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More than 25 loci have been linked to type 1 diabetes (T1D) in the nonobese diabetic (NOD) mouse, but identification of
the underlying genes remains challenging. We describe here the positional cloning of a T1D susceptibility locus, Idd11,
located on mouse chromosome 4. Sequence analysis of a series of congenic NOD mouse strains over a critical 6.9-kb
interval in these mice and in 25 inbred strains identified several haplotypes, including a unique NOD haplotype, associated
with varying levels of T1D susceptibility. Haplotype diversity within this interval between congenic NOD mouse strains was
due to a recombination hotspot that generated four crossover breakpoints, including one with a complex conversion tract.
The Idd11 haplotype and recombination hotspot are located within a predicted gene of unknown function, which exhibits
decreased expression in relevant tissues of NOD mice. Notably, it was the recombination hotspot that aided our mapping
of Idd11 and confirms that recombination hotspots can create genetic variation affecting a common polygenic disease. This
finding has implications for human genetic association studies, which may be affected by the approximately 33,000
estimated hotspots in the genome.

[Supplemental material is available online at http://www.genome.org. The sequence data from this study have been
submitted to dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/) under accession nos. ss262803370, ss262803372,
ss262803374, ss262803376, ss262803379, ss262803382, ss262803385, ss262803388, ss262803390, ss262803391,
ss262803392, ss262803394, ss262803397, ss262803400, ss262803402, ss262803403, ss262803404, and ss262803405,
and to the NCBI Probe Database (http://www.ncbi.nlm.nih.gov/sites/entrez?db=probe) under accession nos. 10544425–
10544446.]

Type 1 diabetes (T1D) is a polygenic autoimmune disease in which

lymphocytes mediate the destruction of insulin-producing beta

cells in the pancreas (Atkinson and Eisenbarth 2001). The events

that trigger the pathogenic autoimmune response are still not clear,

but recent genome-wide association studies indicate that there

are more than 40 loci affecting susceptibility to T1D in humans

(Hakonarson et al. 2007; Todd et al. 2007; The Wellcome Trust

Case Control Consortium 2007; Barrett et al. 2009; Concannon

et al. 2009a). These studies have detected association of T1D with

the common variants for previously identified genes and new

candidates. Except for the HLA locus, however, these loci have

small effects upon disease risk (odds ratio < 2.5) and fail to ade-

quately explain the genetic variance for T1D (Concannon et al.

2009b). Instead, it has been proposed that rare/private mutations

with larger effects may account for the missing genetic variance

in complex genetic diseases (Goldstein 2009). Whether rare or

common, identifying the actual causative variants for T1D has

proved challenging due to genetic heterogeneity among affected

individuals.

A complementary approach to human studies is the use of

inbred mouse strains, in which genetic heterogeneity is avoided,

and selective mating can precisely map genes for which allelic

variation affects disease susceptibility. Analysis of the nonobese

diabetic (NOD) mouse strain, which spontaneously develops T1D

similar to humans, has been widely used to better understand

disease pathology and gain key insights into the genetics of T1D

(Atkinson and Leiter 1999). In parallel to human studies, more

than 25 loci (termed Idd) have been linked to T1D in the NOD

mouse (Serreze and Leiter 2001; Ridgway et al. 2008). Confirma-

tion of these loci is best achieved using congenic mouse strains

(Rogner and Avner 2003), which are generated by controlled

mating of NOD mice with diabetes-resistant strains to introduce

a donor-derived chromosome interval carrying a resistant allele

onto the susceptible NOD genetic background. By testing smaller

donor-derived intervals for their effect upon diabetes onset, a re-

gion small enough to be sequenced for disease-causing variants can

be identified. To date, congenic NOD strains have confirmed Idd

loci on chromosomes (chr) 1–4, 6, 7, 11, 13, 17, and 18 (Serreze and
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Leiter 2001; Ridgway et al. 2008). Besides the MHC region on Chr

17, at least eight of these loci have been dissected into smaller in-

tervals using congenic NOD strains, and accumulating evidence has

identified B2m, Il2, Il21, Ctla4, Slc11a1, and Trpv1 as genes for which

NOD mice harbor T1D susceptibility alleles (Hamilton-Williams

et al. 2001; Kissler et al. 2006; Razavi et al. 2006; Yamanouchi et al.

2007; Araki et al. 2009; McGuire et al. 2009). Preliminary evidence

also suggests that Arntl2 and Stat5b are potential T1D susceptibility

genes (Hung et al. 2006; Laloraya et al. 2006).

Although few causative variants have been defined to date,

the NOD alleles that increase T1D risk in this mouse strain can be

either rare or common among inbred mouse strains. For example,

the effect of the Idd1 locus is attributed to the relatively rare MHC

class II variant (Abg7), together with a more common variant found

in other inbred mouse strains that encodes a deletion in the I-E-a

chain promoter (Serreze and Leiter 2001). This observation, along

with human genetic studies, suggests that increased T1D risk in

humans may also result from the combination of rare and common

variants within the human population (Concannon et al. 2009b).

Despite the identification of several Idd genes to date, this

limited collection does not fully explain T1D pathogenesis or the

underlying genetic architecture for T1D risk. One of the many Idd

loci still to be identified is Idd11, which is located on Chr 4 and

originally linked to T1D in NOD backcrosses to the C57BL/6 (B6) and

SJL strains (Morahan et al. 1994). As B6 mice carry a resistance allele

for Idd11, congenic strains with different Chr 4-B6–derived intervals

on the NOD genetic background were produced (NOD.B6Idd11A,

NOD.B6Idd11B, NOD.B6Idd11C, NOD.B6Idd11D). Three of these

congenic NOD strains demonstrated significant diabetes resis-

tance, thus confirming and localizing Idd11 to an ;8-Mb interval

on Chr 4 (Brodnicki et al. 2000, 2005).

To localize Idd11 further and identify the underlying gene, we

established new congenic NOD strains to dissect this ;8-Mb in-

terval and monitored them for diabetes onset. Remarkably, each of

these smaller congenic intervals were derived from recombination

breakpoints within the same 6.9-kb interval that resulted in vary-

ing levels of T1D susceptibility for the different congenic NOD

strains. Here, we report the sequence analysis of these breakpoints

and the identification of a recombination hotspot that led to the

discovery of a novel candidate gene (GenBank mRNA: AK005651)

for Idd11. This gene of unknown function exhibits decreased ex-

pression in the thymus and spleen of NOD mice. Furthermore,

NOD mice carry a unique haplotype for Idd11 compared with 25

other inbred mouse strains analyzed. Our findings demonstrate

that recombination hotspots, which have been relatively neglected

in human association studies, can create unique DNA sequence

variation that has relatively large effects upon the risk for a common

polygenic disease.

Results

Mapping Idd11 using congenic mouse strains

To localize Idd11 further, new congenic mouse strains were derived

from NOD.B6Idd11D because this strain carried the smallest Chr 4-

B6–derived interval providing diabetes protection among our panel

of previously characterized congenic strains (Table 1; Brodnicki et al.

2000, 2005). Briefly, heterozygous NOD.B6Idd11D mice were inter-

crossed to generate F2 progeny that were screened for recom-

bination events by genotyping novel markers we identified within

this interval (Table 1; Supplemental Table 1; Supplemental Fig. 1).

Three new congenic NOD strains (NOD.B6Idd11E, NOD.B6Idd11F,

NOD.B6Idd11G) were established from recombinant F2 mice, and

these were monitored for diabetes onset compared to NOD and

Idd11D mice (note that henceforth congenic strain names are

abbreviated, e.g., NOD.B6Idd11D = Idd11D) (Fig. 1).

Comparison of the resulting diabetes incidence curves indi-

cated that Idd11 mapped to an ;6.9-kb interval, between D4Wehi5

and D4Wehi6 (Table 1; Fig. 1A,B). However, the Idd11 locus ap-

peared to be more complex than expected because the congenic

strains exhibited varying levels of T1D incidence. For example,

Idd11E and Idd11G seemed to have identical B6-derived intervals,

but Idd11E was more susceptible to T1D than Idd11G (65% vs. 33%

diabetic by 300 d). On the other hand, the Idd11G interval pro-

vided less diabetes protection compared with the larger Idd11D

interval (33% vs. 6%) but provided greater protection compared

with the Idd11F interval (33% vs. 52%). As Idd11E, Idd11F, and

Idd11G were derived from the Idd11D strain, we postulated that

sequencing the recombinant boundary between D4Wehi5 and

D4Wehi6 would explain the variability in T1D susceptibility be-

tween the congenic strains.

Sequence analysis of the Idd11 critical interval

Sequence analysis of the NOD, B6, and congenic NOD strains

identified several sequence variants within the ;6.9-kb interval

(Table 2; Supplemental Tables 2, 3). Remarkably, Idd11E and Idd11G

were isogenic except at sequence variant 3, demonstrating that al-

lelic variation at this position can significantly affect T1D suscepti-

bility. However, the B6-derived allele at this position alone could not

account for all of the Idd11 effect since it conferred different levels of

diabetes protection to Idd11D (;6% diabetic by 300 d), Idd11F

Table 1. Genetic intervals for Idd11 congenic mouse strains

Congenic strainsc

Markera ;Mbb Bd D E F G

D4Mit12 124,048,407 N N N N N
D4Mit338 125,017,654 N N N N N
D4Mit73 126,497,935 N N N N N
D4Mit72 128,630,230 N B B N B
D4Mit203 129,249,262 N B B N B
D4Wehi1 129,422,665 N B B N B
D4Wehi2 129,521,871 N B B N B
D4Wehi5 129,633,461 N B B N B

* B * * * Idd11
D4Wehi6 129,640,320 B B N B N
D4Wehi13 129,666,984 B B N B N
D4Wehi17 129,711,291 B B N B N
D4Wehi21 130,392,752 B B N B N
A892 130,848,378 B B N B N
D4Wehi22 132,008,637 B B N B N
D4Mit204 132,983,282 B B N B N
D4Mit339 133,923,341 B B N B N
D4Mit69 135,916,989 N N N N N
D4Mit126 142,152,658 N N N N N
D4Mit256 154,364,548 N N N N N

aFor D4Wehi marker oligonucleotides and their NCBI Probe Database ac-
cession numbers, see Supplemental Table 1.
bGenomic coordinates are from NCBI build 37 assembly, mm9.
cStrain names have been abbreviated (e.g., D = Idd11D = NOD.
B6Idd11D).
dThe Idd11B congenic interval is presented here for comparison. The T1D
incidence curve for Idd11B mice has been previously reported and is
similar to NOD mice (Brodnicki et al. 2000, 2005).
B (boldface), C57BL/6 genotype; N, NOD genotype; *, location of
breakpoints described in Table 2 that aided in localizing Idd11.
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(;52%), and Idd11G (;33%) (Fig. 1A,B; Table 2). This comparison

of diabetes incidence curves indicated that Idd11 was likely due to

a haplotype effect in which B6-derived sequences are required at

more than one position to provide optimal T1D protection.

These data raised a critical question: How big is the Idd11

haplotype? NOD crosses with either SJL, NON, 129, C57L, C57BL/10

(B10), or NOR mouse strains have previously demonstrated the

linkage of T1D to chr 4, suggesting that these strains, similar to B6,

may harbor a T1D-resistance allele for Idd11 (Morahan et al. 1994;

Rodrigues et al. 1994; McAleer et al. 1995; McDuffie 2000; Reifsnyder

et al. 2005; Leiter et al. 2009). The B10-identified and the NOR-

identified loci, which overlap the B6-defined Idd11 locus, have also

been confirmed by congenic strains (Lyons et al. 2000; Reifsnyder

et al. 2005). Sequence analysis determined that the B10 and NOR

strains were identical to B6 across the congenic breakpoint posi-

tions (Table 2; Supplemental Table 4). In contrast, the SJL strain was

identical to NOD at these variants except at 1, 3, and 5, for which

SJL was identical to B6, B10, and NOR (Table 2; Supplemental Table

4). Further sequence analysis for these variants within 20 other

inbred mouse strains (including wild-derived strains) indicated

that the Idd11 haplotype consisted of at least variants 1–5, with

NOD mice representing a unique haplotype marked by a 12-bp

deletion at variant 1 (Table 2; Supplemental Table 4).

Confirmation of a recombination hotspot

It was conspicuous that recombination breakpoints for four of our

congenic strains occurred within an ;1.2-kb interval and resulted

in one instance of a crossover with a complex conversion tract

(Idd11E) (Table 2). This dense clustering of crossover events and

the presence of a complex conversion tract is characteristic of

a recombination hotspot (Petes 2001; Jeffreys and May 2004; Bois

2007; Kauppi et al. 2007). To confirm and measure the frequency

of the meiotic crossovers within the Idd11 haplotype, 723 F2

progeny were generated by intercrossing heterozygous (NOD 3

Idd11D)F1 mice and were screened for recombination events be-

tween D4Wehi5 and D4Wehi6. The calculated crossover activity

was ;50 cM Mb-1, which is 100-fold greater than the mouse ge-

nome average (;0.5 cM Mb-1) (Shiroishi et al. 1995), and confirms

that this interval harbors a recombination hotspot (Fig. 2). Geno-

mic DNA available for 231 of these F2 progeny (representing 462

meiosis events) that did not exhibit a crossover between D4Wehi5

and D4Wehi6 was further genotyped for sequence variants 1–8

(Table 2). Only one noncrossover event (also termed gene con-

version) was identified, at variant 4. This suggests a relatively low

frequency (<0.5%) for noncrossover events in this hotspot, but

gene conversion events can only be detected and estimated using

the available sequence variants located within the hotspot in-

terval. Hence, this conversion frequency is likely underestimated

due to the relatively few variants within this interval between NOD

and B6 mice. While other local recombination hotspots may reside

elsewhere within the Idd11D interval, we observed no recom-

bination events either #112 kb proximal to D4Wehi5 or #71 kb

distal to D4Wehi6 (Fig. 2, inset). These flanking recombination

‘‘cold regions’’ have restricted our ability to generate smaller con-

genic intervals encompassing only the proposed Idd11 haplotype.

It should be noted that while this recombination hotspot may

generate noncrossover events, more than one variant within this

haplotype would need to be converted to confer T1D protection

in subsequent congenic NOD mice.

Bioinformatic and expression analysis of a novel candidate gene
for Idd11

The Idd11 haplotype, including the recombination hotspot, is lo-

cated within a predicted gene, termed AK005651 (i.e., GenBank

mRNA accession number), supported by a collection of expressed

sequence tags (ESTs) (Supplemental Fig. 2). The encoded transcript

consists of five exons (Fig. 3A; Supplemental Table 5) and two

splice isoforms (6exon 3) confirmed by RT-PCR and sequencing

data (data not shown). AK005651 has a number of open reading

frames, but none demonstrate clear protein domains or homology

with known proteins nor does the transcript encode an obvious

microRNA. Conservation between mammalian sequences across

this region suggests the presence of a human ortholog, although

no orthologous human spliced EST or transcript has yet been de-

scribed (bioinformatic analysis is summarized in Supplemental

Table 6).

If AK005651 does encode a protein, then variants 2 and 4

result in amino acid changes that depend on the open reading

Figure 1. Cumulative diabetes incidence curves for Idd11 congenic
strains. Female cohorts were monitored for diabetes by measuring urinary
glucose levels. Pairwise comparisons of diabetes incidence curves were
performed using the log-rank test. As a historical footnote, Idd11E was
monitored first because it was presumed that this strain would be pro-
tected against diabetes given that Idd11B exhibited a similar diabetes
incidence curve to NOD (Brodnicki et al. 2000). Once we observed that
Idd11E was not protected against diabetes, we established cohorts for
Idd11F and Idd11G to confirm this result using independent congenic
strains, which initially appeared to have congenic intervals similar to
Idd11B and Idd11E, respectively (Table 1). Subsequent sequence analysis
of the interval between D4Wehi5 and D4Wehi6 (Table 2) identified ge-
netic variation that explained the diabetes incidence observed for Idd11B
(Brodnicki et al. 2000) and Idd11E (A).

A recombination hotspot defines Idd11
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frame (as shown in Supplemental Table 7). For the three possible

open reading frames, only one results in silent substitutions due to

variants 2 and 4 (Supplemental Table 7, ORF 1), whereas these two

variants produce amino acid changes in all other open reading

frames between NOD and B6. The longest open reading frame for

AK005651 (methionine to stop) is 53 amino acids and is located in

exon 5. No sequence variation between NOD and B6 occurs in this

open reading frame.

Sequence variation within the proposed Idd11 haplotype may

also affect gene expression. The sequence encompassing variants

1–4 contains predicted transcription factor binding sites (TFBSs)

based upon conservative analyses using TRANSFAC matrices

(Matys et al. 2006), but none of the Idd11 sequence variants occur

within these predicted TFBSs (Supplemental Table 8). Variants 1

and 2 do occur in a promoter-associated regulatory feature (Sup-

plemental Fig. 2) predicted by Ensembl based upon DNase I

hypersensitivity and the enrichment of histone H3K4me3 in dif-

ferent cell types (Mikkelsen et al. 2007). Real-time PCR analysis

indicated that AK005651 is differentially expressed between NOD

and diabetes-resistant mouse strains (i.e., B6 and Idd11D) in tissues

relevant to T1D pathogenesis. Exon 4 and 5 were present in both

splice variants, and B6 and Idd11D mice had at least a twofold

increase in thymic and splenic expression of these spliced exons

(Fig. 3B). On the other hand, expression analysis of Spocd1 and

Bai2, two genes flanking AK005651 (Supplemental Fig. 2), in-

dicated that the sequence variation within AK005651, in particular

variants 1–4 for the Idd11 haplotype, is unlikely to affect tran-

scription levels of these two flanking genes (Supplemental Fig. 3).

Expression differences may also reflect deficient exon splic-

ing. Sequence variants 2–5 do not disrupt canonical splice sites,

although they may alter cryptic intron/

exon splicing motifs (Chasin 2007; Wang

and Burge 2008). In contrast, the unique

NOD 12-bp deletion at position 1 shortens

the intron between exons 2 and 3. Real-

time PCR detected a significant decrease

in a spliced product from these two exons

in thymic and splenic RNA isolated from

NOD mice compared with B6 and Idd11D

mice (Fig. 3C). The spliced product from

exons 2 and 4 was also significantly de-

creased in the NOD thymus and spleen,

as well as the pancreas, compared with B6

and Idd11D (Fig. 3D). We note that the

anomalous result for the liver (Fig. 3C)

was due to one extreme outlier. This B6

sample did not result in an outlier us-

ing other real-time PCR probes and was

the only such outlier observed within our

expression data set (Figs. 3, 4; Supplemen-

tal Fig. 3).

To further dissect the effect of the

Idd11 haplotype upon AK005651, ex-

pression analysis was performed using

thymic and splenic RNA isolated from our

series of congenic mouse strains (Fig. 4;

note: NOD, B6, Idd11D represent differ-

ent cohorts to those in Fig. 3). Variant 1

(12-bp ins/del) had the most distinct ef-

fect upon AK005651 expression. Con-

genic mice harboring the B6-derived

insertion (Idd11D, Idd11G, Idd11E) ex-

hibited significantly higher transcription levels of the spliced

product for exons 2/3 compared with NOD mice (Fig. 4B). How-

ever, the effect of the Idd11 haplotype upon the transcription levels

of spliced products for exons 2/4 and for exons 4/5 appears to be

more complex. While the two spliced products had similar ex-

pression profiles in the respective tissues (Fig. 4A,C), the different

Idd11 haplotypes led to varied expression between strains, as well

as between tissues. For example, only Idd11D exhibited twofold

or more increases for both splice products in both tissues; whereas

Idd11E and Idd11F had more than twofold increases only in the

spleen. These results indicate that different combinations of B6-

derived sequences within the Idd11 haplotype have varying effects

upon AK005651 expression, with increased expression for all three

spliced products in both the thymus and spleen correlating with

the greatest degree of T1D protection (i.e., Idd11D).

Discussion
Positional cloning using congenic mouse strains has been used to

confirm and localize a number of T1D susceptibility loci (Serreze

and Leiter 2001; Ridgway et al. 2008). Nonetheless, only a handful

of genes for Idd loci have been identified to date, principally be-

cause it takes large mouse colonies and significant breeding time to

generate a series of congenic mouse strains that maps a locus to

within a genomic interval containing only one or a few candidate

genes. Even when the candidate genes are identified (whether in

mouse or human genetic studies), it is often difficult to determine

which sequence variant(s) within the mapped interval are causal,

unless they are obvious mutations that disrupt known coding,

splicing, or regulatory motifs (Hindorff et al. 2009). In this study,

Table 2. Genotypes for the proposed Idd11 haplotype

Sequence varianta
Cumulative

diabetes
incidence1 2 3 4 5 6 7 8

NOD — C C A T C — T 71%, 73%
Idd11Bb — C C A C T AG C 73%
Idd11Ec CCTCTCGGTGTT T C G T C — T 65%c

Idd11F — T T G C T AG C 52%
Idd11G CCTCTCGGTGTT T T G T C — T 33%
Idd11D CCTCTCGGTGTT T T G C T AG C 6%, 12%
NONd CCTCTCGGTGTT C C A T C — T 0%
SJLe CCTCTCGGTGTT C T A C C — T 0%
PWD CCTCTCGGTGTT C T G C C AG C 0%g

CAST CCTCTCGGTGTT T T G C C AG T 0%g

C57BL/6f CCTCTCGGTGTT T T G C T AG C 0%
Distance between markers (bp) 128 138 149 37

152 820 557

aSequence variant 1, ss262803379 (129,638,063); 2, rs32465505 (129,638,192); 3, rs27507073
(129,638,344); 4, rs27507071 (129,638,482); 5, rs27507066 (129,639,302); 6, rs27507065
(129,639,451); 7, ss262803405 (129,640,008); and 8, rs48826903 (129,640,045). Chr 4 positions are
listed in parentheses and based on NCBI build 37 assembly, mm9. Boldface text indicates sequence
identical to C57BL/6 sequence.
bIdd11B mice exhibit a similar diabetes incidence curve to NOD and Idd11E mice (Brodnicki et al. 2000,
2005).
cIdd11E represents a crossover with a complex conversion tract as confirmed by direct sequencing of
a PCR product encompassing markers 1–4 derived from genomic DNA from five independent Idd11E
mice.
dVariants shared by NON, CTS, BALB/c, NZO, NZW, C3H, CBA, DBA/2, A/J, ALR, ALS, AKR, 129/Sv, WSB.
eVariants shared by SJL, SWR, FVB.
fVariants shared by C57BL/6, C57BL/10, NOR, NZB, DBA/1, MOLF.
gSpontaneous diabetes has not been reported for PWD and CAST mouse strains. Note that sequencing of
genomic DNA obtained from independent NOD and B6 strains from the Jackson Laboratory were identical
to the NOD and B6 strains within our mouse colony. Sequence variation across this region showing the
individual mouse strains is provided in Supplemental Table 4.
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a recombination hotspot generated a unique series of congenic

mouse strains for Idd11 and enabled us to identify a novel candi-

date gene for which sequence variation affects T1D susceptibility

in the NOD mouse.

Comparison of the sequence and diabetes incidence curves

between our congenic NOD strains indicated that Idd11 is due to

a haplotype, consisting of at least five variants, for which the

composition has variable effects on susceptibility to T1D. For ex-

ample, the Idd11D congenic strain has the complete B6-derived

haplotype and the best protection against diabetes onset, whereas

Idd11E and Id11B lack two or more B6-derived alleles within this

haplotype and have similar diabetes incidence to NOD mice (Table

2; Fig. 1; Brodnicki et al. 2000). In contrast, Idd11F and Idd11G

mice lack one B6-derived allele within the proposed Idd11 haplo-

type but do so at different positions and exhibited different T1D

incidence curves (Table 2; Fig. 1). Thus these variable effects de-

pend on the number and combination of B6-derived alleles within

this haplotype. Similar associations of polymorphic haplotypes

with autoimmune disease are well established for the major his-

tocompatibility complex (Fernando et al. 2008), the human cyto-

kine gene cluster on chr 5q31 (Rioux et al. 2001), and the mouse

SLAM/CD2 gene cluster (Wandstrat et al. 2004). However, the

Idd11 haplotype appears to be confined to a single gene, whereas

these other haplotypes encompass multiple genes.

Sequence analysis determined that NOD mice have a unique

Idd11 haplotype due to a 12-bp deletion. Notably, the NOD strain

was generated from the same inbreeding program as the CTS and

NON strains (Makino et al. 1980; Beck et al. 2000), but these two

strains (as well as 18 other laboratory and four wild-derived inbred

strains) do not have the 12-bp deletion, suggesting this micro-

deletion arose as a de novo mutation or was preferentially inherited

from a different parental ancestor during the derivation of the NOD

strain. In either case, further sequence comparison was required

because this microdeletion did not fully explain the varying levels

of T1D susceptibility observed in our congenic mouse strains. Two

additional sequence variants (rs27507073 and rs27507066) were

associated with T1D based on resistance phenotypes determined by

segregation and congenic analyses (Brodnicki et al. 2000, 2005;

Lyons et al. 2000; Reifsnyder et al. 2005). Our finding does not

imply that the Idd11 haplotype is limited to these three variants,

but only indicates the minimum size of the B6-derived haplotype

providing protection against T1D in NOD mice.

Idd11 is not the only T1D susceptibility locus on chr 4. Ge-

netic studies have mapped at least three other Idd loci to this

chromosome. An outcross between NOD and B10 originally

detected a locus, termed Idd9, linked next to the telomere of chr

4 (Rodrigues et al. 1994). Congenic NOD strains, harboring B10-

derived intervals, subsequently expanded and dissected this locus

into three subloci (Idd9.1, Idd9.2, Idd9.3) (Lyons et al. 2000), with

Idd9.1 mapped to the same region we had previously localized

Idd11 (Morahan et al. 1994). The haplotype analysis reported here

suggests that Idd11 and Idd9.1 are the same because B6 and B10 are

identical by descent for this chromosome region. A NOD outcross

with the NOR strain also detected linkage to the region encom-

passing Idd11, which was confirmed by NOD.NOR-chr 4 congenic

mice (Reifsnyder et al. 2005). NOR is an inbred recombinant

congenic strain derived from NOD and C57BLKS/J (Prochazka

et al. 1992), and our sequence analysis indicated that the Idd11

haplotype for NOR is B6-derived. However, NOD.NOR-chr 4 mice

harbor a larger congenic interval than the B6-derived intervals in

our Idd11 congenic strains. Thus, resistant NOR-derived alleles at

other chr 4 loci may also contribute to the overall diabetes pro-

tection observed for this congenic strain (Reifsnyder et al. 2005).

Lastly, NOD outcrosses with the NON and 129/SvImJ mouse strains

also detected linkage of T1D to chr 4 (McAleer et al. 1995; Leiter et al.

2009), but it is more likely that these linkage results were due to

allelic variation at other loci because these two strains are NOD-like

for the Idd11 haplotype—their allelic composition is not predicted

to be protective based on comparison with the Idd11E haplotype

for Idd11 (Table 2).

Idd11 appears to represent a ‘‘gene-based functional haplo-

type’’: a defined sequence interval taken as a unit because in-

dividual variants are not sufficient to act as separate disease

markers or completely account for the associated phenotypic effect

(Hoehe 2003). The Idd11 haplotype, including the recombination

hotspot, is located within AK005651, a predicted gene of unknown

function. None of the open reading frames demonstrate homology

with known proteins or evolutionary conservation, suggesting

that AK005651 may encode a long noncoding RNA (Mercer et al.

2009; Ponting et al. 2009), although it was not detected in a recent

large noncoding RNA screen of four mouse cell types (Guttman

et al. 2009). As current bioinformatics approaches are limited in

deciphering the function of AK005651, we investigated the effect

of sequence variation on AK005651 expression.

The different Idd11 haplotypes, represented by our series of

congenic strains, have variable effects on AK005651 expression,

which is perhaps not surprising given their variable effects on sus-

ceptibility to T1D. Real-time PCR indicated that the NOD Idd11

haplotype is associated with decreased expression of AK005651 in

the thymus and spleen. In particular, the unique NOD micro-

deletion was associated with the decreased expression of the exon

Figure 2. Distribution of crossover breakpoints within the NOD.
B6Idd11D congenic interval. Seven-hundred-twenty-three F2 pups (1446
meiosis events) were derived from intercrossing NOD.B6Idd11D F1 mice
and were genotyped for markers within the NOD.B6Idd11D congenic
interval. The crossover activity was calculated by dividing the frequency of
crossovers in each interval by its length. For example, five pups had a re-
combination between D4Wehi5 and D4Wehi6, giving rise to a genetic
distance of 0.345 cM across this 6859-bp interval, which is ;50 cM Mb-1.
Bars, crossover frequency in cM/Mb in each interval. Above each bar, the
number of crossovers observed in that marker interval is shown. The
dashed line indicates the average crossover activity for the mouse ge-
nome: ;0.5cM/Mb (Shiroishi et al. 1995). Genetic markers are indicated
by ticks above the plot. The inset displays an enlarged view of the interval
between D4Wehi2 and D4Wehi17.
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2/3 splice product, suggesting that this microdeletion may shorten

the intron in which it resides, impeding the splicing lariat structure

and altering expression of splice isoforms (Black 2003). However,

increased splicing of these two exons was not sufficient to increase

T1D protection (e.g., Idd11E mice develop T1D similar to NOD

mice but do not harbor the NOD microdeletion and have increased

expression of the exon 2/3 splice product). Further comparison of

our congenic strains also indicated that only Idd11D, which has

the greatest T1D protection, exhibited significantly increased ex-

pression of AK005651 for all three spliced products in both the

thymus and spleen compared with NOD. Idd11G and Idd11F have

the next best T1D protection, respectively, but lack a similar in-

crease and correlation between AK005651 expression and T1D

protection. This lack of correlation may reflect that sequence vari-

ation within the Idd11 haplotype also affects the function of the

encoded gene product (whether a large noncoding RNA or protein)

leading to increased T1D protection, especially in combination

with altered gene expression. The low level of expression for

AK005651, although seemingly technically challenging (e.g., Ct

values > 30 using the maximum amount of RNA/cDNA), was re-

producibly detected by three different real-time PCR assays in dif-

ferent mouse cohorts. Given the relatively small differences ob-

served between congenic strains, further studies are required to

determine the function of AK005651 and how sequence com-

position within the Idd11 haplotype affects gene function and

expression to alter T1D susceptibility. The

recent availability of efficient NOD ES

cells (Nichols et al. 2009) should also

enable replacement of the NOD variants

with B6-derived protective variants to

ultimately confirm the effect of this ap-

parent gene-based functional haplotype.

At present, AK005651 represents a novel

disease susceptibility gene compared with

the current set of identified Idd genes,

which mainly encode proteins of the

immune system (e.g., MHC molecules,

B2M, IL2, IL21, CTLA4, SLC11A1) that

were relatively well characterized before

their discovery as T1D genes (Serreze and

Leiter 2001; Ridgway et al. 2008).

Discovery of Idd11 relied on the

presence of a recombination hotspot. The

ability to map a disease locus using con-

genic mice depends on the occurrence

of recombination events to generate suc-

cessively smaller genomic intervals to

identify the underlying gene. However,

recombination during meiosis is not ran-

dom (Petes 2001; Kauppi et al. 2004).

Recombination hotspots and associated

flanking coldspots ultimately restrict how

small the congenic interval can become

and dictate the number of candidate genes

to be investigated. Paradoxically, Idd11

mapped to a recombination hotspot. Al-

though this hotspot demonstrated lower

crossover activity compared with other

hotspots within the mouse genome

(Guillon and de Massy 2002; Yauk et al.

2003; Kauppi et al. 2007; Paigen et al.

2008), it was highly localized (;1.2 kb)

and resulted in one instance of a crossover with a complex con-

version tract. This recombination hotspot provided the molecu-

lar mechanism that generated the ‘‘hybrid haplotypes’’ in our

congenic NOD strains. It seems likely it is also responsible for the

underlying allelic variation at this locus within the Mus species.

Rather than restricting our ability to map Idd11, this re-

combination hotspot enabled us to identify specific variants ac-

counting for the varying levels of T1D susceptibility observed in

our congenic strains. For example, the noncrossover/conversion

event at rs27507073 (variant 3 in the Idd11 haplotype) signifi-

cantly increased the risk of T1D in Idd11E mice compared with

Idd11G mice. Gene conversion, as well as genomic rearrangement,

associated with recombination hotspots has been implicated in

a number of Mendelian diseases (Lupski and Stankiewicz 2005;

Chen et al. 2007; Turner et al. 2008). Our congenic strains dem-

onstrate that recombination hotspots can generate unique hybrid

haplotypes, due to shuffled haplotypes and/or complex conver-

sion tracts, which increase the risk for a complex genetic disease

if they arise on a genetic background of some liability. Up to 85%

of T1D cases in the human population are sporadic (Karvonen

et al. 2001). Undoubtedly these affected individuals inherited

some combination of diabetogenic alleles from their parents, but

common variants (including copy number variation) identified

in recent genome-wide association studies have failed to explain

the total T1D risk attributable to genetic factors (Concannon et al.

Figure 3. Schematic diagram and expression analysis of AK005651. (A) The Idd11 haplotype (variants
1–5) is located within a predicted gene, termed AK005651, consisting of five exons (Supplemental Table
5). Exon 3 is alternatively spliced giving rise to two different transcripts (6exon 3). Quantitative real-time
PCR was performed to detect expression differences between mouse strains at 50 d of age for the
spliced product derived from: (B) exons 4 and 5, which are present in both splice variants; (C ) exons
2 and 3, (*) one of the four C57BL/6 samples was an extreme outlier (the mean relative normalized
expression is 2.29 excluding this outlier); (D) exons 2 and 4. Approximate fold change ($2) is shown
only for significant pairwise comparisons between NOD and other mouse strains (P < 0.05, adjusted for
multiple testing). Bars, mean expression level (6pooled SEM for each tissue).
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2009b; Conrad et al. 2009; The Wellcome Trust Case Control

Consortium 2010). Instead, recombination hotspots may con-

tribute to the generation of rare variants and/or hybrid haplo-

types accounting for the significantly increased T1D risk in those

individuals who have inherited a certain level of genetic liability

due to common variants.

Our study represents a primary example of a recombination

hotspot associated with a complex genetic disease. Ng et al. (2010)

have also recently described a recombination hotspot in a region

of GABRB2 for which haplotypes are associated with schizophrenia.

Similar to our study in congenic mice, their human study suggests

that recombination hotspots are likely to contribute to the etiology

of complex genetic diseases (Ng et al. 2010). However, sequence

variation for the region on the human chr 1p35 encompassing the

homologous Idd11 locus has not been associated with T1D (Barrett

et al. 2009). This is not necessarily unexpected as the NOD mouse

represents a ‘‘single case study’’ with a collection of diabetogenic

alleles, some of which are unique to the NOD mouse strain, while

others are common within the Mus species (Atkinson and Leiter

1999; Serreze and Leiter 2001). Given that the NOD Idd11 haplotype

is unique, the equivalent susceptibility locus in humans might not

exist or the equivalent human allele(s) may not be detectable in

recent association studies because it is rare and/or resides in a

recombination hotspot. HapMap data phase III (release 2, Febru-

ary 2009) shows that the homologous in-

terval on the human chr 1p35 (between

rs16834708 and rs13426) exhibits weak to

no linkage disequilibrium (r2 < 0.1) (The

International HapMap Consortium 2007).

Such potential recombination hotspots

(;33,000 estimated in the human ge-

nome) (The International HapMap Con-

sortium 2007) have so far been neglected

in genetic studies due to the statistical

methods employed for detecting associa-

tion (Kauppi et al. 2004; The International

HapMap Consortium 2007), but their abil-

ity to give rise to gene conversion and

unique hybrid haplotypes, as observed

for the Idd11 locus, demonstrates their

capacity for producing sequence varia-

tion with demonstrable effects upon

complex traits.

Methods

Mice
NOD/Lt (NOD) and C57BL/6 (B6) mouse
strains were obtained from The Walter
& Eliza Hall Institute specific pathogen-
free (SPF) facilities. NOD.B6Idd11A, NOD.
B6Idd11B, NOD.B6Idd11C, and NOD.
B6Idd11D were established after 10 back-
cross generations or more using a conven-
tional breeding approach for congenic
mouse strains as previously described
(Rogner and Avner 2003; Brodnicki et al.
2005). NOD.B6Idd11E, NOD.B6Idd11F,
and NOD.B6Idd11G mouse strains were
generated from (NOD 3 NOD.B6Idd11D)F2

progeny (Supplemental Fig. 1), which
were screened for recombination events

between D4Mit72 and D4Mit204. New congenic intervals, which
dissected the Idd11D interval (Fig. 1), were fixed to homozygosity
by brother–sister mating.

Genotyping and sequencing

DNA samples were extracted from tail biopsies by standard methods
and genotyped with polymorphic markers by PCR (Supplemental
Table 1; Brodnicki et al. 2000). NOD.B6Idd11D was genotyped
using a 10-cM averaged genome-wide marker panel, and no B6-
derived alleles were found outside the congenic interval (note
that all other congenic strains described were derived from
NOD.B6Idd11D). To fine-map the recombination sites, new ge-
netic markers (i.e., nucleotide repeats) were identified using the
publicly available mouse genome sequence (NCBI Build 37 as-
sembly; mm9), the UCSC Genome Browser (http://genome.ucsc.
edu/) (Kuhn et al. 2009), and the Tandem Repeats Finder program
(Benson 1999). These markers (D4Wehi1–D4Wehi22) were shown
to be polymorphic between the NOD and B6 mouse strains by PCR
and gel electrophoresis of genomic DNA using sequence-specific
oligonucleotides (Supplemental Table 1). Sequence within the
defined Idd11 critical interval was determined by direct sequencing
of overlapping PCR products (Supplemental Table 2) and the
BigDye Terminator v3.1 sequence kit (Applied Biosystems). Se-
quence contigs for each strain were aligned to determine sequence

Figure 4. Expression analysis of AK005651 in congenic NOD mouse strains. Quantitative real-time
PCR was performed to detect expression differences between mouse strains at 50 d of age for the spliced
product derived from the following: (A) exons 4 and 5, which are present in both splice variants; (B)
exons 2 and 3; (C ) exons 2 and 4. Different cohorts of NOD, B6, and Idd11D mice to those in Figure 3
were generated and used in conjunction with Idd11B, Idd11E, Idd11F, and Idd11G mice for this ex-
periment. Fold change ($2) is shown only for significant pairwise comparisons between NOD and other
mouse strains (P < 0.05, adjusted for multiple testing). Bars, mean expression level (6pooled SEM for
each tissue).
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variation between inbred strains (Megalign, DNAstar, Inc.). Gen-
otyping of sequence variants 1–8 within the Idd11 haplotype (Ta-
ble 2) was performed on a Roche LightCycler 480 using TaqMan
probes (Applied Biosystems) (Supplemental Table 3) and Roche
Probe Master Mix (Roche Applied Science) according to manu-
facturer’s instructions.

Diabetes monitoring

Cohorts of female mice were housed in an SPF facility and tested
once a week for elevated urinary glucose (>110 mmol/L) using
Diastix reagent strips (Bayer Australia, Ltd.) over a 300-d time
course. Three consecutive elevated readings indicated the onset of
diabetes. Pairwise comparisons of the diabetes incidence between
mouse strains were done using the log-rank test.

Bioinformatic analysis of AK005651

Genomic sequence and transcript sequences were aligned to the
mouse genome (NCBI Build 37 assembly; mm9) using BLAT via the
UCSC Genome Browser (http://genome.ucsc.edu/) (Kuhn et al.
2009). Sequence was compared with annotated ESTs, multispecies
alignments, conserved elements, and the gene prediction algo-
rithms available through the UCSC Genome Browser. Transcript
sequences were also aligned to the NCBI EST database using
BLASTN and to the NR protein database using BLASTX (http://
blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al. 1990). All poten-
tial transcripts were translated in six frames and searched for
known domains represented by profile hidden Markov models
from the PFAM database using hmmpfam (http://hmmer.janelia.
org) (Finn et al. 2008). The RFAM database was used to evaluate the
presence of a noncoding gene (http://rfam.janelia.org/; Gardner
et al. 2009), and BLASTN was used to align transcript sequence to
mature miRNAs and stem-loop sequences in miRBase (Griffiths-
Jones et al. 2006). To determine if variants are within predicted
TFBSs, 71 nucleotides (nt) of sequence centered on the individual
variants were extracted from the mouse genome, and TFBSs were
predicted in these sequences using only high-quality TRANSFAC
matrices (Matys et al. 2006) representing vertebrate transcription
factors and match score thresholds selected to give the minimum
false-positive rate (Kel et al. 2003).

Quantitative real-time PCR

Tissues were taken from female mice (;50 d old) and RNA isolated
using TRIzol reagent (Invitrogen). cDNA was synthesized using
Superscript III reverse transcriptase (Invitrogen). Quantitative real-
time PCR was performed on a Roche LightCycler 480 using
LightCycler Probe Master Reagent (Roche Diagnostics) or TaqMan
Gene Expression Master Mix (Applied Biosystems) according to
the manufacturer’s instructions. Technical replicates were done in
triplicate to calculate the average Ct value for each biological
sample. Oligonucleotide primers and fluorescent probes were
synthesized by Sigma Genosys, Roche Applied Sciences, or Applied
Biosystems (Supplemental Table 9). The fluorescent probes used
to detect the spliced products between AK005651 exon 2 and exon
3, as well as exon 2 and exon 4, are located across the spliced exon
boundaries, whereas the fluorescent probe used to detect the
spliced product between exon 4 and exon 5 is located entirely
within exon 5 (Fig. 3) or across the spliced exon boundary (Fig. 4).
The fluorescent probe used to detect the spliced product for Spocd1
was located in exon 9. The fluorescent probe used to detect the
spliced product for Bai2 was located in exon 29. Thermal cycling
consisted of a denaturation step (10 min at 95°C) and 45 amplifi-
cation cycles (10 sec at 95°C, 15–30 sec at 60°C–66°C, 30 sec at

40°C). Products observed for each primer pair were confirmed by
sequencing. Standard curves were generated for all primer sets to
ensure exponential increase of targeted transcripts during ampli-
fication (efficiency = 10(�1/slope) = ;2). DCt for each tissue was
calculated as CtAK005651 � Ref, where Ref is the average Ct value
of the reference genes Hmbs and Hprt1. Relative normalized log2
expression values were calculated for graphing purposes as 41 �
mean(Ref) � DCt, where mean(Ref) is the grand mean of the ref-
erence genes Ct for each tissue. Here, 40 represents the practical
Ct detection limit for real-time PCR, and 41 establishes the 0 point
(i.e., no detectable gene expression) for the y-axis. Subtracting
mean(Ref) converts the scores to log2-expression relative to the
detection threshold scale from 0–41. Statistical significance for the
difference in expression was obtained using pairwise t-tests with
pooled standard deviations for each tissue. P-values were adjusted
for multiple testing using Holm’s method (Holm 1979).
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