further supported
by the observation that coexpression of Sgol and Par1-CD mediated
a synergistic effect on centromeric protection (Fig. 6f).

Discussion

In animal cells, most cohesin is removed from chromosome arms
during prophase and prometaphase, triggered by Plkl-dependent
phosphorylation of the Scc3/SA subunit of cohesin'’. Here we have
discovered that a B56-containing subtype of PP2A phosphatase
associates with hSgol in human cells, playing a crucial part in
preventing cohesin dissociation at centromeres. We have also
demonstrated that chromatin-bound SA2 at centromeres is mostly
dephosphorylated in prometaphase cells, whereas dissociated SA2
from the arms is phosphorylated (Fig. 4a). Furthermore, purified
hSgol or hSgo2 complex can counteract Plkl-dependent SA
phosphorylation in vitre (Fig. 4b). Thus, our results argue that
dephosphorylation of Scc3/SA by shugoshin-associating PP2A is a
mechanism for centromeric protection (Fig. 6g). Because dephos-
phorylated SA2 is detected only in the chromatin-bound fraction of
cohesin, we suggest that the regulation takes place exactly at the sites
where shugoshin—-PP2A complexes localize. Previous results
suggested that Plk-dependent phosphorylation of Scc1/Rad21 facili-
tates its cleavage by separase but is not essential”'**, whereas
phosphorylation of Rec8 might be crucial for cleavage®*>. Here we
have demonstrated that S. pombe Parl/PP2A-B56 associating with
Sgol is required and even sufficient for protecting cohesin Rec8 from
separase cleavage. Moreover, PP2A-dependent cohesin protection
requires the kieisin subunit Rec8 (Fig. 6b, c), suggesting that the
extent of phosphorylation and/or its contribution to the suscepti-
bility to separase cleavage is different between Scc1/Rad21 and Rec8.
These results are consistent with the notion that PP2A activity
counteracts the phosphorylation of Rec8, thereby protecting it
from separase cleavage during meiosis I. Chromosome segregation
in mouse meiosis is also disturbed by okadaic acid treatment, which
results in premature separation of sister chromatids during meiosis

I’'. Thus, the shugoshin-PP2A system found in S. pombe meiosis is
presumably applicable to mammalian meiosis. Taken together,
centromeric protection of eukaryotic chromosomes may be executed
at the level of dephosphorylation of cohesin subunits, and a subtype
of PP2A containing the B56 subunit has a direct role in this process.
This concept is applicable for both mitosis and meiosis, albeit the
crucial target of dephosphorylation is different, being Scc3/SA in
mitosis and Rec8 in meiosis (Fig. 6g).

The depletion of hSgol by siRNA caused precocious separation of
centromeric cohesion (Fig. 2), although the centromeric localization
of PP2A is preserved (Fig. 3¢, d), suggesting that protection is not
solely executed by linking PP2A to centromeres. Moreover, hSgo2
siRNA caused fewer defects in protection than hSgol siRNA (Fig. 2e).
Therefore, hSgo2 might solely be required to tether PP2A to
centromeres, whereas—besides facilitating PP2A function at centro-
meres—hSgo1 might have an additional role in protection (Fig. 6g).
Supporting this notion, ectopic expression of S. pombe Sgol and
Rec8 can enforce centromeric protection even in PP2A-B56-depleted
cells (Fig. 6e). Because shugoshin closely associates with cohesin
in vivo®*?, we favour the possibility that Sgol physically protects
cohesin against access by an inactivating enzyme (for example, Plk1
in human mitosis and Plk or separase in fission yeast meiosis). As Plk
is suggested to phosphorylate and delocalize Sgo/MEI-S332 in
Drosophila®, PP2A might facilitate the localization of shugoshin,
which is supported by our observation that hSgo1 localization partly
depends on PP2A (Fig. 3a). Thus, shugoshin and PP2A may support
each other, collaboratively protecting cohesin at centromeres.
S. pombe Sgol has roles in both recruiting PP2A and protecting
cohesin per se at centromeres. In contrast, hSgol is dispensable for
localizing PP2A to centromeres but is required for centromeric
protection, whereas hSgo2 is required for the recruitment of PP2A
to centromeres, implying a ‘division of labour’ between these two
shugoshin-like proteins in human cells. Thus, the interplay of
shugoshin and PP2A is apparently conserved across human and
fission yeast, or mitosis and meiosis (Fig. 6g).

PP2A is a family of abundantly expressed protein phosphatases,
the activity of which is highly regulated and implicated in a multitude
of cellular processes, such as signal transduction, development and
tumorigenesis®. Chromosome mis-segregation in mitosis may con-
tribute to tumorigenesis. Meiotic chromosome segregation is also
important clinically, as failures in this process cause birth defects in
humans. Our study may provide a novel link between PP2A and
tumorigenesis or birth defects, and therefore is useful for future
studies in those fields as well.

METHODS

Antibedy production and immunofluorescence microscopy. Antibody pro-
duction and immunofluorescence staining were performed as described in
Supplementary Methods.

Quantification of fluorescent signals. To quantify the centromeric fluorescent
signals, in-focus images of the cyclin Bl-or phospho-H3-positive prometaphase
cells were taken with the use of MetaMorph imaging software (Universal
Imaging). We measured the maximum intensity among the centromeric signals
within the cell and subtracted the background intensity of the region, which was
measured directly adjacent to the centromere.

RNA interference. Synthetic sense and antisense siRNA oligonucleotides for
hSgol (ref. 14) and hSgo2 (5'-GCACUACCACUUUGAAUAATT-3'), PP2A-Ax
(5'-AGACUUGACAUGUUGGUUGTT-3') and PP2A-AB (5'-UUUCUACUCC
AAGUGCUAGTT-3') were obtained from JbioS. Note that PP2A-B56 consists of
five isoforms, whereas the PP2A-A core subunit has only two isoforms. There-
fore, we constructed siRNAs against PP2A-A isoforms, rather than PP2A-B56
isoforms, to reduce PP2A activity. The presented data were obtained using the
abovementioned siRNAs, but we confirmed that similar results were obtained by
using another set of siRNAs: hSgo2 (5'-GCUCUCAUGAACAAUAACUTT-3'),
PP2A-Ac (5'-GCAUCAAUGUGCUGUCUGATT-3') and PP2A-Af (5'-CGAC
UCAACAGUAUUAAGATT-3'). Cells at 20% confluency in Opti-MEM medium
(Invitrogen) were transfected with siRNA duplexes at a final concentration of
400nM and Oligofectamine (Invitrogen) at 1:250, and complete medium
containing 20% FBS was added at 1:1 after 6 h. After two days incubation, the
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cells were examined. All control samples were similarly treated but were exposed
to H,0 instead of siRNA reagent.

Preparation of HeLa cell extracts. Preparation of HeLa cell extracts and
subsequent immunoprecipitation or fractionation are described in Supplemen-
tary Methods.

In vitro dephosphorylation assay. To generate phosphorylated SA substrates,
a 6 X His-tagged SA1 C-terminal peptide (amino acids 923-1258) or SA2
C-terminal peptide (amino acids 895-1232) was expressed in Escherichia coli
strain BL21 and purified with Ni-NTA agarose (Qiagen), and labelled with
[y-**P]ATP using recombinant Plk1 kinase (ref. 35). As a control, core histone
proteins were labelled with {y-**PJATP by recombinant Aurora B kinase. The
immunoprecipitated complexes from Hela cell extracts were collected after
washing with immunoprecipitation buffer without phosphatase inhibitors
(20mM Tris-HCl, pH7.5, 100mM NaCl, 0.1% Tween 20, 10% glycerol and
10mM B-mercaptoethanol). The equivalent of 3yl of immunoprecipitated
beads was preincubated with 1pM of okadaic acid or dimethylsulphoxide
(DMSO) for 20 min at room temperature (~20°C), followed by the addition
of ?P-labelled SA substrates in a dephosphorylation buffer (50 mM Tris-HCI,
pH7.5, 100mM NaCl, 0.01% Brij35, 2mM MnCl,, 0.1 mM EGTA, 2mM
dithiothreitol (DTT)) supplemented with 1 ug of BSA to a total reaction volume
of 15 ul and incubated for 2 h at 30 °C with gentle agitation.

Chromosome spreading. Mitotic HeLa cells were collected by mitotic shake-off
and treated with 330nM nocodazole for 4h. Chromosome spreading was
performed as described previously®.

Yeast experiments. All S. pombe strains used are listed in Supplementary Table 1.
General methods for immunoprecipitation, culturing S. pombe, inducing
meiosis and monitoring chromosome segregation were as described previously®.
Further details of S. pombe experiments, as well as the yeast two-hybrid assay, are
described in Supplementary Methods.
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Because impaired insulin secretion is characteristic of type
2 diabetes in Asians, including .Japanese, the genes in-
volved in pancreatic B-cell function are candidate suscep-
tibility genes for type 2 diabetes. We examined the
association of variants in genes encoding several transcrip-
tion factors (TCF1, TCF2, HNF4A, ISL1,IPF1, NEUROGS,
PAX6,NKX2-2, NKX6~-1, and NEURODI ) and genes encod-
ing the ATP-sensitive K* channel subunits Kir6.2
(KCNJI1I) and SUR1 (ABCCS8) with type 2 diabetes in a
Japanese cohort of 2,834 subjects. The exon 16 —3c¢/t
variant rs1799854 in ABCCS8 showed a significant associa-
tion (P = 0.0073), and variants in several genes showed
nominally significant associations (P < 0.05) with type 2
diabetes. Although the E23K variant rs5219 in KCNJ11
showed no association with diabetes in Japanese (for the K
allele, odds ratio [OR] 1.08 {95% CI 0.97-1.21}], P = 0.15),
95% CI around the OR overlaps in meta-analysis of Earo-
pean populations, suggesting that our results are not in-
consistent with the previous studies. This is the largest
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association study so far conducted on these genes in
Japanese and provides valuable information for compari-
son with other ethnic groups. Diabetes 55:2379-2386, 2006

mpaired insulin secretion and insulin resistance

both contribute to the pathogenesis of type 2 diabe-

tes. The former is a characteristic feature of type 2

diabetes, especially in Asians including Japanese
(1), and genes encoding proteins critical in pancreatic
B-cell function are therefore particularly good candidate
susceptibility genes for type 2 diabetes for this population.
Studies of maturity-onset diabetes of the young in humans
{2) and knockout mice (3) have shown that mutations of
transcription factors required for development, differenti-
ation, and maintenance of the pancreatic g-cells can cause
diabetes. Pancreatic B-cell ATP-sensitive K™ channels
(Karp channels) are crucial in the regulation of insulin
secretion by coupling cell metabolism to membrane elec-
trical activity. The pancreatic B-cell K,rp channel com-
prises two subunits, the inwardly rectifying potassium
channel Kir6.2 (KCNJ11) and the sulfonylurea receptor
SURL (ABCCS8) (4). Mutations in the genes (ABCCS8 and
KCNJ11) can cause familial persistent hyperinsulinemic
hypoglycemia of infancy (5) and permanent neonatal
diabetes (6). Several polymorphisms in these genes also
have been reported to be associated with type 2 diabetes
in populations with distinct ethnic backgrounds (7-20).
However, a large-scale association study of these genes
has not been performed in type 2 diabetes in the Japanese
population. Here, we report on the association of variants
in genes encoding various transcription factors and pan-
creatic B-cell K rp channel subunits with type 2 diabetes
in a large Japanese cohort.

A case-control association study using 1,590 Japanese
diabetic subjects and 1,244 nondiabetic control subjects
was performed. All subjects were genotyped for 33 vari-
ants of 12 genes including transcription factors (TCF1,
TCF2, HNF4A, ISL1, IPF1, NEUROG3, PAX6, NKX2-2,
NKX6-1, and NEURODI) and B-cell K rp channel sub-
units (KCN.J11 and ABCCS) (Table 1).

Results of Hardy-Weinberg equilibrium (HWE) tests are
shown in Table 1 of the online appendix (available at
http:/diabetes.diabetesjournals.org). All genotypes were
in HWE, except for departures in cases at TCFZ2_SNP
(single nucleotide polymorphism) 5 rs2683, TCF2_SNP6
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ASSOCIATION OF p-CELL GENES IN JAPANESE SUBJECTS. ~

TABLE 2

Magnitude of LD (D’ and ¥*) between ARCCS and KCN.J11 variants

D2

ABCC8_SNP1 ABCC8_SNP2 ABCC8_SNP3 KCNJ11_SNP1
ABCCS8_SNP1 rs1799854 — 0.0012 0.0177 0.0151
ABCC8_SNP2 rs4148643 0.0867 — 0.0919 0.0808
ABCC8_SNP3 rs757110 0.1708 0.9867 — 0.8703
KCNJ11_8SNP1 rs5219 0.1653 0.9711 0.9794 —

rs2688, and NKX2-2_SNP1 (+856 TGA) and in controls at
NKX6-1_SNP1 rsl017560 and ABCCS_SNP1 rs1799854
(online appendix Table 1). Although none of these are
significant with correction for multiple comparisons, we
reanalyzed several of the variants, including NKX2-
2_SNP1 (+856 TGA) and NKX6-1_SNPI1 rs1017560, and
confirmed that there was no typing error for these vari-
ants. We also tested whether the observed departures
were consistent with the genotype frequencies expected
for a genetic disease model (21). The genotype distribu-
tions for TCF2_SNP5 rs2689, TCF2_SNP6 rs2688, NKX2-
2_SNP1 (+856 TGA), and ABCCS_SNPI1 rs1799854 are
consistent with genetic models that best fit these data. In
contrast, the departure from HWE observed in the control
samples for NKX6-1_SNP1 rsl017560 is not consistent
with any genetic model for disease. Thus, the observed
departure from HWE in controls at NKX6-I_SNP1
rs1017560 is likely to be a chance observation. The remain-
ing departures are unlikely to be attributable to genotyping
errors and are consistent with the possibility that the
selection of case and control samples from a population in
HWE at a susceptibility locus (at the test marker or a
polymorphism in strong linkage disequilibrium {LD]) has
generated genotype distributions with the observed depar-
tures from HWE.

Among the 33 variants of 12 genes, 6 variants (TCF2_SNP4
rs1016991, TCF2_SNP6 1rs2688, HNF4A_SNP3 1s745975,
NKX2-2 SNP2 rs3746741, NKX6-1_SNP1 1rs1017560, and
ABCCS8_SNP1 rs1799854) showed at least nominally signifi-
cant associations (P < 0.05) with type 2 diabetes (Table 1 and
online appendix Table 2). ABCC8_SNPI1 rs1799854 showed
the strongest association (P = 0.0073) with diabetes among
the SNPs examined in this study. By further analysis of the
variant, the T/T genotype was found in 454 (28.6%) and 298
(24.0%) subjects in the diabetic and control groups, respec-
tively, a significant difference in the frequency of individuals
with the T/T genotype between the two groups (C/C + C/T
vs. T/T, P = 0.0068) (online appendix Table 2). The odds ratio
(OR) for the T/T genotype was 1.27 (95% CI 1.07-1.50; C/C +
C/T vs. T/T), indicating that the T/T genotype in
ABCCS8_SNP1 rs1799854 is associated with type 2 diabetes in
Japanese subjects.

There was no association of other variants in ABCC8
and KCNJ11 with diabetes (Table 1 and online appendix
Table 2). These include the E23K variant in KCNJI11
(KCNJ11_SNP1 rs5219: for the K allele, OR 1.08 [95% CI
0.97-1.21], P = 0.15). To determine the extent of LD
between the four variants in ABCCS and KCNJ11, we
calculated D’ and +* (Table 2). There was modest LD
between ABCCS8_SNP2 rs4148643 and ABCCS_SNP3
1s757110. Strong LD was found between ABCCS_SNP3
rs757110 and KCNJ11_SNP1 rs5219. In the latter, we
tested two-locus haplotypes having a frequency of >5% for
association with diabetes and found no association of any
of the haplotypes with diabetes (data not shown).

We examined the genes involved in pancreatic B-cell

function (transcription factors and K rp channel subunits)
in relation fo type 2 diabetes in a large cohort of Japanese
subjects. The study included 2,834 subjects, the largest
case-control study so far conducted on these variants in a
Japanese population. For disease susceptibility allele fre-
quencies in the range of 0.3-0.5, our sample had >89%
power to detect a susceptibility gene with a genotype
relative risk in the range of 1.5-1.85 (for any genetic model
of inheritance). For allele frequencies in this range, we had
>80% power to detect susceptibility genes with genotype
relative risk in the range of 1.25-1.55. Power was similarly
good for dominant models with lower susceptibility allele
frequencies (0.1-0.3) or recessive models with higher
susceptibility allele frequencies (0.5-0.9). The sample was
reasonably powered (>80%) to detect recessive suscepti-
bility alleles at low frequencies (0.1-0.3) for higher geno-
type relative risks (2.1-4.0) but was nol sufliciently
powered to detect very common (>0.7) dominant suscep-
tibility genes (genotype relative risk >100).

ABCC8_SNP1 rs1799854 (exon 16 —3c/t variant) was
significantly associated with type 2 diabetes, primarily due
to increased frequency of T/T homozygotes among pa-
tients. Since this variant is located in the 3’ splice site, it
might impair normal splicing. Alternatively, the variant
could be in strong LD with an unidentified functional
variant in the unscreened region harboring the ABCCS
gene. There have been two case-control association stud-
ies (22,23) conducted for the variant in Japanese popula-
tions, both of which found no association of this variant
with type 2 diabetes. However, because these studies were
based on a relatively small number of subjects (167
subjects in 22; 456 subjects in 23), their power to detect
associations is limited. In Caucasians, several studies
(7,8,11-13,17) have reported association of the variant
with type 2 diabetes, although other studies found no
association of the variant with type 2 diabetes (14-16). On
the other hand, several studies have reported an associa-
tion of the E23K variant in KCNJ11 (KCNJ11_SNP1
rs5219 in this study) with type 2 diabetes in Caucasians
(9,10,16,18). Recent meta-analyses (19,20) of the variant
support this association. Although our present study finds
no association of the E23K variant with diabetes in Japa-
nese subjects (for the K allele, OR 1.08 [95% CI 0.97-1.21],
P = 0.15), 95% CI around the OR overlaps in meta-analysis
of European populations, suggesting that our results are
not inconsistent with the previous studies on the E23K
variant in KCNJ11.

The International HapMap Project aims to determine the
cominon patterns of DNA sequence variation in the human
genome (24). In the initial phase of the project, genetic
data are being gathered from four populations with Afri-
can, Chinese, Japanese, and European ancestry. Twenty of
33 SNPs used in this study were genotyped on Japanese
subjects in the HapMap project, providing important infor-
mation for determining whether the genes of interest are
associated with type 2 diabetes in a Japanese cohort. To
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