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Figure 3 DMC1 and MSH5 multiple protein sequence alignments displaying the regions of exon 10 for DMCT and exon 2 for MSH5
surrounding human mutations. Residues that differ from the wild-type human sequence are shaded in black. Dotted boxes show the
positions of each mutation (amino acid numbers referred to human sequence).

sister of this patient. carriers of the same mutation
with heterozygous status are fertile. A multiple
sequence alignment showed that the amino acid
M200V was highly conserved across vertebrates,
from chicken to primates (Fig. 3). suggesting a
functional or structural role. Accordingly, Polyphen
program prediction suggested a potential damaging
effect of this mutation. The encoded substitution
of a methionine for a valine at this residue is non-
conservative in nature and aflects a Dmcl protein
region which has been shown to facilitate binding. In
addition, preliminary results on yeast have shown that
the DMC1 M200V mutation of the conserved residue
when introduced into Schizosaccharomyces pombe
causes a significant decrease in meiotic recombination
frequencies (work in progress).

However. further investigations will be needed to
confirm the pathological role of these mutations such as
screening of increased numbers of patients, and controls
and generation of in vivo models using knock-in alleles
in which missense mutations are introduced that mimic
the kinds of mutations found in POF patients.
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A susceptibility locus for lung cancer maps to nicotinic
acetylcholine receptor subunit genes on 1525

Rayjean J. Hung"**, James D. McKay'*, Valerie Gaborieau', Paolo Boffetta', Mia Hashibe', David Zaridze®,
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Lung cancer is the most common cause of cancer death worldwide,
with over one million cases annually'. To identify genetic factors
that modify disease risk, we conducted a genome-wide association
study by analysing 317,139 single-nucleotide polymorphisms in
1,989 lung cancer cases and 2,625 controls from six central
European countries. We identified a locus in chromosome region
15q25 that was strongly associated with lung cancer (P=9 x 107 '),
This locus was replicated in five separate lung cancer studies com-
prising an additional 2,513 lung cancer cases and 4,752 controls
(P=5 x 107" overall), and it was found to account for 14% (attri-
butable risk) of lung cancer cases. Statistically similar risks were
observed irrespective of smoking status or propensity to smoke
tobacco. The association region contains several genes, including
three that encode nicotinic acetylcholine receptor subunits
(CHRNAS5, CHRNA3 and CHRNB4). Such subunits are expressed
in neurons and other tissues, in particular alveolar epithelial cells,
pulmonary neuroendocrine cells and lung cancer cell lines™, and
they bind to N'-nitrosonornicotine and potential lung carcinogens®.
A non-synonymous variant of CHRNAS that induces an amino acid
substitution (D398N) at a highly conserved site in the second intra-
cellular loop of the protein is among the markers with the strongest
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disease associations. Our results provide compelling evidence of a
locus at 15925 predisposing to lung cancer, and reinforce interest in
nicotinic acetylcholine receptors as potential disease candidates and
chemopreventative targets’.

Lung cancer is caused predominantly by tobacco smoking, with
cessation of tobacco consumption being the primary method for
prevention. The risk among those who quit smoking remains ele-
vated (although less than those who continue to smoke), and former
smokers make up an increasing proportion of lung cancer patients in
countries where tobacco consumption has declined®’. Treatment
strategies are of limited efficacy, with an overall 5-year survival rate
of about 15%", Lung cancer has an important heritable component”,
and identifying genes that are involved may suggest chemopreven-
tion targets or allow for identification of groups at high risk. Despitea
large number of studies including both sporadic and multi-case
families, success in identifying genes that cause lung cancer has been
extremely limited.

The availability of tagging single-nucleotide polymorphism (SNP)
panels across the whole genome allows for efficient and comprehen-
sive analysis of common genomic variation to be conducted without
a priori hypotheses based on gene function or disease pathways. They
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require very large series of cases and controls to ensure adequate
statistical power, and multiple subsequent studies to confirm the
initial findings. We conducted a genome-wide association study of
lung cancer using the Illumina Sentrix HumanHap300 BeadChip
containing 317,139 SNPs and estimated to tag approximately 80%
of common genomic variation'’, We initially genotyped 1,989 cases
and 2,625 controls from the International Agency for Research on
Cancer (IARC) central Europe lung cancer study. This was con-
ducted in six countries between 1998 and 2002 and each centre fol-
lowed an identical protocol to recruit newly diagnosed cases of
primary lung cancer, as well as a comparable group of population
or hospital controls (Supplementary Methods). We excluded sam-
ples that failed one of several quality control criteria (Supplementary
Methods) or because they showed evidence of admixture with Asian
ethnicity (Supplementary Fig. 1); we also excluded 7,116 problematic
SNPs. This resulted in a comparison of 310,023 SNPs between 1,926
cases and 2,522 controls.

We analysed each SNP individually by calculating P-values for
trend in a logistic regression model and incorporating additional
parameters including country, age and sex (Supplementary
Methods). The distribution of the bottom 90% of P-values was
similar to the expected distribution, and the genomic control para-
meter was 1.03, implying that there was no systematic increase in
false-positive findings owing to population stratification or any other
form of bias (Fig. 1a). However, there was a marked deviation
between the observed and expected P-values among the top 10%
(Fig. 1b). In particular, two SNPs on chromosome 15925,
rs1051730 and rs8034191, were strongly associated with disease
(P=5x10"" and P=9 % 107", respectively), exceeding the
genome-wide significance level of P=5x 1077 (Fig. lc). Further
analysis incorporating adjustment by principal components indi-
cated that population stratification was unlikely to account for this
observation (Supplementary Methods).

The odds ratio (OR) and 95% confidence interval (Cl) for carrying
one copy of the most significant marker (rs8034191), adjusted by age,
sex and country, was 1.27 (1.11-1.44) and for carrying two copies of
the allele was 1.80 (1.49-2.18); the allelic OR was 1.32 (1.21-1.45).
When the data were analysed separately by country of origin, we
found a significant association in all countries except Romania,
which had the smallest sample numbers, although the trend in
Romania was similar and the association was significant under a

a b
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Figure 1| Genome-wide association results in the central Europe study.
a-<, Quantile—quantile plot for bottom 90% of P-values (a) and top 10% of
P-values (b), as well as scatter plot (c) of P-values in ~log scale from the
trend test for 310,023 genotyped variants comparing 1,926 lung cancer cases
and 2,522 controls.
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dominant model (data not shown). There was no evidence of
heterogeneity by country of origin (P = 0.58). Further adjustment
was undertaken for various tobacco-related variables including dura-
tion of smoking, pack years (average number of cigarette packs per
day multiplied by years of smoking) and age at onset of smoking.
Adjustment by duration of smoking provided the best-fitting model
to account for tobacco use based on the Akaike's information criteria
(Supplementary Methods), although the adjusted estimates with
duration of smoking (allelic OR = 1.28 (1.16~1.42)) were similar
10 the estimates adjusted by age, sex and country only.

We investigated further the association by genotyping 34 addi-
tional 15q25 markers that were selected as follows. First, we used
an imputation method (see http://www.sph.umich.edu/csg/abecasis/
MACH)/index.html) to identify additional genetic variants from the
Centre d’Etude du Polymorphism Humain Utah (CEU) HapMap
data that are likely to have a strong disease association, but are not
present in the HumanHap300 panel. We attempted genotyping of
SNPs from the 15925 region with an association P-value of the
imputed data of <107% Second, we included SNPs of CHRNAS
and CHRNAS that had been included in a previous study of these
genes in nicotine dependence'’. Third, we attempted genotyping of
all non-synonymous SNPs in dbSNP from the six genes within or
near the association region. The results for all markers tested in the
15925 region, including those in the HumanHap300 panel, are
shown in Supplementary Table 1. Twenty-three of the additional
genotyped markers showed evidence of association exceeding the
genome-wide significance level of 5 % 1077 (Fig. 2). These span more
than 182kilobases (kb) but are in strong linkage disequilibrium
(pairwise D' > 0.8 and 7 = 0.6) with two predominant haplotypes
accounting for more than 85% of the haplotypes in patients and
controls (Supplementary Table 2).

To confirm our findings we genotyped rs8034191 and rs16969968
(where rs16969968 is a second variant with a strong disease asso-
ciation) in five further independent studies of lung cancer: the
European Prospective Investigation in Cancer and Nutrition
(EPIC) cohort study (781 cases and 1,578 controls), the Beta-
Carotene and Retinol Efficacy Trial (CARET) cohort study (764 cases
and 1,515 controls), the Health Study of Nord-Trondelag (HUNT)
and Tromse cohort studies (235 cases and 392 controls), the
Liverpool lung cancer case-control study (403 cases and 814 con-
trols), and the Toronto lung cancer case-control study (330 cases
and 453 controls) (Supplementary Methods). We observed an
increased risk for both heterozygous and homozygous variants of
58034191 in all five replication samples (Table 1), with no evidence
of any statistical heterogeneity between studies. After pooling across
all six studies, the ORs (95% CI) were 1.21 (1.11-1.31) and 1.77
(1.58-2.00) for heterozygous and homozygous carriers, respectively,
the allelic OR was 1.30 (1.23-1.37), and the P-value for trend was
5% 107", Further adjustment for duration of tobacco smoking did
not alter the estimates: allelic OR = 1,30 (1.22-1.40). The genotype-
specific model that estimated the OR for heterozygous and homo-
zygous carriers separately was a significantly better fit than the model
estimating the allelic OR (P = 0.025), suggesting a potential recessive
effect.

The prevalence of the variant allele was 34%. resulting in 66% of
the control participants carrying at least one copy, and the percentage
of lung cancer explained by carrying at least one allele (that is, the
population attributable risk) was 15% in the combined data set. We
obtained a similar attributable risk in the central European study
(16%) and in the replication studies (14%). The second variant with
strong disease association (rs16969968) that was genotyped in the five
replication studies gave very similar results, as expected from the strong
linkage disequilibrium (D' = 1.00, ¥ =0.92) among the discase-
associated markers (allelic OR = 1.30 (1.23-1.38); P=1> 10",

The large number of patients in the combined data set allowed us
to examine the association in different smoking categories and with
respect to different histological subtypes (Supplementary Table 3 and
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Figure 2 | Lung cancer area of interest across 15q925. a, P-values for SNPs
genotyped in the 1525 region (76.4-76.8 Mb). The dotted line indicates the
genome-wide threshold of P< 5 10 7, Points labelled with rs numbers

have a P < 1 10 ", Points in red are genotyped in the 317K Illumina panel;
points in bluc indicate additional genotyped SNPs (Tagman). b, Positions of

Supplementary Discussion), Increased risks were seen for former
smokers (P=410"7) and current smokers (P=3x 107"%), as
well as a potential increased risk for people who had never smoked
(P=0.013), No appreciable variation of the risk was found across the
main histological subtypes of lung cancer. We observed a similar risk
after stratifying by age at diagnosis, and a slightly greater risk for
women compared to men (P=0.06) (Supplementary Table 3).
Analysis of the susceptibility locus in additional lung cancer studies
would be desirable to obtain further information on these patterns of
risk, particularly with respect to smoking status, cumulative cigarette
consumption, age and sex. Notably, the risk haplotype is rare in Asian
(Japanese and Chinese) and not observed in African (Yoruba) data in
the HapMap database'* and many of the risk alleles have markedly
varied allele frequencies in different populations (Supplementary
Table 1), Thus, future examination of the association of these mar-
kers with lung cancer in different populations might contribute to
refined mapping of the locus.

Table 1| Lung cancer risk and rs8034191 genotype

m’ﬂﬁ‘?m”"ﬁ&‘?‘ T oear 051268 rs16060068 r31317286

T8.73 Mo

the six known genes, ¢, Pairwise r* estimates for 46 common SNPs from
76.49 Mb to 76.73 Mb in controls from the central Europe IARC study, with
increasing shades of grey indicating higher  values. The majority of
pairwise D' estimates for these SNPs exceed 0.8,

We further investigated whether the locus was associated with
cancers of the head and neck including those of the oral cavity, larynx,
pharynx and oesophagus. We analysed rs8034191 in two separate
studies of head and neck cancer conducted in Europe, the first being
conducted in five countries of central Europe and overlapping with
the lung cancer controls from five of the six countries included in the
present genome-wide association study (726 cases and 694 controls),
and the second study being conducted in eight countries of Europe
(the ARCAGE study) and including 1,536 cases and 1,443 controls,
We observed no effect in either of the two studies separately or
combined or in any of the cancer subgroups (Supplementary
Fig. 2), implying that this association was specific for lung cancer.
Similar results were also observed for rs16969968 (data not shown).

The disease-associated markers span six known genes, including
the nicotinic acetylcholine receptor subunits CHRNAS, CHRNA3
and CHRNBA4, the IREB2 iron-sensing response element, PSMA4,
which is implicated in DNA repair, and LOC123688, a gene of

T/C versus /T C/C varsus T/T Co-dominant model
Renotype genatype
Cases®  Controls® OR 95% CI 559% CI OR 959% C| Povalues  P-heterogeneity

Overall 4,435 7.272 121 111-131 177 158-2.00 130 1.23-137 5x10°%
By study 04951

Central Europe 1922 2520 127 111-144 1.80 149-218 132 1.21-145 9x10°"

Toranto 330 453 120 085-168 184 114-297 132 1.05-165 0.017

EPIC 781 1578 118 097-143 168 129-2.19 127 112-144 %107

CARET 764 1515 131 108-158 177 134-2 34 133 116-151 2x10°°

Liverpoal 403 814 104 0.80-134 165 111-2.44 120 1.00-144 0.047

HUNT/ Tromsa 235 352 109 0.77-154 202 121-337 132 104-168 0022

Odds ratio (OR) and 95% confidence mterval (C1) for lung cancer comparing heterazygous (T/C) and homanygous (C/C) genotypes of rsB034191 to homaozygous (T/T) genotype. overall and
separately for mach of the six studies. ORs are standardized by age. sex and country, P-yalues are derived from the co-domnant modal

* Subjects with valid calf for 138034191
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unknown function (Fig. 2). It is not possible to identify likely causal
alleles or genes based on the differences in the strength of the
statistical association because of the strong linkage disequilibrium.
However, the nicotinic acetylcholine receptor subunits are strong
candidate genes. CHRNAS was the only gene found to contain a
non-synonymous variant (rs16969968 in exon 5) with strong discase
association (P=3x10"%). CHRNA3 contained a synonymous
variant in exon 5 (rs1051730) that was also strongly associated with
disease (P =5 % 107"); the ¥ between these two variants being 0.99.
Although the other markers with a strong disease association either
resided in introns or were inter-genic, we cannot exclude the pos-
sibility that they could have a biological effect on one or more of the
genes from the region. However, other lines of evidence support a
possible role for the nicotinic acetylcholine receptor subunit genes.

Nicotinic acetylcholine receptor subunit genes code for proteins
that form receptors present in neuronal and other tissues, in particu-
lar alveolar epithelial cells, pulmonary neuroendocrine cells, and lung
cancer cell lines*”, and they bind to nicotine and nicotine derivatives
including N'-nitrosonornicotine. An association of CHRNA3 and
CHRNAS variants with nicotine dependence has been reported''-*.
The associated markers include the non-synonymous CHRNAS SNP,
516969968, which is one of our markers of lung cancer risk, This SNP
introduces a substitution of aspartic acid (D) to asparagine (N) at
amino acid position 398 (D398N) of the CHRNAS protein, located in
the central part of the second intracellular loop. Although the func-
tion of the second intracellular loop and the possible biological con-
sequences of the D398N alteration remain to be elucidated, this
amino acid is highly conserved across species, suggesting that it could
have functional importance (Supplementary Fig. 3). A T529A sub-
stitution in the second intracellular loop of 24 nAchR, another nico-
tinic acetylcholine receptor subunit, is known to lead 1o altered
responses to nicotine exposure in the mouse'*,

Within the ARCAGE study (see above), all participants were asked
a series of questions relating to tobacco addiction based on the
Fagerstrom tolerance questionnaire'’, and we used these to examine
whether the chromosome 15925 locus might be implicated in lung
cancer through involvement in tobacco dependence. Two of these
questions ("time to first cigarette’ and ‘numbers of cigarettes per day’)
have been shown to be particularly strongly associated with nicotine
dependence, and responses to both questions result in a *heaviness of
smoking index (HSI)' with a score of between 0 and 6 (ref. 16). We
did not observe an association in the ARCAGE controls between
rs16969968 and any of the individual Fagerstrom indices of nicotine
addiction, or when comparing controls with a HS1 of 0 to those witha
HS!I of 3 or more (Supplementary Table 4). Almost identical patterns
were observed for rs8034191 (data not shown). Thus, our data do not
support an important role for the locus in nicotine addiction.
However, a previous study of a large number of candidate gene
markers (4,309 SNPs) identified a possible association between
1516969968 and addiction (uncorrected P-value = 6.4 X 10™*) using
contrasting extreme phenotypes as measured by the Fagerstrom test
for nicotine dependence (FTND)''. A second study also identified an
association between variants in the region of chromosome 15¢25 and
numbers of cigarettes smoked per day, although it did not assess
directly rs16969968"". The FIND and HSI measures of nicotine
dependence are highly correlated together, and with cigarettes per
day"’, and additional studies to clarify the relationship between chro-
mosome 15q25 variants and tobacco dependence are warranted in
light of these results.

Qur observation of an increased risk with the chromosome 15925
locus and lung cancer in non-smokers, as well as the lack of an
association with smoking-related head and neck cancers, would indi-
cate that the disease mechanism with lung cancer is unlikely to be
explained by an association with tobacco addiction. Independent
biological data also suggest that nicotinic acetylcholine receptors
could be involved in lung cancer through other mechanisms. It has
been suggested that N'-nitrosonornicotine and nitrosamines may

facilitate neoplastic transformation by stimulating angiogenesis
and tumour growth mediated through their interaction with nico-
tinic acetylcholine receptors'*". The expression of these receptors
can also be inhibited by nicotine receptor antagonists, which, if con-
firmed to be involved in disease actiology through such a mechanism,
implies possible chemoprevention opportunities for lung cancer’.
No markers outside of those on chromosome 1525 exceeded the
genome-wide significance level for association with lung cancer,
although a further 29 had a significance level of P<3X 1077
{Supplementary Table 5). Although most were isolated markers,
ten were found to be clustered in a segment of approximately | mega-
base (Mb) on chromosome 6p (28.5-29.5 Mb) within an extended
region of high linkage disequilibrium around the major histocom-
patibility complex. Genotyping of the most significant SNP from the
6p region (rs4324798) in the other five studies provided independent
evidence of association (P = 4 % 10 ), In the combined data set, the
trend test reached genome-wide significance (P=4X1077; see
Supplementary Fig. 4). The region contains up to 20 documented
genes and identification of causal variants is complicated by strong
linkage disequilibrium between variants within neighbouring human
leukocyte antigen (HLA) and non-HLA genes’'. Further analyses in
multiple diverse populations will be required to confirm this locus
and to identify additional lung cancer susceptibility variants. To aid
in this, we have made our genome-wide association results available
through a publicly accessible website (http://www.ceph.fr/cancer).

METHODS SUMMARY

A dewiled description of the component studies can be found in the
Supplementary Methods. The genotyping of the IARC central Europe study
was conducted using lllumina Sentrix HumanHap300 BeadChip. We excluded
variants with a call rate of less than 95% or whose allele distributions deviated
strongly from Hardy—Weinberg equilibrium among controls. We also excluded
subjects with 2 completion rate less than 90% or whose reported sex did not
match with the inferred sex based on the heterozygosity rate from the X chromo-
somes. Unexpected duplicates and unexpected first-degree relatives were also
excluded from the analysis. Additional quality control measures were applied as
described in the Supplementary Methods. Population outliers were detected
using STRUCTURE® with HapMap subjects as internal controls, and were
subsequently excluded from the analysis. Additional analyses for population
stratification were undertaken with EIGENSTRAT®. Odds ratios (OR) and
95% confidence intervals (CI) were calculated using multivariate unconditional
logistic regression models. CEU HapMap SNPs were imputed using MACH
(httpe//www.sph.umich.edu/csg/abecasis/ MACH/index.html). Genotyping of
additional markers was undertaken with Tagman or Amplifluor assays.
Genotyping for all five replication studies was conducted for 38034191 and
rs 16969968, and effect estimates from all six lung cancer studies were combined
using a fixed-effect model. All P-values are two-sided,
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Manganese Superoxide Dismutase
Gene (SOD2) Polymorphism and
Exudative Age-related Macular
Degeneration in the Japanese
Population

EDITOR:

THE ARTICLE BY KIMURA AND ASSOCIATES DEMON-
strated that the manganese superoxide dismutase gene
(SOD2) polymorphism, the C allele of rs4880, conferred
the risk for exudative age-related macular degenera-
tion (AMD) in the Japanese population.' Doubts re-
garding this variant as a risk factor for exudative AMD
had been raised by a previous study of Esfandiary and
associates with a study sample from Northern Ireland.’
We attempted to replicate the study using a larger
cohort that harbored the same genetic background as
was seen in the original study that demonstrated posi-
tive results.

We recruited unrelated Japanese individuals: 215 with
exudative AMD and 363 population-based controls. The
rs4880 T/C was genotyped using the Tagman SNP assay
(Applied Biosystems, Foster City, California, USA). For
the exudarive AMD, the genotype counts were: TT, 176; TC,
39; and CC, 0; whereas for the controls, the counts were: TT,
268; TC, 85; and CC, 10. Both the exudative AMD cases and
the controls were within the Hardy-Weinberg equilibrium
(P = .22, Hardy-Weinberg equilibrium exact test). In the
exudative AMD group, there was a lower frequency of the
C allele as compared with the control group (9.1% in
exudative AMD vs 14.5% in the controls). Therefore,
when compared by using the Chi-square test, the C allele
proved to be protective in our cohort (P = .0073; odds
ratio [OR], 0.59; 95% confidence interval [Cl], 0.40 to
0.87).

The current results did not replicate the previously
reported Japanese study. Using a multiplicative model
(a = 0.05), the reported result of the OR for homozy-
gous CC as 10.14 was rejecred with 100% power. One
possible explanation for the discrepancy between the
previous study and our own observations is that the
number of samples in both studies still may be too low. To
determine if any trends may be found within the data, we
combined the results of the previous Japanese study and
our currents results and performed a meraanalysis. The OR
was found to be 0.92 (95% CI, 0.67 to 1.27) when using
the Mantel-Haenszel method.

It has been postulated that SOD2 may be the poten-
tial enzyme that is responsible for the pathogenesis of
AMD, and some reports have accepted the risk effect of
the C allele as the evidence. We would like ro express
our concerns that the evidence for the risk effect of C
allele of SOD2 rs4880 for exudative AMD seem to be
very fragile.
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REPLY

WE APPRECIATE GOTOH AND ASSOCIATES' CRITICAL READ-
ing of our article reporting an association of manganese
superoxide dismutase (SOD2) gene polymorphism with exu-
dative age-related macular degeneration (AMD)." Their fail-
ure to replicate our results remains to be elucidated. A
polymerase chain reaction—restriction determination of the
SOD?2 allele used in our study has been proved valid else-
where,” and there is noticeably no substantial difference in
the SOD2 allelic distribution between their control subjects
and ours. One possible explanation to be examined to
determine the discrepancy between Gotoh and associares'
and our observations is the differences in the genetic or
anthropologic background of the sample population, that is,
AMD patients in the southern region of Japan and those in
the central region. Our analysis in terms of the mitochondrial
D-loop haplotype suggests that approximately half of our
sample population from Southern Japan is assigned to the
phylogenetic cluster that is dominant for Okinawa or Thai-
land, but not for the central Japan.’ The SOD2 molecule may
play a crucial role in the protection of the retinal pigment
epithelium (RPE) against oxidative stress that has been
thoughr to be one of the major factors involved in RPE cell
death in AMD.* Therefore, it is justified to repeat studies to
define further a possible molecular association with disease
susceptibility in a larger number of samples with haplotype
analysis of intragenic polymorphisms in a single gene.’
YASUSHI ISASHIKI
Aichi, Japan
KATSUAKI KIMURA
Kagoshima, Japan
NORIO OHBA

Nagoya, Japan
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ORIGINAL ARTICLE

G/T Substitution in Intron 1 of the UNC13B Gene Is
Associated With Increased Risk of Nephropathy in
Patients With Type 1 Diabetes

David-Alexandre Trégouet,' Per-Henrik Groop,”” Steven McGinn,' Carol Forsblom,??

Samy Hadjadj,”® Michel Marre,”® Hans-Henrik Parving,” Lise Tarnow,'® Ralph Telgmann,'!
Tiphaine Godefroy,' Viviane Nicaud,' Rachel Rousseau,! Maikki Parkkonen,” Anna Hoverfilt,*
Ivo Gut,” Simon Heath,* Fumihiko Matsuda,* Roger Cox,'? Gbenga Kazeem,'? Martin Farrall,"”
Dominique Gauguier,'? Stefan-Martin Brand-Herrmann,'’ Francois Cambien,' Mark Lathrop,*
and Nathalie Vionnet,' for the EURAGEDIC Consortium

OBJECTIVE—Genetic and environmental factors modulate the
susceptibility to diabetic nephropathy, as initiating and/or
progression factors. The objective of the European Rational
Approach for the Genetics of Diabetic Complications
(EURAGEDIC) study is to identify nephropathy susceptibility
genes. We report molecular genetic studies for 127 candidate
genes for nephropathy.

RESEARCH DESIGN AND METHODS—Polymorphisms were
identified through sequencing of promoter, exon, and flanking
intron gene regions and a database search. A total of 34
nonredundant SNPs and nonsynonymous variants were tested
for association with diabetic nephropathy (persistent albumin-
uria =300 mgR24 h) in a large type 1 diabetes case/control
(1,176/1,323) study from three European populations.

RESULTS—Only one SNP, rs2281099, located in the UNCI3B
gene, was significantly associated with nephropathy after correc-
tion for multiple testing. Analyses of 21 additional markers fully
characterizing the haplotypic variability of the UNCI3SB gene
showed consistent association of SNP rs13283564 (G/T) located
in intron 1 of the gene with nephropathy in the three populations.
The odds ratio (OR) for nephropathy associated with the TT
genotype was 1.68 (95% Cl 1.29-2.19) (P = 1.0 x 107%), This
association was replicated in an independent population of 412
case subjects and 614 control subjects (combined OR of 1.63
[95% CI 1.30-2.05], P = 2.3 x 107°)

From 'INSERM, Paris, France, and Pierre and Marie Curie-Paris VI University,
aris, France; the “Helsinki University Central Hospital, Department of
Medicine, Division of Nephrology, Helsinki, Finland; the "Folkhiilsan Insti-
tute of Genetics, Folkhilsan Research Center, Biomedicum, Helsinki,
Finland; the *CEA/Institute of Genomics-National Genotyping Center, Evry,
France; "CHU Poitiers, Department of Diabetology, Poitiers, France; “IN-
SERM U827, CHU Poitiers, Poitiers, France; the "Assistance Publique des
Hépitaux de Paris, Centre Hospitalier Universitaire Bichai-Claude Bermard,
Paris, France; "Université Paris, INSERM U685, Paris, France; the “Univer-
sity Hospital of Copenhagen, lllgdhos?ilnlm Department of Medical Endo-
crinology, Copenhagen, Denmark; the "“Steno Diabetes Center, Copenhagen,
Denmark; the ''Leibniz Institute for Anteriosclerosis Research, Depanment of
Molecular Genetics of Cardiovascular Disease, University of Muenster, Muen-
ster, Germany, the ""Mammalian Research Couneil, Mammalian Genetics Unit,
Harwell, U.K; and the ""Wellcome Trst Center for Human Geneties, University
of Oxford, Oxdford, 11K

Corresponding author: Nathalie Vionnet, vionnet@eng fr.

Received 18 January 2008 and accepted 8 July 2008

Published ahead of print at hitp/diabetes diabetesjournals.org on 15 July
2008, DOL: 10.2337/db08-0073

© 2008 by the American Diabetes Association. Readers may use this anticle as
long as the work is properly cited, the use is edu onal and not for profit,
and the work is not altered. See http/ereativecommons.orglicensesby
-ne-ndZ3.0 for details

The costs of publication of this article were dafrayed (0 part by the payment of page
charges. This article must thersfore be heveby marked “advertisement™ in accordanes
with 18 1L8.C. Section 1734 solely to indicate thix fact

DIABETES, VOL. 57, OCTOBER 2008

CONCLUSIONS—We identified a polymorphism in the
[INC13B gene associated with nephropathy. UNC138 mediates
apopotosis in glomerular cells in the presence of hyperglycemia,
an event occurring early in the development of nephropathy. We
propose that this polymorphism could be a marker for the
initiation of nephropathy. However, further studies are needed 1o
clarify the role of UNCI3SB in nephropathy. Diabetes 57:
2843-2850, 2008

iabetic nephropathy, characterized by persis-
tent albuminuria, a relentless decline in glomer-
ular filtration rate and raised arterial blood
pressure, affects approximately one-third of pa-
tients with diabetes (1). Nephropathy accounts for 40% of
end-stage renal disease and is associated with high cardio-
vascular morbidity and mortality (2). Epidemiological and
familial studies suggest that genetic factors influence the
risk of diabetic nephropathy in both type 1 and type 2
diabetic patients (3-6). Despite rapid research progress,
robust predictors of this complication are still lacking.
Phenotypic characterization of nephropathy is more
accurate in patients with type 1 diabetes than in those with
type 2 diabetes, where the kidney failure may often be
caused by nondiabetic factors, mainly hypertension. Using
a concerted effort including 2,499 patients with type 1
diabetes from the Danish, Finnish, and French popula-
tions, the European Rational Approach for the Genetics of
Diabetic Complications (EURAGEDIC) consortium has
established a large study for association with diabetic
nephropathy that includes 1,176 case subjects and 1,323
control subjects (7). Single nucleotide polymorphisms
(SNPs) located in 127 candidate genes selected through
assessment of linkage studies, knowledge of metabolic
pathways, and animal models were sought for association
with nephropathy.

RESEARCH DESIGN AND METHODS

Patient populations, Three European centers, from Denmark, Finland, and
France, contributed to the case/control study, with a total of 249 subjects
with type | diabetes. Details for the recruitment of patients have previously
been presented (7) and clinical characteristics of the patients are shown In
online supplementary Table 1 (available in an online appendix at htp/
dx.dol.org/10.2337/de08-0073). Type | diabetes was considered present if the
age al onsel of diabetes was =36 years and the time to definitive insulin
therapy =1 year. Paticnts in the initinl phase of type 1 diabetes, that is,
duration of diabetes <5H years, were not included. Established diabetic
nephropathy (case subjects) was defined by persistent albuminuna ()
mgf2d h or =200 pg/min or =200 mgl1) in two out of three consecutive
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measurements on sterile urine. Patients with clinical or laboratory suspicion
of nondiabetic renal or urinary tract disease were excluded. Absence of
diabetic nephropathy (control subjects) was defined as persistent normoalbu-
minuria (urinary albumin excretion rmte: <30 mg/24 h or <20 pg/min or <20
mg1) after at least 15 years of diabetes d in pati not { with
ACE inhibitors or angiotensin Il receptor blockers.

Accordingly, for the initial study, Denmark contributed 952 patients with
type 1 diabetes including 459 case subjects and 463 control subjects for
diabetic nephropathy, Finland contributed 856 patients including 387 case
subjects and 460 control subjects, and France contributed 681 patients
including 300 case subjects and 301 control subjects, adding up to a total of
2,499 patients including 1,176 case subjects and 1323 control subjects for
nephropathy.

Two independent datasets were used for replication, the first one being an

additional ease/control group from the FinnDiane study (8), including 412
case subjects and 614 control subjects who matched the criteria used in the
Initial study. The second set consisted of 674 patients with type 1 diabetes and
micr {urinary albumin excretion rate 30-300 mg/24 h or 20-200
wg/min or 20-200 mg1) from the Danish (n = 60), Finnish (n = 421), and
French (n = 103) populations. Clinical characteristics for the replication
datasets are presented in online supplementary Table 2.
Molecular screening and SNP selection. The study is a systematic inves-
tigation of 127 « 1 through lies of susceptibility loci
from linkage studies, m hways known to be affected in nephropa-
thy, and data from animal mudels A detailed list of genes and molecular
analyses has been described elsewhere (79).

Single nucleotide polymorphisms (SNPs) in the genes selected for the
study were identified through database searches and by direct SNP discovery.
A total of 118 genes were screened by sequencing all exons, flanking intron
sequences, ' and 3' untranslated regions, and promoter regions in at least 32
DNA ples. The le consisted of healthy French Cauncasian subjects

ol

from the Epidemiological Study on the Genetics and Environment of Asthma
(EGEA) (10). The sample size allowed us to detect SNPs with a minor allele
frequency (MAF) of at least 5% with a probability of 96%. For 33 genes that
were not initially included in the French National Genotyping Centre (CNG)
resequencing effort of >15,000 human genes (hitpsfwww.cng.frienfteams/
geneldentAndex.html), the screening was performed in 64 additional DNA
samples from patients with type | diabetes. These included 24, 20, and 20
patients from Denmark, Finland, and France, respectively, half of them (n =
32) with nephropathy and the other half (n = 32) without. For sequencing,
DNA ples of two | Is from the same population and with the same
phenotype were pooled together. Accordingly, the screening was performed in
16 DNA pools for 86 genes and in 48 (16 + 32) DNA pools for 33 genes.

For each gene, primers were defined for PCR amplification of the exon and

was performed robotically in 384-well plates with a BasePlate Robot (The
Automation Partnership, Royston, U.K). For SNP genotyping by mass spec-
trometry, the GOOD assay was applied as previcusly described (23). TagMan
(assay-by-design) wm carried out in a 5-ul volume according to the manufac-

turer's rece with probes and ix from Applied Biosys-
tems. For Amplifiuor, primers were designed using *AssayArchitect”™ (hitp/
www.assayarchitect.com). Primer seq es and conditi are available on
request. End point fluorescence was detected for TagMan and Amplifluor
assays using an ABITOOOHT reader (Applied Biosystems, Courtaboeuf,
France), and genotypes were assigned with SDS 2.1 software. Genotyping with
the SNPlex platform was performed a:mrding to the manufacturer’s recom-
tations (Applied B! ms, Ci boeuf, France)

The genotyping success rate was >B85% for all markers (<80% for 3% of the
markers, between 00 and 5% for 17%, and >85% for 80% of the markers), and
among 192 replicate samples genotyped blindly, no genotype differences were
found. Hardy-Weinberg equilibrium was checked in case subjects and control
subjects in all populations, and markers showing deviation from Hardy-
Weinberg equilibrium at the 0.001 significance level were not considered in the
case/control comparison.

Statistical analysis. Allele frequencies were estimated by gene counting, and
deviation from Hardy-Weinberg equilibrium was tested by use of a x* with 1
d.f. Difference in allele frequencies between case subjects and control subjects
were tested by a x° test with | d.f sep y in each pop jon, and
associated P values were combined across populations using Fisher's method
(24) to produce an overall test of significance. Adjustment for multiple testing
was carried out by correcting for the effective number of independent tests
(25) to take into account the linkage disequilibrium (LD) between SNPs
Logistic regression analyses were performed to estimate genetic ORs, ad-
justed for age, sex, smoking, diabetes duration, and AL1C. LD matrices were
obtained using Haploview software (26), and haplotype association analyses
were carried out using THESIAS soft (27). Hi geneity of ORs across
populations was investigated using the Mantel-Haenszel statistic (28).
Expression studies

Cell culture. Cell lines HepG2, MDCK 1 and 11, MCF7, Cos7, HeLa, EAhy-926,
Sals-2, 1120, SHSYSY, and rat smooth muscle cells (rSMC) were maintained
in Dulbecco’s modified Eagle's medium (Sigma, Geissendorf, Germany) with
10% conditioned fetal calf serum (PAA, Colbe, Germany), penicillin (100
units/ml), streptomycin (100 ng/ml), and t-glutamin (2 mmol + 17" - mi~").
HEK293T cells received ron-supplemented fetal calf serum (Cell Concepts,
Umkirch, Germany). Suspension cell lines THP1, U837, K562, HL60, and
RAW264.7 were maintained in RPMI-1640 medium (Sigma) with the same
additions plus 1 % minimal essential di (MEM) minimal amino acids
(PAA). Differentiation of THP-1 monocytes into macrophages induced by
stimulation with 107" moll phorbol 12-myristate 13-acetate (PMA) and

promoter regions. PCR was performed in a 16-p] reaction mixture I
25 ng pooled genomic DNA. Primer sequences are available from the nu!.hors
on request. Sequencing reactions were performed according to the dye
terminator method using an ABl PRISM 3700 DNA Analyzer (Applied Biosys-
tems, Foster City, CA). Alignment of experimental results, SNP detection, and
genotype calling were performed using the Genalys software (11) that allows
for genotype calls obtained from pooled DNA.

For each gene, the haplotype structure and frequencies were determined
from the genotypic data obtained from the control group and population
groups using the expectation maximization (EM) algorithm (12). A total of 350
variants were selected to account for all estimated haplotypes with frequen-
cies >06%. These tagSNPs represented a median genetic variation (haplotype
diversity) by gene of 87% (runge 64-100%). All were retained for further
genotyping in the case/control study. In addition, all ymous variants

diffe iation of Sa0s-2 coma cells was induced by stimulation with
100 mmoll glycerol-1-phosphate and 10 mmoll ascorbic acid.

Isolation of total RNA and generation of eDNA. Total RNA from cells was
isolated from 10° cells each with the RNeasy Minl Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. RNA from human brain was
extracted from the left frontal cortex of a To-year-old male patient <24 h
postmortem, and testis RNA was isolated 1 h after surgical operation from a
6il-year-old patient who underwent orchidectomy for prostate cancer as
described (29). RNA yield was controlled by TBE/agarose gel electrophoresis
and adjusted nanophotometrically. For first-strand cDNA synthesis, 5 ug total
RNA was used (Fermentas, St. Leon-Rot, Germany). Efficiency was routinely
controlled by diagnostic PCR for ribosomal protein RP27. Podocyte cDNA
was generated from an immortalized human podocyte cell line (30).
Diagnostic PCR. Exon-spanning primers for nested diagnostic PCR were

that were detected in at least one diseased population were sy fcally
investigated (n = 1),

For two genes (RELA, TGFERI) for which no polymorphisms were
identified, SNPs were selected using the SNPBrowser software v.2 (Applera
Corporation), For eight additional genes (CCRS, CNDPI, HNFAA, LTA, PON2,
GCGR, INPPLI, PLAZ2GT), polymorphisms were selected according to
reported associations with phenotypes relevant for diabetic nephropathy
(13-20). We also examined 94 SNP markers (genomic control markers) in
nongenic regions spaced throughout the genome to control for possible
stratification within each population (21,22).

A total of 21 additional SNPs in the UNCIIB gene (GenelD#10407; full
name unc-13 homolog B [C. eleguns]) were genotyped after the initial positive
association results from the first step. These additional SNPs were selected
from the Hapmap project (hitp/www hapmap.org) so that >85% of the
UNCI38 haplotypic variability was chamcterized.

Genotyping. Genomic DNA was isolated from human leukocyles using
standard methods. SNP genotyping was performed at the French National
Genotyping Center (CNG) using automated high-throughput methods includ-
ing TagMan, Amplifiuor, MALDI-MS, and SNPlex methods, All liquid handling
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fesigned from UNCI3B sequence NM_006377 (sense primers S1: GTGCAC
CACTCCTCATAACTT: 52: CAACCTACTGCTATGAGTGT; antisense primers
Al: TGTGCAAGTCA GCAAAACTAAG, AZ: AAGCCAAGGACAAAACAG
GATC). PCR was conducted with GoTagDNA-Polymerase (Promega) and 35
cycles of amplification. Integrity of the ¢cDNA was controlled by diagnostic
PCR for ribosomal protein 27 (rp27; sense primer: 5'-CCAGGATAAGGAAGG
AATTCCTCCTG-3', antisense primer; 5'-CCAGCACCACATTCATCAGAAGG-
3, not shown),

In silico analyses. For the prediction of putative transcription factor binding
sites, a sequence of 26 bases to either side of the SNP was submiited for each
SNP individually to a net-based search tool (Alibaba2.1, Transfac7.0; htip/
www.gene-regulation.com). Settings for core and pair similarities, matrix
conservation, and factor class levels were adjusted according 1o factors
predicted,

Five polymorphisms, rs10081672, rs10072356, rs13288912, rs12377498, and
rs10972333, were in complete association with rs13203564 located in intron |
of the UNCI3B gene associated with nephropathy. They were detected on the
NCBI B35 (httpZ//www.neblnlmnih.gov) at the respective nucleotide posi-
tions 35145008, 35143430, 35143123, 35140841, and 35126146, with the beginning
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of the 5'-UTR within exon 1 residing at nucleotide position 35151989, This start
site was confirmed in all ref e es in the LI ty of Califomia,
Santa Cruz genome browser, with no indication of altemative upstream exons or
presence of altemative promoters. Hence, the vanants rs10081672, rs108723566,
rs13288012, rs12377408, and rs10972333 are located, respectively, —6,081, -8 554,
~8,866, — 11,148, and — 25843 bp upstream of the transcription starnt site of the
human UNCI3B gene. Sequence homology scans and chromosomal neighbor-
hood analyses were performed using the University of California, Santa Cruz
genome browser (http/genome.ucscedu) covering chromosomal  region
9:35,101,900-35,160,332. Special emphasis was put on placental mammal con-
served elements in a 28-way multiz alignment. Results were cross<hecked using
rVista 2.0 software (hup/rvistadeode.org). There was no noticeable sequence
conservation this far upstream of UNCI3E exon 1 in either species.

RESULTS

SNP discovery, selection, and genotyping. A total of
119 genes were resequenced and 1,833 sequence variants
were detected, including 1,673 SNPs and 160 insertion/
deletion polymorphisms. A total of 773 (42.2%) of these
variants were not present in the dbSNP (build 126) and
therefore represent novel polymorphisms. All data have
been cataloged in the dbSNP database and are available
online at http:/genecanvas.ecgene.net. They were located
in the 5'-flanking region (n = 53), 5'UT (n = 31), intron (n
= 1,166), nonsynonymous coding (n = 139), slice site (n
=1), 3'UT (n = 221), and the 3'-flanking region (n = 40).
The proportion of SNPs detected in exons was not differ-
ent between the 773 newly discovered polymorphisms and
the 1,060 variants in dbSNP build 126 (324 vs. 30.3%, x°
test: P = 0.35). As expected, newly discovered SNPs were
mainly rare, 66.1% with MAF <5% compared with 12.3% of
SNPs in dbSNP (P < 107%). The same held true for
inse}'[innsfdeietions (17.2% new vs. 2.5% in dbSNP, P <
107%).

A total of 532 haplotypes with a frequency >5% in at
least one population were determined. For these 119
genes, a total of 369 polymorphisms, including haplotype-
tagging SNPs and nonsynonymous variants, were selected
for genotyping. For two genes with no variant identified
through resequencing (RELA, TGFBR1), four SNPs were
selected with SNPbrowser. In addition, 15 SNPs were
selected in eight genes from previously reported associa-
tions with phenotypes relevant for diabetic nephropathy.
We were not able to obtain data for 28 markers due to the
impossibility of obtaining a genotyping assay, and 16
markers were excluded because they showed significant
deviation from the Hardy-Weinberg equilibrium in case
subjects and control subjects from the three populations.
Association studies. A total of 344 SNPs were investi-
gated for association with nephropathy in the EURAGE-
DIC study. Allele frequencies in case and control groups
from three populations are shown in supplementary Table
3 (in the online appendix). Nominally significant associa-
tion across the three populations (P < 0.05) was observed
for 33 SNPs of 344, with P values ranging from P = 1.79 x
107° to P = 0.050 (supplementary Table 3). Of the 15
polymorphisms in the eight genes selected from the liter-
ature, only one, rs1799987, located in the CCR5 gene,
showed nominal significant association across the three
populations (P = 0.025), However, this association did not
remain significant after correction for multiple testing. For
the 119 remaining genes, the number of independent tests
was estimated to be N, = 317, with a corresponding
significance threshold of P = 1.58 x 10 * (P = 0.05/317).
Only one SNP, rs2281999, located in UNCI13B, remained
significantly associated with nephropathy (P = 1.79 x

DIABETES, VOL. 57, OCTOBER 2008

D.-A. TREGOUET AND ASSOCIATES

107%) after correction. This association was mainly ob-
served in the Finnish sample, with a trend remaining in the
Danish but not in the French samples (Table 1 and
supplementary Table 3). Another UNCI.2B SNP (rs661712)
showed nominal evidence for association with nephropa-
thy (P = 4 x 107") but did not remain significant after
correction for multiple testing. The association for the 94
genomic control markers was compatible with expecta-
tions under the null hypothesis of no association, indicat-
ing that stratification within one or more of the
populations is an unlikely source of positive association
results. Furthermore, correction of the association for the
two significant eigenvectors identified by performing prin-
cipal components analysis (using Eigenstrat) on the
genomic control markers had no effect on the results,

Our initial sequencing of the 39 exons of UNC13B has
identified a total of 13 SNPs that could be tagged by four
SNPs. These four SNPs, together with a nonsynonymous
variant located in exon 28 (R1124Q), were genotyped in
the whole EURAGEDIC sample. However, analysis of the
available HapMap data revealed that these four SNPs were
not sufficient to correctly characterize the haplotypic
variability of the gene, which spans over ~240 kb on
chromosome 9pl2-pll. Therefore, 21 additional tagging
SNPs spanning the whole gene were further genotyped to
clarify the observed association of UNCI13B SNPs with
nephropathy (Fig. 1). The results of association analyses
of all UNCI1.3B SNPs (apart from two rare variants shown
in supplementary Table 3) with nephropathy are summa-
rized in Table 1. While most of the SNPs were associated
with nephropathy in the whole study, none showed signif-
icant allelic association in the three populations, and only
one, rs13293564, showed nominal allelic association in two
populations: Denmark and Finland. In these two popula-
tions, homozygous carriers of the T allele were more
frequent in case subjects than in control subjects (0.18 vs.
0.12 and 0.25 vs. 0.17, respectively) and were then at higher
risk of nephropathy (OR 1.60 [1.10-2.32], P = 0.013; OR
1.57 [1.11-2.22], P = 0.011, respectively) (supplementary
Table 4). Interestingly, French homozygous carriers of this
allele also tended to be more frequent in case subjects
than in control subjects (0.18 vs. (.15), but the association
failed to reach nominal significance (OR 1.26 [0.83-1.92],
P = 0.278). These three ORs were not statistically different
from each other (P = 0.663) and were therefore combined,
leading to an increased risk of nephropathy associated
with the TT genotype of OR 1.49 (95% CI 1.20-1.85) (P =
0.0003). Further adjustment for smoking and A1C did not
modify these associations (supplementary Table 4).

One feature of the French patients with diabetes is that
76% of them had proliferative retinopathy, whereas this
percentage was 49 and 58 in Denmark and Finland,
respectively (7, supplementary Table 1). Further adjust-
ment for retinopathy status strengthened the observed
association, in particular in France, where the OR associ-
ated with the TT genotype was then similar to that
observed in Denmark (Fig. 2), leading to a common OR for
nephropathy associated with the TT genotype of 1.68 (95%
CI 1.29-2.19) (P = 0.0001). This was explained by the
slightly more pronounced difference in TT genotype fre-
quencies between case subjects and control subjects ob-
served in patients without proliferative retinopathy (0.25
vs. 0.15) than in patients with proliferative retinopathy
(0.19 vs. 0.13) (supplementary Table 5). However, no
heterogeneity was detected according to the retinopathy
status (P = 0.48).
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FIG. 1. Schematic representation of the UNC13B gene. The structure of UNC13B gene on chromosome 9 is presented with the respective positions
of the 39 exons and of the 24 SNPs genotyped (rsID are given in Table 1), as well as the HapMap haplotype blocks (in D'). Arrows at both ends:
SNPs selected through sequencing; single arrow: haplotype tagging SNPs selected from Hapmap; arrow with bullet: position of rs13293564, the
SNP associated with nephropathy; dashed arrow with bullet: SNPs in complete association with rs13293564 (not typed).

A two-locus association analysis (Table 2) on the
rs2281999 and rs13293564 SNPs showed that the difference
in the genotype distribution between case subjects and
control subjects mainly came from the rs13203564-TT
genotype, suggesting that the initial association observed
between the rs228199 and nephropathy was due to its LD
with the rs13293564. All further LD, multilocus, and hap-
lotype analyses converge to a unique recessive effect of the
rs13293564 polymorphism (supplementary Tables 6-8,
supplementary Fig. 1), an effect that occurs homoge-
neously in men and women (data not shown) and across
the three EURAGEDIC populations,

The rs13293564 SNP was further investigated in an
independent Finnish sample from the FinnDiane study (8)
including 412 case subjects with nephropathy and 614
control subjects. In this population, the TT genotype was
also associated with an increased risk of nephropathy (OR
1.45 [1.06-1.98]) (P = 0.020) that was hardly modified by
further adjustment for smoking, AlC, and proliferative
retinopathy (OR 1.51 [0.97-2.36]; P = 0.070). Finally, in the
combined sample from the EURAGEDIC and FinnDiane
studies, the adjusted OR for nephropathy associated with
the TT genotype was 1.63 (95% CI 1.30-2.05) (P = 2.3 X
107) (Fig. 2).

The rs13293564 SNP was further investigated in 674
patients with type 1 diabetes and microalbuminuria from
the three populations. The frequency of the TT genotype in
patients with microalbuminuria was significantly higher
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than the frequency of this genotype in patients with
normoalbuminuria (0.22 vs. 0.15, P < 10 ~*) (supplemen-
tary Table 9). The frequency of the TT genotype was
similar, whatever the stage of diabetic nephropathy, incip-
ient nephropathy (microalbuminuria) (0.22), macroalbu-
minuria (0.21), or end-stage renal disease (ESRD) (0.23)
(supplementary Table 9),

Assuming a minor allele frequency of 039 at the
rs13293564 locus in patients with type 1 diabetes and an
increased risk of 1.6 in homozygous carriers of the T allele,
the population attributable risk for rs13283564 would be
B.3%.

Expression studies. A diagnostic PCR for UNC13B tran-
seripts in various cell lines and tissues (supplementary
Fig. 2) was performed. The strongest expression of
UNC13B was detectable in human tissues from brain,
testis, and podocytes, as well as the human immortalized
podocyte cell line SHSy. Kidney cell lines COS7, and to a
minor extent MDCK 1 and I, express UNCI.3B, but not
embryonic kidney cell line HEK293T. Osteosarcoma cell
lines (Sa0s2, U20s), liver (HepG2), and breast cancer
(MCFT) show noticeable expression, whereas in mono-
cytic cell lines, either differentiated or not, expression is
strictly cell-line dependent. Choriocarcinoma cells HeLa
do not express UNC13B.

In silico analyses. There was no feature to suggest that
rs13293564 located in intron 1 of the UNCI3B is the
functional variant. Analyses of the five polymorphisms in
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TABLE 1
Association analysis between UNC13B gene polymorphisms and diabetic nephropathy in the EURAGEDIC study
Denmark Finland France
Allele frequency Allele frequency Allele frequency
in control Allele frequency in control Allele frequency in control Allele frequency
Polymorphisms subjects in case subjects ¥ subjects in case subjects P subjects in case subjects 5 Whole (£7)
rs13285401 (C/T) 0.684/0.416 0.633/0.367 0.0282 0.699/0.401 0.624/0.376 0.3046 0.619/0.381 0.626/0.374 0.7864 0.1248
rs13203564 (G/T) 0.643/0.357 0.587/0.413 0.0126 0.579/0.421 0.514/0.486 0.0072 0.605/0.395 0.591/0.409 0.5974 0.0032
rs10972365 (T/C) 0.721/0.279 0.748/0.252 0.1711 0.740/0.260 0.797/0.203 0.0060 0.736/0.264 0.767/0.233 0.2113 0.0097
rsd4879877 (A/G) 0.872/0.128 0.821/0.179 0.0020 0.822/0.178 0.798/0.201 0.2208 0.868/0.131 0.866/0.134 0.8739 0.0158
rs4111859 (A/T) 0.872/0.128 (.822/0.178 0.0026 0.821/0.179 0.796/0.204 0.1945 0.870/0.130 0.868/0.132 0.8012 0.0174
rs3904435 (A/G) 0.850/0.150 0.801/0.199 0.00565 0.726/0.274 0.734/0.266 0.7131 0.840/0.160 0.849/0.151 0.6603 0.0639
rs126856290 (A/G) 0.594/0.406 0.578/0.422 0.4892 0.518/0.482 0.448/0.552 0.0044 0.590/0.410 0.605/0.395 0.6779 0.0373
rs17360668 (G/A) 0.744/0.256 0.781/0.219 0.0581 0.758/0.242 0.821/0.179 0.0016 0.754/0.246 0.772/0.228 0.4483 0.0026
rs10972396 (G/T) 0.873/0.127 0.824/0.176 0.0038 0.821/0.179 0.814/0.186 0.7247 0.861/0.139 0.873/0.127 0.5063 0.0407
rs10972397 (A/G) 0.873/0.127 0.819/0.181 0.0012 0.827/0.173 0.612/0.188 0.4190 0.861/0.139 0.867/0.133 0.7500 0.0150
rsT851161 (AT) 0.566/0.444 0.560/0.440 0.8530 0.595/0.405 0.631/0.469 0.0085 0.511/0.489 0.532/0.468 0.4566 0.0761
rs107568301 (T/G) 0.586/0.414 0.676/0.424 0.6467 0.520/0.480 0.450/0.550 0.0041 0.598/0.402 0.614/0.386 0.5392 0.0414
rs10121009 (C/T) 0.810/0.190 0.814/0.186 0.8417 (.711/0.289 0.784/0.216 0.0007 0.826/0.174 0.804/0.196 0.3110 0.0085
rs10114937 (T/C) 0.672/0.328 0.708/0.292 0.0915 0.641/0.359 0.734/0.266 0.0000 0.716/0.285 0.696/0.304 0.4601 0.0000
rs10768303 (A/G) 0.541/0.459 0.623/0.477 0.4154 0.541/0.459 0.461/0.539 0.0010 0.568/0.432 0.561/0.439 0.8021 0.0136
rs661712 (C/T) 0.671/0.329 0.706/0.291 0.0763 0.648/0.352 0.739/0.261 0.0001 0.713/0.287 0.700/0.300 0.5904 0.0004
rs17206428 (C/G) 0.822/0.178 0.833/0.167 0.5156 0.857/0.143 0.818/0.181 0.0323 0.826/0.174 0.851/0.149 0.2332 0.0852
rs12684897 (T/C) 0.821/0.179 0.830/0.170 0.6083 0.861/0.139 0.828/0.172 0.0608 0.790/0.210 0.819/0.181 0.1841 0.1256
rs2282001 (G/C) 0.928/0.072 0.933/0.067 0.6768 0.883/0.117 0.915/0.085 0.0347 0.952/0.048 0.927/0.073 0.0569 0.0394
rs2281909 (C/T) 0.660/0.340 0.693/0.307 0.1396 0.627/0.373 0.725/0.275 0.0000 0.707/0.293 0.704/0.296 0.8933 0.00002
rs1927962 (T/C) 0.781/0.219 0.792/0.208 0.5489 0.826/0.174 0.768/0,232 0.0031 0.773/0.227 0.802/0.198 0.2083 0.0143
rs12339582 (G/T) 1.000/0.000 1.000/0.000 1.0000 L.000/0.000 1.000/0.000 1.0000 1.000/0.000 0.997/0.003 0.1065 0.6121
rs12726 (G/A) 0.780/0.220 0.774/0.226 0.7467 0.782/0.218 0.767/0.243 0.2181 0.7651/0.249 0.739/0.261 0.6007 0.5895
rs10814234 (C/G) 0.864/0.136 0.882/0.118 0.2294 0.923/0.077 0.950/0.050 0.0220 0.877/0.123 0.882/0.118 0.7525 0.0839

*Difference in allele frequencies between case and control subjects was tested by a x* test with | d.[, separately in each population. For each tested SNP, the £ values of the association

tests obtained in the three populations were combined by Fisher's method.
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F1G. 2. ORs for diabetic nephropathy associated with the TT genotype
at the rs132935664 polymorphism. Number of control subjects/number
of case subjects is shown. [, OR adjusted for age and sex; W, OR
adjusted for age, sex, smoking, A1C, and proliferative retinopathy.

complete association with rs13203564 (rs10081672,
rs10972356, rs13288012, rs12377498, and rs10972333) lo-
cated in the putative promoter region showed that the
rs10081672 and rs10972333 SNPs, located respectively
at positions —6081 and —25843 bp upstream of the
transcription start site of the human UNCI3B gene,
affect potential Spl and upstream stimulating factor
binding sites, respectively.

DISCUSSION

We have shown for the first time that a common variation
in the UNCI3B gene was reproducibly associated with
nephropathy. A recent study that assessed 115 candidate
genes for nephropathy in 82 trios did not find significant
results for any of the six UNCI13B markers analyzed (31).
This might be explained by the insufficient number of
markers studied and a study of limited power,

The rs13203564 lies within the first intron of the
[UNC13B gene and is in strong LD with many other SNPs
all along the gene (see supplementary data and HapMap
data). However, it is in complete association with only five
SNPs (rs10081672, rs10972356, rs13288912, rs12377498,
and rs10972333) located in the putative promoter region.
While there is no feature to suggest that rs13293564 is the
functional variant, rs10081672 and rs10972333, located
respectively at positions —6081 and —25843 bp upstream
of the transcription start site of the human UNCI13B gene,
affect potential Spl and USF binding sites, respectively,
suggesting that those SNPs could be the functional vari-
ants, It is possible that regulatory elements are located this
far upstream of the proximal regulatory regions within the
core promoter. Functional molecular analyses are needed
to clarify their impact. It should also be stressed that an

expressed repetitive element NM_001039797 of 3.032 kbp
is located within [/NC13B intron 1, 20 kb downstream of
rs13293564, the function of which is unknown, and strong
LD spans over this region. This opens up the possibility
that genetic variation affects a regulatory element for
UNC13B within the intronic region. Such mechanisms
have recently been shown to be involved in susceptibility
to different diseases (32-34).

The human UNCI3B gene product (also called
Hmunc13) has been cloned from the human kidney library
(356) and is homologous to rat muncl3 proteins, which are
members of the protein kinase C (PKC) superfamily that
lack a kinase domain. Human UNC13B has one C1 diacyl-
glycerol (DAG) and three C2 (Ca**) binding domains. It is
both upregulated and activated in the presence of hyper-
glycemia in renal cortical tubular cells and in glomerular
mesangial cells (36). Using RT-PCR to further assess the
expression of UNC13B in human tissues, we found that
UNC13B was also highly expressed in podocytes (supple-
mental Fig. 2). It has been shown that DAG activation of
UNC13B-expressing cells induces apoptosis. As hypergly-
cemia increases intracellular DAG levels and is associated
with apoptosis in various tissues, including human kidney,
it is plausible that UNCI13B plays a role in mediating renal
complications of diabetes (36). Apoptosis of glomerular
cells occurs quite early in the natural history of diabetic
nephropathy, and it is now recognized that it could be an
inciting event rather than a late consequence caused by
increasing proteinuria (37-41). Interestingly, TT carriers
of UNCI13B_rs13293564 tended to be at slightly higher risk
of nephropathy if they had not yet developed proliferative
retinopathy, a clinical control for longstanding diabetes,
emphasizing the role of UNCI13B at the early stage of the
disease. This is further strengthened by our observation
that the frequency of the UNCI13B_rs13293564 TT geno-
type in patients with incipient diabetic nephropathy, an
early stage of the renal complication characterized by the
presence of microalbuminuria, was significantly higher
than the frequency of this genotype in control subjects.
The similar distribution of the UNC13B_rs13293564 poly-
morphism genotype in three groups of patients with dif-
ferent stages of diabetic nephropathy also suggests that
this polymorphism is implicated in the initiation rather
than in the progression of the disease to more severe
stages. However, because of the cross-sectional design of
this study, we cannot exclude a survival bias in the ESRD
group that would artificially modify the allele frequency
patterns of susceptibility genes in this group.

The molecular analyses of the other 118 candidate genes
identified no further variant associated with nephropathy.
However, the SNPs genotyped in this study do not tag the
haplotype architecture of these loci; rather, they tag a
subset of the haplotypes across these genes based on the
SNPs identified around exons, flanking intronic sequence,

TABLE 2

Genotype distribution derived from rs2281999 and rs13293564 according to diabetic nephropathy status in the whole EURAGEDIC
study

Control subjects N rs13203664 Case subjects 513293564

rs2281999 GG (36%) GT (5006) TT (14%) rs2281999 GG (32%) GT (48%) TT (20%)
CC (43%) 112 (%) 261 (229%) 147 (12%) CC (509%) 04 (9%) 241 (22%) 201 (19%)
CT (46%) 219 (18%) 323 (2™h) 17 (29%) CT (42%) 177 (17%) 263 (24%) 11(1%)
TT (11%) 116 (%) 15 (1%) 1 TT (8%) 81 (™) 10 (1%) 0
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untranslated regions, and promoters. To fully characterize
the haplotypic variability of these genes, as would tagging
SNPs selected from the Hapmap project, the genotyping of
~1,300 SNPs would be required, while 344 have been
typed in this study. Therefore, we cannot exclude that
these candidate genes contribute to the development of
diabetic nephropathy.

Our strategy, based on the genetic assessment of many

candidate genes in a large case/control study for diabetic
nephropathy, including material from three different Eu-
ropean populations, provided evidence of replicated asso-
ciation between UNC13EB and nephropathy and allowed us
to establish for the first time the involvement of UNCI13B
variants in nephropathy. To assess whether or not these
variants are clinically relevant to predict the initiation of
nephropathy or the progression to more advanced stages
of nephropathy will require further investigation in co-
horts of patients with follow-up data.
URLs. HapMap: hitp//www.hapmap.org, UCSC genome
browser: http://genome.uesc.edu; NCBL: httpy/www.nebinlm.
nih.gov; Alibaba2.1, Transfac7.0: hitp:/www gene-regulation.
com; and http:/genecanvas.ecgene.net: genotypic data for all
markers, phenotypic covariates from Danish and French
samples, and a table describing all variations identified in the
EURAGEDIC study.
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SLCO1B1 Variants and Statin-Induced Myopathy —

A Genomewide Study
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ABSTRACT

BACKGROUND

Lowering low-density lipoprotein cholesterol with statin therapy results in substan-
tial reductions in cardiovascular events, and larger reductions in cholesterol may
produce larger benefits. In rare cases, myopathy occurs in association with statin
therapy, especially when the statins are administered at higher doses and with certain
other medications.

METHODS

We carried out a genomewide association study using approximately 300,000 mark-
ers (and additional fine-mapping) in 85 subjects with definite or incipient myopathy
and 90 controls, all of whom were taking 80 mg of simvastatin daily as part of a
trial involving 12,000 participants. Replication was tested in a trial of 40 mg of
simvastatin daily involving 20,000 participants.

RESULTS

The genomewide scan yielded a single strong association of myopathy with the
rs4363657 single-nucleotide polymorphism (SNP) located within SLCO1BI1 on chro-
mosome 12 (P=4x10""). SLCO1B1 encodes the organic anion-transporting poly-
peptide OATP1B1, which has been shown to regulate the hepatic uptake of statins.
The noncoding rs4363657 SNP was in nearly complete linkage disequilibrium with
the nonsynonymous rs4149056 SNP (r*=0.97), which has been linked to statin me-
tabolism. The prevalence of the rs4149056 C allele in the population was 15%. The
odds ratio for myopathy was 4.5 (95% confidence interval [CI), 2.6 to 7.7) per copy
of the C allele, and 16.9 (95% CI, 4.7 to 61.1) in CC as compared with TT homozy-
gotes. More than 60% of these myopathy cases could be attributed to the C variant.
The association of rs4149056 with myopathy was replicated in the trial of 40 mg of
simvastatin daily, which also showed an association between rs4149056 and the
cholesterol-lowering effects of simvastatin. No SNPs in any other region were clearly
associated with myopathy.

CONCLUSIONS

We have identified common variants in SLCO1B1 that are strongly associated with
an increased risk of statin-induced myopathy. Genotyping these variants may help to
achieve the benefits of statin therapy more safely and effectively. (Current Con-
trolled Trials number, ISRCTN74348595.)
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Address reprint requests to the SEARCH
Collaborative Group at the Clinical Trial
Service Unit and Epidemiological Studies
Unit, University of Oxford, Richard Doll
Bldg., Old Road Campus, Roosevelt Dr.,
Oxford OX3 7LF, United Kingdom, or at
search@ctsu.ox.ac.uk.

*The igators and insti par-
ticipating In the Study of the Effective.
ness of Additional Reductions in Choles-
teral and Homocysteine (SEARCH) are
listed in the Appendix and in the Supple.
mentary Appendix, available with the full
text of this article at www.nejm.org. The
members of the writing committee
(listed in the Appendix) assume re-
sponsibility for the overall content and
integrity of the article.

This article (10.1056/NEJMoa0801936) was
published at www.nejm.org on July 23,
2008.

N Engl ) Med 2008;359:789-99.
Copynght € 2008 Munochusett: Medical Society.

789

Downloaded from www.nejm.org at KYOTO UNIV MED LIB on March 1, 2009 .

Copyright © 2008 Massachusetts Medical Society. All rights reserved,

176 -



790

ized studies shows that statin therapy re-

duces the incidence of heart attacks, strokes,
and revascularization procedures by about one fifth
for each reduction of 40 mg per deciliter (1 mmol
per liter) in the low-density lipoprotein (LDL)
cholesterol level.” In rare cases, statins can cause
muscle pain or weakness in association with el-
evated creatine kinase levels (i.e., myopathy), and
occasionally, this leads to muscle breakdown and
myoglobin release (i.e., rhabdomyolysis), with a
risk of renal failure and death.? The mechanisms
by which statins cause myopathy remain unknown
but appear to be related to statin concentrations
in the blood. The incidence of myopathy is typi-
cally only about 1 case per 10,000 patients per
year with standard doses of statins (e.g., 20 to 40
mg of simvastatin daily), but it increases with
higher doses (e.g., 80 mg of simvastatin daily)
and with concomitant use of certain drugs (e.g.,
cyclosporine, which can inhibit statin metabo-
lism).>#* Although higher doses of statins may
well result in larger reductions in the risk of vas-
cular events,'5 large, long-term, randomized
studies comparing different doses are needed to
make a reliable assessment of the balance be-
tween efficacy and safety.

The ongoing Study of the Effectiveness of Ad-
ditional Reductions in Cholesterol and Homo-
cysteine (SEARCH), a randomized trial involving
12,064 participants with prior myocardial in-
farction, aims to determine whether a daily dose
of 80 mg of simvastatin (Zocor, Merck) safely
produces greater benefits than does a daily dose
of 20 mg of simvastatin.’® During an average
tollow-up of about 6 years among the 6031 par-
ticipants who were assigned to receive 80 mg of
simvastatin, there were 98 definite or incipient
cases of myopathy; more than half occurred in
the first year, and all of the patients had a full
recovery. Interim analyses revealed a strong, pre-
viously unrecognized, association of myopathy
with 80 mg of simvastatin daily and the con-
comitant use of amiodarone (relative risk of
nearly 10). Consequently, participants who were
taking amiodarone were given 20 mg of simva-
statin daily (irrespective of their original assign-
ment), and treatment with amiodarone is now
contraindicated with higher doses of simvastat-
in.'* We hypothesized that similarly strong as-
sociations might exist between myopathy with

] E VIDENCE FROM LARGE-SCALE, RANDOM-
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high-dose statin regimens and genetic variants,
especially those affecting blood statin levels,

Previous studies have considered the relevance
to myopathy of various candidate genes, such as
CYP3A4, which is involved in the metabolism of
certain statins,? genes encoding organic anion—
transporting polypeptides,'? some of which are
associated with statin elimination, and genes
involved in ubiquinone (coenzyme Q,,) deficien-
¢y.** Genetic associations with statin-induced
myopathy, myalgia, or intolerance have been re-
ported,'*'5 but none were statistically convinc-
ing, owing to the large numbers of candidate
genes and single-nucleotide polymorphisms (SNPs)
assessed.*” Moreover, the apparent differences
in the risk of myopathy in those studies may have
been confounded by differences in statin regi-
mens and concomitant use of other drugs.* The
comparatively large number of cases of myopa-
thy among patients who were taking a high dose
of simvastatin in SEARCH and the inclusion of
well-matched controls from the same population
allowed us to conduct a genomewide association
study with good power to detect genetic variants
that have plausibly large effects.

METHODS

PARTICIPANTS AND SAMPLES IN SEARCH

Between September 1998 and October 2001, in-
vestigators in the SEARCH trial randomly assigned
12,064 participants from the United Kingdom
who had had a myocardial infarction to receive
either 80 mg or 20 mg of simvastatin daily.'® Ap-
proval was obtained from the ethics committees
of the participating institutions, and all participants
gave written informed consent. At each follow-up
assessment (at 2, 4, 8, and 12 months and then
every 6 months), participants were questioned
about new, unexplained muscle pain or weak-
ness, and blood was drawn for measurements of
creatine kinase and alanine aminotransferase
levels at a central laboratory. By September 20006,
“definite” myopathy (i.e., muscle symptoms, with
creatine kinase levels that were more than 10
times the upper limit of the normal range) had
developed in 49 of the 6031 participants who had
been assigned to receive 80 mg of simvastarin.
An additional 49 participants were considered to
have “incipient” myopathy on the basis of their
safety blood profile (a creatine kinase level that

N ENGL ] MED 355:8 WWW.NEJM.ORG  AUGUST 21, 2008
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was more than both 3 times the upper limit of
the normal range and 5 times the baseline level,
plus an alanine aminotransferase level that was
more than 1.7 times the baseline value without
an elevated alanine aminotransferase level alone
at any other visit), irrespective of whether there
were muscle symptoms. In contrast, only 2 defi-
nite and 6 incipient cases were identified among
the 6033 participants who had been assigned to
receive 20 mg of simvastatin.

The myopathy study was designed, analyzed,
and interpreted jointly by members of the writing
committee, The data were gathered as part of ran-
domized trials designed and conducted by the
Clinical Trial Service Unit, Oxford, United King-
dom, and genotyping was performed by the Cen-
tre National de Génortypage, Paris. The members
of the writing committee drafted this report on
behalf of the SEARCH Collaborative Group (see
the Supplementary Appendix, available with the
full text of this article at www.nejm.org) and
take responsibility for the completeness, accuracy,
and integrity of the data.

GENOTYPING AND SEQUENCING IN SEARCH

The genomewide association study was restricted
to the 96 participants in whom myopathy (definite
in 48 and incipient in 48) developed while they
were taking 80 mg of simvastatin daily as part of
SEARCH and for whom buffy-coat samples were
available. Among the remaining participants who
were assigned to receive 80 mg of simvastatin, 96
controls were selected who were matched with
the case subjects with respect to sex, age, estimat-
ed glomerular filtration rate, and use or nonuse
of amiodarone at baseline. Case subjects and
controls were not known to be related; one case
subject who had classified himself as having non-
European ancestry was excluded. Multidimension-
al scaling of the matrix of genomewide identity-
by-state distances was used to identify persons
with potentially different ancestry or other out-
liers'#; four participants appeared to cluster away
from the remaining case subjects and controls
(and a sensitivity analysis was performed with
these participants excluded). The DNA concen-
tration was measured by means of fluorescence
staining (PicoGreen method, Invitrogen), and its
quality examined by means of gel electrophoresis
and polymerase-chain-reaction (PCR) amplifica-
tion of two microsatellite markers; we obtained

adequate DNA from 85 case subjects and 90 con-
trols (see Table 1 in the Supplementary Appendix).
The Sentrix HumanHap300-Duo BeadChip (Illu-
mina), which contains 318,237 SNPs, was used,'?
and 316,184 SNPs (99.4%) passed data-quality
checks (after exclusion of 1098 SNPs that were
not successfully genotyped in any participant, 813
that were missing in more than 10% of the par-
ticipants, 139 that were monomorphic in this pop-
ulation, and 3 that deviated from Hardy-Wein-
berg equilibrium among controls [P<1.6x1077;
P<0.05 with the Bonferroni correction]).

After the genomewide analysis, we resequenced
exons within SLCO1BI in 83 case patients and 89
controls who had adequate DNA available and
included an additional 38 genotyped and 141 im-
puted®® variants (using HapMap CEU*! as a refer-
ence population) with a nonzero minor-allele
frequency in the case—control analysis. The Illu-
mina panel does not cover variation in CYP3A4,
which is a plausible candidate for statin-induced
myopathy,® so we also resequenced this gene in
54 case subjects and 62 controls with adequate
DNA remaining and included 20 genotyped and
11 imputed variants in the analysis. (Further de-
tails are available in Table 2 and the Methods
section in the Supplementary Appendix.)

REPLICATION IN THE HEART PROTECTION STUDY
Between July 1994 and May 1997, a total of 20,536
patients in the United Kingdom with preexisting
occlusive vascular disease or diabetes were ran-
domly assigned to receive either 40 mg of sim-
vastatin daily or placebo as part of the Heart Pro-
tection Study.*? At each follow-up assessment (at
4, 8, and 12 months and then every 6 months),
participants were questioned about any new, un-
explained muscle pain or weakness, and blood was
drawn for measurements of creatine kinase and
alanine aminotransferase levels at a central labo-
ratory. During an average follow-up of S years, 24
cases of myopathy (10 definite plus 14 incipient)
were identified among the 10,269 participants who
were assigned to receive 40 mg of simvastatin
(with 23 of the cases identified while the partici-
pants were taking the study statin) versus 12 cases
(4 definite plus 8 incipient) among the 10,267 who
were assigned to receive placebo (with 3 of the
cases identified while the participants were tak-
ing nonstudy statin). DNA was extracted from
19,856 participants (97%), and the rs4149056 and
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