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A genome-wide association study identifies
KIAA0350 as a type 1 diabetes gene
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Type 1 diabetes (T1D) in children results from autoimmune
destruction of pancreatic beta cells, leading to insufficient produc-
tion of insulin'. A number of genetic determinants of T1D have
already been established through candidate gene studies, prim-
arily within the major histocompatibility complex™™ but also
within other loci>?. To identify new genetic factors that increase
the risk of T1D, we performed a genome-wide association study
in a large paediatric cohort of European descent. In addition to
confirming previously identified loci>®, we found that T1D was
significantly associated with variation within a 233-kb linkage
disequilibrium block on chromosome 16p13. This region contains
KIAA0350, the gene product of which is predicted to be a sugar-
binding, C-type lectin. Three common non-coding variants of the
gene (rs2903692, rs725613 and rs17673553) in strong linkage dis-
equilibrium reached genome-wide significance for association
with T1D. A subsequent transmission disequilibrium test replica-
tion study in an independent cohort confirmed the association.
These results indicate that KIAA0350 might be involved in the
pathogenesis of T1D and demonstrate the utility of the genome-
wide association approach in the identification of previously
unsuspected genetic determinants of complex traits.

The risk for T1D is strongly influenced by multiple genetic loci and
environmental factors. The disease is heritable, with first-degree rela-
tives of patients with T1D being at 15-fold greater risk for developing
the condition than the general population.

Variation in four loci has already been established to account for a
significant proportion of the familial clustering of T1D. These
include the major histocompatibility complex (MHC) region on
chromosome 6p21 (mostly residing in the HLA-DRBI, -DQAI and
-DQBI genes®™), the insulin locus (INS) on chromosome 11p15 (refs
5-7), the protein tyrosine phosphatase-22 (PTPN22) gene on chro-
mosome 1p13 (refs 8, 9) and the gene that encodes the cytotoxic
T-lymphocyte-associated protein 4 (CTLA4) on chromosome 2q31
(refs 10-12). The interleukin-2 receptor alpha (CD25 IL2RA) locus
on chromosome 10p15 (ref. 13) has also been implicated, and a
report that T1D is associated with a non-synonymous variant in
the innate immunity gene IFIHI (ref. 14) remains to be indepen-
dently replicated. Several other reported associations'"” have not
been convincingly replicated and remain controversial, and linkage

studies'®?!' have established that there is no other locus with an effect

size approaching that of the HLA genes.

The established genetic associations with T1D explain little more
than half of the genetic risk for T1D, indicating that other loci exist,
although their number and effect size remain unknown. To search
systematically for the remaining loci, we performed a two-stage
genome-wide association (GWA) study.

In stage 1, we genotyped 550,000 single nucleotide polymorphisms
(SNPs) with the [llumina Human Hap550 Genotyping BeadChip?*?,
from 563 patients with T1D and 1,146 controls of European ancestry
(based on self-report) plus 483 complete T1D family trios of the
same ancestry. All patients had clinically proven T1D and were using
insulin. We rejected 2,239 SNPs because of call rates <90% and
19,065 SNPs were removed for minor allele frequencies below 1%;
as such, 534,071 SNPs remained in the analysis. Following this pro-
cess, 16 trios, 2 cases and 3 controls were removed from further
consideration.

In the case-control analysis, we compared single-marker allele
frequencies using y” statistics for all markers. We used the transmis-
sion disequilibrium test (TDT) to calculate the P-values of transmis-
sion distortion from heterozygous parents in affected parent—child
trios. The resulting P-values from the case-control and family-based
analyses were then combined using Fisher’s method* to quantify the
overall evidence for association. As anticipated, the MHC region
was strongly positive, with 392 markers above the threshold for
Bonferroni correction (Supplementary Table S1). As this locus is well
established, and as a much denser marker coverage is needed to deal
with the particularities of this region, we elected not to address this
locus further. However, it should be noted that allele A of the most
significant MHC-associated SNP, rs2647044, tags HLA-DRBI as effi-
ciently as a previously identified SNP** and was observed to be in
epistasis (P < 10~ '%) with rs3117098, which is also associated with
T1D, at the butyrophilin-like 2 (BTNL2) locus within the MHC. We
found no other significant epistasis with significantly associated
SNPs.

Eleven non-MHC SNPs were the next most significant markers,
and remained significant at the 0.05 level after Bonferroni correction
(Table 1). One of these eleven markers, rs2476601 (P = 1.11 X 10~ '?)
and another five markers, rs1004446, rs6356, rs10770141, rs7111341
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Table 1| TDT and case-control association study results for GWA significant markers

Case-control cohort

Triad cohort (n = 467)

Chr. SNP Allele Aff. allele freq. Ctrl allele freq. OR (95% CI)
(n=561) (n=1,143)

1 rs2476601 A 0.1471 0.08757 1.80 (1.44,2.24)
11 rs1004446 T 0.254 0.3539 0.62 (0.53,0.73)
16 rs2903692 A 0.2834 0.3782 0.65 (0.56, 0.76)
11 rs6356 A 0.4602 0.3593 1.52(1.31,1.76)
16 rs725613 C 0.3004 0.3898 0.67 (0.58, 0.78)
7 rs10255021 A 0.06667 0.1095 0.58 (0.44,0.77)
11 rs10770141 A 0.2799 0.373 0.65 (0.56, 0.76)

1 rs672797 T 0.2257 0.1589 1.54 (1.29,1.85)
16 rs17673553 G 0.2023 0.2791 0.66 (0.55, 0.78)
11 rs7111341 T 0.1843 0.2631 0.63 (0.53,0.76)
11 rs10743152 T 0.271 0.3574 0.67 (0.57,0.78)

P-value Alleles  Trans:untrans TDT P-value P-value Locus
combined

132%X1077  AG 137:64 262x1077 111x10°*  PTPN22
438x107° T.C 160:228 556X 107* 6.75x 10 1 INS
477x10°%  AG 170251  7.89x107° 1.03X 10 ° KIAA0350
1.78x10°%  AG 255:197 0.00637 270x107° INS
324%x1077 CA 178:248 695X 10°* 523x10°° KIAA0350
116 X10°*  AG 18:57 669x10°° 171x10°% COLIA2
720x107%  AG 186:234 0.01917 295%x10°8 INS
267X10°°% TG 177:119 749X 107* 420x10°%  LPHN2
130X10°°  GA 146:203 0.00228 6.12x107% KIAA0350
377x107  T.C 138:185 0.008919  6.90x 108 INS
473x1077  T.C 179:233 0.007805  7.53x10°® INS

Minor allele frequencies, P-values and odds ratios (OR) are shown. The ORs shown are for the minor alleles (as observed in the controls). Combined P-values are also shown, together with the gene in
which the markers reside or which they are nearest to. P-values are two-sided in each instance. Aff. allele freq., allele frequency in affected individuals; Chr., chromosome; Cl, confidence interval; Ctrl
allele freq., allele frequency in unaffected individuals; Trans:untrans, ratio of transmitted to untransmitted alleles.

and rs10743152 (P-value range7.53 X 10~° to 6.75 X 10~ '"), are in
two known T1D susceptibility loci, PTPN22 and INS, respectively.
Three common non-coding variants (rs2903692 allele A, rs725613
allele C and rs17673553 allele G), in strong linkage disequilibrium
(LD) in the KIAA0350 gene on chromosome 16pl13.13, also
attained genome-wide significance for T1D association (P-value
range 6.12 X 1078 to 1.03 X 10 1% case-control odds ratio (OR)
range 0.65-0.66). The minor allele is protective, with a frequency of
0.28-0.39 in controls. In addition, eleven other markers in the
KIAA0350 LD block showed association with P<<0.00001 in the
family trios and case-control cohort combined (Supplementary
Table S2). We found no significant interaction between allele A of
1rs2903692 and known HLA subtypes (Breslow-Day test for hetero-
geneity of the allelic odds ratio P = 0.67; Supplementary Table S3).

Two other loci, namely the gene for collagen type 1 a2 (COLIAZ2;
rs10255021) and rs672797, in the vicinity of latrophilin 2 (LPHN2),
were also significantly associated following Bonferroni correction in
stage 1 (Table 1); however, they failed to replicate in follow-up stud-
ies. Thus, in stage 1 we have confirmed the association with the three
established T1D loci, and uncovered KIAA0350 as a potential T1D
locus of genome-wide significance. This locus was fast-tracked to
Stage 2.

Many reported associations with common variants have not been
replicated owing to such factors as population stratification, inad-
equate statistical power and genotyping errors®. Using TDT for the
family-based analysis provides adequate protection against stratifica-
tion, and the clustering of significant SNPs at the KIAA0350 locus
makes genotyping error extremely unlikely; in addition, the applica-
tion of EIGENSTRAT?® to the case-control data set indicated that
population stratification had little impact on our results (see Sup-
plementary Information). Nevertheless, we sought to confirm the
association between T1D and the locus in an additional unrelated
sample of affected parent—offspring trios. We used TDT to calculate
the level of significance of differences between transmitted and
untransmitted allele counts in 1,333 affected offspring from 549
nuclear families from the Type 1 Diabetes Genetics Consortium
(T1DGC) plus an additional 390 Canadian trios. Using the SNPlex
platform from Sequenom, we confirmed the association of
rs17673553, rs725613 and rs2903692 (P = 0.023 —0.0022) and found
that several other markers in the LD block also showed association
(Supplementary Table S2). All of these SNPs were in LD, with the

minor allele again conferring protection, except for the minor A allele
of rs7200786, which conferred risk, yielding an OR of 1.33 and a PAR
of 12.6% (combined P for all three cohorts =9.12 X 10~7). These
SNPs have frequencies in our controls that are very close to those
observed in the International HapMap, all are in Hardy—Weinberg
equilibrium and all survive all quality control measures for high-
quality SNPs.

In an analysis that combined all three independent cohorts (563
cases against 1,146 controls; 483 stage 1 trios and 1,333 T1D offspring
from 939 nuclear families for stage 2) for these three intragenic
KIAA0350 markers, the combined P-values for their association with
T1D ranged from 2.74 X 10~° to 6.7 X 10 '". The results remain
significant when limited to the 839 nuclear families that self-report
as Caucasian (Table 2, Supplementary Table S2).

This locus resides in a 233-kb block of LD that contains only
KIAA0350 and no other genes, making this gene a prime candidate
for harbouring the causative variant. KIAA0350 encodes a protein of
unknown function and its genomic location is next to the suppressor
of cytokine signalling 1 (SOCS1I) gene. The almost exclusive express-
ion specificity of KIAA0350in immune cells (http://symatlas.gnf.org/
SymAtlas), including dendritic cells, Blymphocytes and natural killer
(NK) cells, all of which are pivotal in the pathogenesis of T1D*"*,
indicates that the variant probably contributes to the disease by modu-
lating immunity. The predicted protein product of KIAA0350 bears
similarities to a subset of adhesion and immune function signalling
molecules. Pfam® prediction indicates that this gene probably en-
codes a protein with a calcium-dependent, or C-type, lectin-binding
domain structure. Proteins of this type are known to be involved with
calcium current flux, and the predicted function of the protein
encoded by KIAA0350 includes sugar binding, according to the
Gene Ontology project (GO: 0005529; http://www.geneontology.
org). The C-type lectins are known for their recognition of various
carbohydrates and are crucial for processes that range from cell
adhesion to pathogen recognition™.

To investigate whether genotype influences KIAA0350 expression,
we used a synonymous SNP in exon 19, 152286973, (> = 0.72 with
rs725613; ¥ = 0.67 with rs2903692) to evaluate the relative abund-
ance of each allele in steady-state messenger RNA from ten lympho-
blastoid cell lines. The allele ratios in the mRNA, determined through
bi-directional sequencing, were not different from those in the
DNA, indicating that expression is not influenced by genotype

Table 2 | Replication of stage 1 results for KIAA0350 in a family-based analysis of an independent cohort derived from 939 nuclear families

All trios
(939 nuclear families)

Caucasians only
(839 nuclear families)

Stage 1 and replication

Chr. SNP Alleles Trans: untrans TDT P-value Trans: untrans TDT P-value Combined P-value
16 rs2903692 AG 466:538 0.023 438:504 0.032 670 x 107
16 rs725613 CA 461:559 215x10°3 435:520 5.95x 1073 8.86 X 10711
16 rs17673553 GA 371:448 713x10°3 348:422 7.66x 1073 274x107°

Family-based association P-values were computed using TDT. P-values are two-sided in each instance.
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Figure 1| Pairwise linkage disequilibrium diagram of the KIAA0350 locus
on 16p13.13. This ‘gold plot’ is derived from HapMap CEPH Utah (CEU)
data corresponding to a region spanning from 10,899,122 (rs8063850) to
11,395,501 (rs12597032) base pairs on chromosome 16 (build 35); intensity
of shading is proportional to D’ (the fraction of observed linkage

(Supplementary Fig. S1). In an additional attempt to identify the
functional variant, we sequenced exon 23 in 20 affected individuals
who were homozygous for the risk allele, to determine whether the
association might be due to a strong predisposing effect from the rare
non-synonymous SNP, rs2241100; however, all individuals were
homozygous for the common allele. We also investigated the express-
ion of KIAA0350 in four different NK cell lines and found a trend
towards higher expression in the NKL cell line; interestingly, this cell
line is the only one that is homozygous for allele A of rs2903692
(Supplementary Fig. S2).

Studies are underway to characterize the functional role of
KIAA0350. In light of the crucial role of the MHC genetic repertoire
in antigen presentation involving sugar groups, such as lectin, we
hypothesize that a genetic variant in the binding site for such a
molecule on the activating cytotoxic T-cell could elicit an auto-
immune response that results in the destruction of the islet cells of
the pancreas, as seen in T1D.

Finally, it is worth noting that haplotype-based coverage with
550-K markers did not reveal loci with effect sizes equal to or stronger
than those of INS and PTPN22. This might lead to the conclusion
that such lodi, if they exist, cannot be numerous. Although INS was
unequivocally detected despite the fact that the most associated hap-
lotype at that locus was tagged at an 1* < 0.8, it is still possible that our
stage 1 missed loci in that order of effect magnitude because of
imperfect tagging. Our approach has a high likelihood of discovering
such loci in the course of a full stage 2 and subsequent fine mapping
of the loci that will be discovered.

Note added in proof: After the acceptance of this manuscript, an
independent GWA was reported that also identified KIAA0350 as a
T1D locus®*.

METHODS SUMMARY

Cases and family trios for stage 1, as well as 390 of the families that were used in
stage 2, were identified through paediatric diabetes clinics in Philadelphia,
Montreal, Toronto, Ottawa and Winnipeg; these cases are unique to our study.
The remaining stage 2 families were provided by the TIDGC and originated from
Europe, North America and Australia. TIDGC families are available to many
investigators but we are not aware of any GWA studies that have used them.
Controls for stage 1 were drawn from the Children’s Hosptial of Philadelphia
Health Care Network. Genotyping for stage 1 was conducted using Illumina
Infinium Hap500 high-density oligonucleotide microarrays. Genotyping for

disequilibrium over the maximal possible). The relative genomic location of
the KIAA0350 gene is shown; it is contained within a single LD block; no
other gene resides within this LD block of association. The most pertinent
gene in the adjacent region is the SOCSI gene (indicated).

stage 2 was conducted with matrix-assisted laser desorption/ionization—time
of flight (MALDI-TOF) mass spectrometry using the Sequenom iPLEX system.
All statistical tests for association were carried out using the software package
plink. The single-marker analysis for the genome-wide data was carried out using
a y* test on allele count differences in cases and controls. ORs and the corres-
ponding 95% confidence intervals were calculated for the association analysis. A
TDT was used to evaluate differences between transmitted and untransmitted
allele counts in T1D trios in stage 1 and in nuclear families in stage 2, using the
standard TDT implemented in the Haploview software package (http://
www.broad.mit.edu/mpg/haploview). The P-values from the case-control and
family-based analyses in stage 1 were combined using Fisher’s method to quant-
ify the overall evidence for association.

On completion of our full stage 2, we will make summary data publicly
available (that is, genotype counts for all sets of subjects and transmission counts
from heterozygous parents in the family data, at all loci that passed quality
control).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Type 1 diabetes cohort from Canada. The Canadian cohort consisted of 1,120
nuclear family trios (one affected child and two parents) and 267 independent
T1D cases, collected in paediatric diabetes clinics in Montreal, Toronto, Ottawa
and Winnipeg. The median age at onset is 8 yr with lower and upper quartiles at
4.6 yr and 11 yr. All patients were diagnosed under the age of 18 and have been
treated with insulin since diagnosis, and none has stopped treatment for any
reason during that time. Disease diagnosis was based on these clinical criteria,
rather than any laboratory tests. Ethnic backgrounds were of mixed European
descent, with the largest single subset (409 families) being French Canadian. The
Research Ethics Board of the Montreal Children’s Hospital and other particip-
ating centres approved the study, and written informed consent was obtained
from all subjects.

Type 1 Diabetes Genetics Consortium cohort. The Type 1 Diabetes Genetics
Consortium cohort consisted of 549 families (2,350 individuals) with at least two
children diagnosed with diabetes and both parents available as of the July 2005
data freeze. Criteria were age at diagnosis below 35 yr and had uninterrupted
treatment with insulin within six months of diagnosis. For siblings of probands
diagnosed under the age of 35 yr, the age-at-diagnosis limit was extended to 45 yr
if they were lean and had positive antibodies and/or low C-peptide levels at
diagnosis. The median age of onset is 8 yr with quartiles at 4 yr and 13 yr. The
samples were collected in Europe, North America and Australia and most sub-
jects were of European ancestry. Autoantibody results are available but were not
used to substantiate the diagnosis, except as noted above.

Type 1 diabetes cohort from Philadelphia. The T1D cohort consisted of 103
children recruited at the Children’s Hospital of Philadelphia (CHOP) since
September 2006. All patients were diagnosed under the age of 18yr. Of those,
49 T1D patients (32 female, 17 male) were caucasian by self-report (average age
of onset 7.07 yr; range 9 months—14 yr) and were included in the analysis. All
have been treated with insulin since diagnosis and none has stopped treatment
for any reason since. The Research Ethics Board of CHOP approved the study
and written informed consent was obtained from all subjects.

Control subjects from Philadelphia. The control group included 1,146 children
with self-reported caucasian status, mean age 9.42 yr; 53.05% male and 46.95%
female, who did not have diabetes or a first-degree relative with T1D. These
individuals were recruited by CHOP’s clinicians and nursing staff within the
CHOP’s Health Care Network, including four primary care clinics and several
group practices and outpatient practices that included well child visits. The
Research Ethics Board of CHOP approved the study, and written informed
consent was obtained from all subjects.

Illumina Infinium assay. We performed high-throughput, genome-wide SNP
genotyping, using the InfiniumIl HumanHap550 BeadChip technology*>*
(Illumina), at the Center for Applied Genomics at CHOP. We used 750 ng of
genomic DNA to genotype each sample, according to the manufacturer’s guide-
lines. On day one, genomic DNA was amplified 1,000-1,500-fold. On day two,
amplified DNA was fragmented to ~300-600 bp, then precipitated and resus-
pended before being hybridized on to a BeadChip. Single-base extension (SBE)
uses a single probe sequence, ~50 bp long, that is designed to hybridize imme-
diately adjacent to the SNP query site. After targeted hybridization to the bead
array, the arrayed SNP locus-specific primers (attached to beads) were extended
with a single hapten-labelled dideoxynucleotide in the SBE reaction. The haptens
were subsequently detected by a multi-layer immunohistochemical sandwich
assay, as recently described®**. The Illumina BeadArray Reader scanned each
BeadChip at two wavelengths and created an image file. As BeadChip images
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were collected, intensity values were determined for all instances of each bead
type, and data files were created that summarized intensity values for each bead
type. These files consisted of intensity data that were loaded directly into
Illumina’s genotype analysis software, BeadStudio. A bead pool manifest created
from the laboratory information management system (LIMS) database contain-
ing all the BeadChip data was loaded into BeadStudio along with the intensity
data for the samples. BeadStudio used a normalization algorithm to minimize
BeadChip to BeadChip variability. Once the normalization was complete, the
clustering algorithm was run to evaluate cluster positions for each locus and to
assign individual genotypes. Each locus was given an overall score, which was
based on the quality of the clustering, and each individual genotype call was given
a GenCall score. GenCall scores provided a quality metric that ranges from 0 to 1
assigned to every genotype called. GenCall scores were then calculated using
information from the clustering of the samples. The location of each genotype
relative to its assigned cluster determined its GenCall score.

Sequenom iPLEX assay. Genotypes for the rapid confirmation study were
obtained using the iPLEX assay (Sequenom). Locus-specific PCR primers and
allele-specific detection primers were designed using the MassARRAY Assay
Design 3.0 software (Sequenom). The sample DNAs were amplified in a 34-plex
PCR reaction and labelled using a locus-specific single-base extension reaction.
The resulting products were desalted and transferred to a 384-element
SpectroCHIP array. Allele detection was performed using MALDI-TOF MS.
The mass spectrograms were analysed by the MassARRAY TYPER software
(Sequenom). The 90 CEU (European-descent individuals genotyped in
HapMap) were included as accuracy controls.

Statistical approaches. All statistical tests for association were carried out using
the software package plink (http://pngu.mgh.harvard.edu/~purcell/plink/
index.shtml)**. The single marker analysis for the genome-wide data was carried
out using a xz test on allele count differences between 563 cases and 1,146
controls. Odds ratios and the corresponding 95% confidence intervals were
calculated for the association analysis. The TDT was used to calculate P-values
on differences between transmitted and untransmitted allele counts in 467 T1D
trios in Stage 1 and in 939 nuclear families in Stage 2. Counts of untransmitted
and transmitted alleles from heterozygous parents to affected offspring were
determined using the standard TDT implemented in the Haploview software
package (shttp://www.broad.mit.edu/mpg/haploview)*. The P-values from the
case-control and family-based analyses in stage 1 were combined using Fisher’s
method™ to quantify the overall evidence for association.

Because some of our samples (mainly the controls) were not genotyped for
HLA-DQBI, tags were chosen on the basis of the Wellcome Trust Sanger
Institute data (http://www.sanger.ac.uk/HGP/Chr6/ng2006-data). One SNP
was chosen to tag DQB1*0201, namely rs2187668, at # =0.51. A two-marker
haplotype was used to tag DQB1*0302, namely rs9275184 and rs241448, at
7 = 0.96. To test how well these tags worked to predict HLA status with respect
to these two surrogates, the subset of samples that were HLA typed were tested,
yielding a correct predication rate of 82.7%. The remainder of the sample was
then predicted on the basis of these selected tags and thus the stratification
analysis was carried out using these predictions.

33. Steemers, F. J. et al. Whole-genome genotyping with the single-base extension
assay. Nature Methods 3, 31-33 (2006).

34. Purcell, S. et al. PLINK: a toolset for whole-genome association and population-
based linkage analysis. Am. J. Hum. Genet. (in the press).
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