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A Haplotype-Based Analysis of the PTPN22 Locus in Type
1 Diabetes
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A recent addition to the list of widely confirmed type 1
diabetes risk loci is the PTPN22 gene encoding a lymphoidspecific phosphatase (Lyp). However, evidence supporting
a role for PTPN22 in type 1 diabetes derives entirely from
the study of just one coding single nucleotide polymorphism, 1858C/T. In the current study, the haplotype structure of the PTPN22 region was determined, and individual
haplotypes were tested for association with type 1 diabetes
in family-based tests. The 1858T risk allele occurred on
only a single haplotype that was strongly associated with
type 1 diabetes (P ⴝ 7.9 ⴛ 10ⴚ5). After controlling for the
effects of this allele, two other haplotypes were observed
to be weakly associated with type 1 diabetes (P < 0.05).
Sequencing of the coding region of PTPN22 on these
haplotypes revealed a novel variant (2250G/C) predicted to
result in a nonsynonymous amino acid substitution. Analysis of PTPN22 transcripts from a subject heterozygous for
this variant indicated that it interfered with normal mRNA
splicing, resulting in a premature termination codon after
exon 17. These results support the conclusion that the
1858C/T allele is the major risk variant for type 1 diabetes
in the PTPN22 locus, but they suggest that additional
infrequent coding variants at PTPN22 may also contribute
to type 1 diabetes risk. Diabetes 55:2883–2889, 2006

T

ype 1 diabetes is a complex disorder of glucose
homeostasis that arises from the autoimmune
destruction of the insulin-secreting ␤-cells of the
pancreas, resulting in a lifelong dependence on
exogenously administered insulin. The increased concordance rates for type 1 diabetes observed in monozygotic
twins and other relatives of type 1 diabetic probands
suggest that some fraction of the risk for type 1 diabetes is
inherited (1,2). Numerous attempts have been made to
identify type 1 diabetes risk loci through both genomewide linkage approaches and candidate gene association
studies (rev. in 3,4). Although published reports have
provided evidence supporting the involvement of many
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different chromosomal regions or genes in determining
type 1 diabetes risk, only a relatively limited number of
these loci have been consistently and widely replicated in
follow-up studies (5).
Regions of the genome that are widely accepted as
conferring risk for type 1 diabetes include the HLA region
on chromosome 6p21, which harbors multiple loci whose
products both act and interact to increase risk (6); the
insulin (INS) gene region on chromosome 11p15, where
alleles of a variable-number tandem repeat polymorphism
located 5⬘ to the insulin gene are differentially associated
with type 1 diabetes (7–9); and the CTLA4 gene region,
where alternative splicing associated with a single nucleotide polymorphism (SNP) located 3⬘ of the gene influences type 1 diabetes risk (10,11). Although initially
identified based on allelic associations with type 1 diabetes, each of these three regions has also been detected in
genome-wide scans carried out in affected sibpair families
as sites where there is suggestive to significant evidence of
linkage to type 1 diabetes (12). However, no single locus in
any of these regions can fully account for the magnitude of
the evidence of linkage observed in that region, suggesting
that the linkage peaks may represent the contributions of
multiple, clustered loci (5,12), as has been observed in
animal models of autoimmunity (13,14).
A recent addition to the list of generally replicated type
1 diabetes risk loci is the PTPN22 locus on chromosome
1p13 (15–17). PTPN22 encodes a 110-kDa lymphoid-specific phosphatase (Lyp). The NH2 terminus of the protein
contains a catalytically active phosphatase domain,
whereas the COOH terminus contains several proline-rich
repeats (18). The murine homologue of Lyp, Pep, binds to
the SH3 domain of c-Src tyrosine kinase (Csk) via its most
NH2-terminal proline-rich sequence (P1) in in vitro binding
assays, and this interaction plays an important role in the
downregulation of T-cell receptor signaling (19,20). Pep
acts as a negative regulator of T-cell activation by dephosphorylating the T-cell receptor activation– dependent
kinases Lck, Fyn, and Zap70 (20). In humans, a nonsynonymous C-to-T SNP at nucleotide position 1858 of the
PTPN22 gene (rs2476601) results in an amino acid substitution at codon 620 from arginine (CGG) to tryptophan
(TGG). This substitution is located in the proline-rich P1
sequence of Lyp and likely affects its ability to interact
with Csk in vivo because reduced levels of Csk are
coimmunoprecipitated by the 620W variant, compared
with the 620R form, when these isoforms are separately
expressed as epitope-tagged constructs in T-cell lines (21).
Bottini et al. (15) first noted an association between the
1858T (620W) allele in the PTPN22 gene and autoimmune
disease. They observed that the 1858T allele was more
frequent among type 1 diabetes case compared with
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control subjects ascertained in North America and Sardinia. Begovich et al. (21) similarly reported that the allele
frequency of the 1858T allele was elevated in rheumatoid
arthritis case subjects in two separate case-control populations from North America. Kyogoku et al. (22) observed
that the 1858T (620W) allele was also associated with
increased risk of systemic lupus erythematosis and reported evidence for a dosage effect suggesting that the
1858T (620W) allele might be a loss of function variant.
Smyth et al. (16) reported the frequency of the 1858T allele
to be elevated in Graves’ disease patients from the U.K.
compared with control subjects. These studies suggested
the possibility that PTPN22 R620W might have a generalized predisposing effect on autoimmune risk. However,
subsequent studies have revealed several autoimmune
disorders, including multiple sclerosis, psoriasis, and
Crohn’s disease, where no association with alleles at the
PTPN22 1858C/T polymorphism is detected (23–25).
The 1858C/T SNP has been extensively analyzed in type
1 diabetes case-control and family-based studies (15–
17,26 –30). Although these studies uniformly indicate that
the 1858T allele is associated with type 1 diabetes, they do
not address the issue of whether 1858T is the sole allele at
PTPN22 that influences risk for type 1 diabetes. In the
current study, a comprehensive approach was taken to
analyze the coding and intervening sequences of PTPN22.
The coding sequence of PTPN22 was screened for the
presence of additional coding variants in type 1 diabetes
case subjects, and the common SNPs identified through
this analysis, along with tagging SNPs selected from the
HapMap database, were genotyped in type 1 diabetes–
affected families and used in haplotype-based tests of
association.

analyzed to identify samples yielding heteroduplexes indicative of nucleotide
mismatches. Heteroduplex samples were sequenced along with a control
sample that had a homoduplex profile. Sequencing was performed using
BigDye Terminator v3.1 (Applied Biosystems) on an ABI3100 gene analyzer.
Tagging SNPs. HapMap Centre d’Etude du Polymorphisme Humain (CEPH)
family genotype data (CEU database) was downloaded to Haploview, and
linkage disequilibrium patterns in and around PTPN22 were established (34).
Seven haplotype-tagging SNPs were chosen from HapMap SNPs with minor
allele frequencies ⬎10% (rs3811021, rs2476599, rs1217388, rs2476601,
rs1217414, rs2488457, and rs1235005). All seven selected tagging SNPs were
genotyped in 374 type 1 diabetes–affected sibpair families. Haplotype association testing was performed using the HBAT command in the family-based
association test (FBAT) (35,36).
SNP genotyping. The MGB-Eclipse system (Nanogen) was used to genotype
the two coding and nine intronic variants in PTPN22. Genotyping assays were
performed using 10 ng of DNA in a 5-l reaction volume according to the
manufacturer’s protocol and analyzed on an ABI HT7900. Pedcheck was used
to test for Mendelian inconsistency in genotyping (37). FBAT (version 1.5.5)
was used for association studies in the type 1 diabetes multiplex families (35).
FBAT was run under an additive model. Because multiplex type 1 diabetes–
affected families were analyzed, the – e flag option was used in FBAT to
account for the correlation of sibling genotypes when linkage is present (38).
cDNA analysis. Frozen peripheral blood mononuclear cells used for cDNA
analysis were derived from subjects participating in studies under the
auspices of the JDRF (Juvenile Diabetes Research Foundation) Center for
Translational Research. Informed consent was obtained from all subjects
according to institutional review board approval protocols at Children’s
Hospital and Regional Medical Center and Benaroya Research Institute. RNA
was extracted from frozen peripheral blood mononuclear cells using Trizol
(Invitrogen) in accordance with the manufacturer’s protocols. First-strand
cDNA was synthesized using SuperScript II RT (Invitrogen) with random
primers according to the manufacturer’s instructions. Primer sequences for
cDNA amplifications are as follows: rPTPN22 18F-5⬘TCCTGACACCATG
GAAAATTCA3⬘, 21R-5⬘CAGGTGTACTTGCAGCCCATATT3⬘, 15F-5⬘GGGTG
GAACATCTGAACCAAAG3⬘, and 20R-5⬘CCAAAATTCAGAAATGAGCTGGA3⬘.
Before sequencing, amplified fragments were gel purified using a Qiagen Gel
Extraction kit (Qiagen).

RESULTS
RESEARCH DESIGN AND METHODS
Type 1 diabetes–affected sibpair families (n ⫽ 374) were obtained from the
Human Biological Data Interchange (HBDI) repository. These samples had
been previously described and consist of nuclear families, all with both
parents and at least two affected offspring available for genotyping (31). All of
the Human Biological Data Interchange families that were genotyped for the
current study were ascertained in the U.S. and were of European ancestry. An
additional 243 affected sibpair families from the British Diabetes Association
(BDA) were used in association studies for the rare coding variants. Although
these British Diabetes Association families include multiple affected siblings,
only a single affected sib, chosen at random, was genotyped along with both
parents.
Mutation screening. All exons and flanking intronic sequences of PTPN22
were screened for variation in 94 type 1 diabetic case subjects homozygous for
the 1858C allele. Subjects for screening were chosen based on the extent of
alleles shared identical-by-descent (IBD) among affected sibpairs on chromosome 1. The program Merlin (32) was used to estimate IBD status among
sibpairs from a prior genome scan of 389 U.S. type 1 diabetes–affected families
(31). Based on IBD scores, an affected sib was chosen from each of 16 families
that scored 2, 26 families with a score of 1, and 28 families where IBD could
not be determined because of the low information content of the microsatellites in the area but where case subjects were homozygous for the wild-type
allele at position 1858. An additional 24 sporadic type 1 diabetes case subjects
without prior genome scan data were included, bringing the total number of
samples to 94.
Screening primers were designed using the program Primer 3 (33) and
were situated in introns ⬃40 bp away from the intron-exon boundaries based
on the reference sequences NM_015967.3 (PTPN22), NM_001010922.1
(C1orf178), and NT_019273 (PTPN22). Exon 13 was amplified in three
overlapping PCR products, whereas exons 6 and 7 were amplified as a single
product (383 bp). Amplifications were performed in a total volume of 25 l
containing 40 ng DNA. A touchdown protocol from 65 to 55°C was used for
amplification.
Heterozygous individuals were detected by denaturing high-performance
liquid chromatography (DHPLC) on a Transgenomic WAVE DNA fragment
analysis system (Transgenomic, Omaha, NE). Elution patterns were visually
2884

The PTPN22 gene consists of 21 exons spanning ⬃58 kb.
To detect possible coding variants besides the 1858T
allele, 94 type 1 diabetic case subjects homozygous for the
1858C allele were screened. These subjects were selected
from among affected sibpairs in multiplex type 1 diabetic
families based on increased allele sharing in the region of
the PTPN22 gene. A total of 11 variants were identified
after sequencing all samples that displayed heteroduplex
formation by DHPLC analysis (Table 1). Three of these
SNPs had relatively frequent minor alleles and were already present in the dbSNP database (rs1217418,
rs2797415, and rs3761935); the remaining eight SNPs were
novel variants. The three common SNPs detected were
included in the subsequent linkage disequilibrium and
haplotype analyses. Three of the novel variants were
predicted to result in amino acid substitutions, one each in
exons 8 (658A/G, S220G), 13 (1508A/G, Y503C), and 18
(2250G/C, K750N).
For a comprehensive genetic analysis of the coding and
intervening sequences of PTPN22, tagging SNPs from the
HapMap database were used in conjunction with the three
common SNPs identified by DHPLC analysis in familybased single-marker and haplotype association tests. HapMap markers spanning PTPN22 were in strong linkage
disequilibrium with each other in the CEU dataset, making
a tagSNP approach feasible. Seven haplotype-tagging
SNPs (rs3811021, rs2476599, rs1217388, rs2476601,
rs1217414, rs2488457, and rs1235005) were selected,
which accounted for 95.3% of the chromosomes derived
from the 30 CEPH family trios genotyped at PTPN22 in the
HapMap database. The rs2476601 SNP is the nonsynonymous 1858C/T SNP previously shown to be associated
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TABLE 1
Variants identified in 94 type 1 diabetic case subjects who were homozygous for the 1858C allele in PTPN22
SNP
IVS2–4
IVS3–36
IVS3–32
658
IVS9⫹112
1508
IVS14–32
IVS17⫹43
IVS17⫹47
2250
IVS20⫹81

Position

Nucleotide
change*

Amino acid
change

dbSNP

Exon

Observed on
DHPLC†

114113746
114113273
114113269
114109596
114109023
114092556
114089135
114084570
114084566
114084256
114074160

A⬎G
C⬎T
A⬎C
A⬎G
T⬎A
A⬎G
C⬎T
A⬎C
T⬎C
G⬎C
T⬎A

—
—
—
S220G
—
Y503C
—
—
—
K750N
—

—
rs1217418
—
—
—
—
rs2797415
rs3761935
—
—
—

—
—
—
8
—
13
—
—
—
18
—

1
42
1
1
2
1
35
30
4
2
3

*Nucleotide changes were identified by sequencing samples that showed a heteroduplex elution pattern on DHPLC analysis; †number of
times a heteroduplex elution pattern was observed in 94 samples that were screened for the indicated exon.

with type 1 diabetes (17) in the multiplex type 1 diabetes–
affected families studied here. These seven SNPs, along
with the three common intronic SNPs detected by DHPLC
screening, were genotyped in 374 type 1 diabetes multiplex families (Table 2). Single-marker association tests
indicated that the minor alleles of rs2476601, rs1235005,
rs2488457, rs1217418, rs2797415, and rs1217388 were preferentially transmitted to affected offspring from heterozygote parents, whereas the remaining four SNPs provided
no evidence of association to type 1 diabetes in the
families genotyped.
All 10 SNPs spanning PTPN22 were in strong linkage
disequilibrium with each other (D⬘ ⬎0.9) and captured
seven haplotypes, which accounted for 98.7% of the
founder chromosomes in the population studied (Table 3).
Five of these haplotypes were relatively common, with
frequencies ⬎10%. The 1858T allele (rs2476601) occurred
on only a single haplotype (H4), and this haplotype was
strongly associated with type 1 diabetes (P ⫽ 7.9 ⫻ 10⫺5)
in the 374 type 1 diabetes–affected families screened. The
H5 haplotype differed from H4 only at position 1858 of the
coding region (rs2476601) and provided no significant
evidence of association with type 1 diabetes. A second
haplotype (H2) was undertransmitted to affected offspring
from informative parents (P ⫽ 0.0022). When the haplotype association test was conditioned on type 1 diabetic
case subjects who were homozygous for the 1858C allele
at rs2476601, two haplotypes, H1 (P ⫽ 0.031) and H3 (P ⫽

0.041), displayed increased transmission rates to affected
offspring that were at least marginally significant. These
associations might reflect the presence of additional rare
variants of PTPN22 occurring on these haplotypes that
confer some increased risk for type 1 diabetes.
The DHPLC screening of the PTPN22 coding region
identified three novel but rare nonsynonymous coding
variants (Table 1). To evaluate the possible role of these
variants in type 1 diabetes susceptibility, they were evaluated for their likelihood of affecting protein structure,
using the programs PolyPhen and SIFT (39,40). Two of the
variants, 1508A/G and 2250G/C, had minor alleles that
scored as possibly damaging to PTPN22 in this analysis.
These variants were genotyped in 617 type 1 diabetes
multiplex families and tested for association with type 1
diabetes. The 1508A/G variant was observed in only two
families (predicted minor allele frequency 0.0008), and
thus no conclusion could be drawn regarding its relation
to type 1 diabetes risk. The 2250C variant was observed in
15 affected sibpair families (minor allele frequency 0.006)
and was preferentially transmitted to affected offspring in
these families (21 transmitted vs. 7 nontransmitted, P ⫽
0.026). The 2250C allele occurred exclusively on the H1
haplotype. When 2250G/C status was used to split this
haplotype, the increased transmission of H1 to affected
offspring noted above and in Table 3 was accounted for
entirely by the 15 families in which the 2250C allele was
segregating.

TABLE 2
Single-marker family-based association analysis of SNP markers in the PTPN22 gene
FBAT
SNP number
1
2
3
4
5
6
7
8
9
10
11

cDNA position

dbSNP number

Genomic position*

Allele†

MAF

z‡

P‡

—
—
—
—
1858
—
—
2250
—
—
3⬘ UTR

rs1235005
rs2488457
rs1217414
rs1217418
rs2476601
rs2797415
rs3761935
—
rs1217388
rs2476599
rs3811021

114129479
114127410
114124709
114113273
114089610
114089135
114084570
114084256
114076518
114075501
114068705

C/G
G/C
C/T
C/T
C/T
C/T
A/C
G/C
T/C
C/T
T/C

0.444
0.240
0.274
0.463
0.126
0.280
0.182
0.006
0.276
0.272
0.181

2.806
3.157
0.014
2.482
4.155
3.087
⫺0.301
2.214
3.009
0.014
⫺0.299

0.005015
0.001596
0.989227
0.013070
0.000033
0.002023
0.763082
0.026857
0.002619
0.989156
0.765138

*Positions are according to NCBI (National Center for Biotechnology Information) Build 35, and the SNPs are listed from the 5⬘ end of
PTPN22 to the 3⬘ end; †common allele is listed first; ‡calculated for the minor allele. MAF, minor allele frequency; UTR, untranslated region.
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TABLE 3
Family-based haplotype association analysis of PTPN22
Haplotype

1

2

3

4

H1
H2
H3
H4
H5
H6
H7

C
C
G
G
G
G
C

G
G
G
C
C
G
G

T
C
C
C
C
C
C

C
C
T
T
T
T
T

SNP number
5
6
C
C
C
T
C
C
C

C
C
C
T
T
T
T

HBAT

Frequency*
7

9

10

11

A
A
C
A
A
A
A

T
T
T
C
C
C
C

T
C
C
C
C
C
C

T
T
C
T
T
T
T

0.270
0.264
0.176
0.124
0.115
0.023
0.015

z

P

⫺0.253
⫺3.063
0.213
3.946
0.460
0.430
⫺0.186

0.80052
0.00219
0.83110
0.000079
0.645415
0.667337
0.852684

*Haplotypes with frequencies ⬍0.01 were not listed.

To confirm that the 2250C allele was expressed, cDNA
was synthesized from a subject heterozygous for 2250G/C
and a control subject homozygous for the common 2250G
allele. Sequencing of RT-PCR products spanning exons 18
to 21 from individuals heterozygous for 2250G/C revealed
only the 2250G allele product. Position 2250 in PTPN22
corresponds to the last nucleotide position of exon 18.
Nucleotide usage at this position in mammalian exons is
highly biased, with a G residue occurring in the ⫺1
position in 78% of exons and C being present in ⬍4% of
mammalian exons (41). To determine whether the
2250G/C variant affected splicing of exon 18, primers in
exons 15 and 20 were used to amplify PTPN22 from cDNA.
As shown in Fig. 1, the expected 393-nucleotide fragment
was obtained from an individual who was homozygous for
2250G, whereas two fragments, one of the expected size
and a shorter fragment, were obtained from a 2250G/C
heterozygote. Nucleotide sequencing of these products
revealed that the larger fragment corresponded to the
correctly spliced PTPN22 product containing the G-allele
at position 2250, whereas the shorter fragment corresponded to a product in which exon 17 had been spliced
directly to exon 19, with exon 18, containing position 2250,
excluded. There was no evidence of the 2250C allele in any
RT-PCR product generated in this analysis, suggesting that
the presence of C at this position results in a high
frequency of missplicing and deletion of exon 18. The
result of this aberrant splicing event is the creation of a
premature termination codon precisely at the exon 17to-19 junction (Fig. 1).
Although resequencing in individuals selected for the
absence of the established type 1 diabetes risk allele 1858T
in PTPN22 can potentially identify novel risk alleles
occurring on other haplotypes, it leaves open the question
of whether 1858T is the sole variant on the H4 haplotype
responsible for its disease association. To address this
question, 24 type 1 diabetic case subjects heterozygous for
the 1858C/T variant were screened by DHPLC and sequencing to identify any additional coding variants occurring on the same haplotype. No other variants were
detected on the H4 haplotype in these samples. An additional rare coding variant in exon 1 (77A/G, N26S) was
identified on a chromosome carrying the 1858C allele in
one of the heterozygous 1858C/T case samples screened.
However, given that the 77A/G variant was observed only
once in the 24 1858C/T heterozygous samples screened,
along with the 94 1858C homozygous samples screened
previously, and because Polyphen and SIFT analysis predicted the amino acid change was not likely to be damaging for the protein structure, the variant was not further
analyzed in this study (39,40). An examination of the data
2886

derived from CEPH families in HapMap suggests that there
is a haplotype block ⬎300 kb in size spanning the PTPN22
locus. Thus, the contribution of variants in either noncoding regions or adjacent genes cannot be ruled out as
playing some role in the association between the H4
haplotype and type 1 diabetes. An examination of the
genes flanking PTPN22 on chromosome 1p13 revealed
only one with any obvious potential to affect immune
responses, C1orf178, which encodes BFK, a Bcl-2 family
member with modest proapoptotic effects that is expressed in both spleen and thymus (42). The coding region
of C1orf178 was screened by nucleotide sequencing in two
type 1 diabetic case subjects homozygous for either the
1858T or 1858C allele. No coding variants were observed.
DISCUSSION

In the current study, a systematic approach was taken to
elucidate whether the reported 1858T allele was the sole
susceptibility allele in PTPN22 or whether there were
additional susceptibility alleles at this locus that can also

FIG. 1. The 2250C allele leads to missplicing and deletion of exon 18.
A: cDNA amplification of exons 15–20. Genotypes of the samples
amplified are listed above each lane. Lanes marked with “-RT” indicate
negative controls in which no reverse transcriptase was added to the
reaction. B: A schematic diagram of the effect of the coding SNP
2250G/C on splicing. Presence of the 2250C allele at the last position of
exon 18 results in the skipping of exon 18. Exon 17 joins directly to
exon 19, forming an immediate stop codon. The wild-type 2250G allele
allows regular splicing of exon 18. *Immediate stop codon.
DIABETES, VOL. 55, OCTOBER 2006
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play a role in type 1 diabetes development. We considered
two hypotheses. First, the possibility that there might exist
additional type 1 diabetes risk variants within the PTPN22
coding region was evaluated by screening all exons of the
PTPN22 gene for variation in type 1 diabetic case subjects
homozygous for the wild-type 1858C allele. These results
were extended by genotyping both the common SNPs
identified in the screening and tag SNPs culled from the
HapMap database in a collection of 374 multiplex type 1
diabetes–affected families to assess both single-marker
and haplotype associations with disease. Among the common SNPs genotyped (i.e., those with minor allele frequencies ⱖ0.1), six displayed some evidence of association
with type 1 diabetes (P ⬍ 0.05) when considered as single
markers. As noted by Carlton et al. (43) in their study of
rheumatoid arthritis patients, the 1858T allele was observed to occur on a single haplotype, designated here as
H4. Our haplotype analysis revealed a second haplotype
(H5) that is identical with the overtransmitted haplotype
H4, except at 1858C/T. Because neither H5 nor any of the
other remaining common haplotypes have displayed any
evidence of positive association with type 1 diabetes, we
conclude that the markers rs1235005, rs2488457,
rs1217418, rs2797415, and rs1217388, which showed significant association to type 1 diabetes in the single-marker
tests, are most likely not independent risk variants for type
1 diabetes.
As in the case of rheumatoid arthritis, conditioning on
the haplotype containing the 1858T allele (H4) revealed
modest evidence for excess transmission of two other
haplotypes to affected offspring in type 1 diabetes–affected
families. Because the SNPs used in the current study differ
from those used by Carlton et al. (43) in their study of
rheumatoid arthritis, it is not possible to make a direct
comparison between the haplotypes. However, the excess
transmission observed in both studies suggests the possibility that there might be additional variants in PTPN22
that increase the risk of autoimmunity. In the current
study, a plausible candidate on the H1 haplotype was
identified in the rare variant 2250G⬎C. Although segregating in only 15 families, the 2250C allele was modestly
associated with type 1 diabetes (P ⫽ 0.026), and, because
RNA analysis indicated that it generates a premature
termination codon, the variant allele might be expected to
affect PTPN22 function. However, given the infrequency
of the 2250C allele, further association studies, both in
type 1 diabetes and in other autoimmune diseases where a
role for PTPN22 variation has been previously demonstrated, are clearly necessary before a role for this variant
in autoimmunity can be established.
The prematurely terminated coding sequence of the
2250C allele is predicted to encode a 711–amino acid
protein lacking the last two COOH-terminal proline-rich
repeats. The role of these two proline-rich repeats in Lyp
is not well characterized, but they may play a role in
binding to proteins with SH3 domains. If so, expression of
such a truncated protein could potentially exert a dominant interfering effect on the wild-type allele product in
heterozygotes. However, proteins containing premature
termination mutations are often subject to rapid turnover
and degradation, in which case the 2250C allele might only
affect PTPN22 function by reducing the overall cellular
levels of the protein. Functional studies of 2250G/C heterozygotes will be necessary to resolve these two possibilities and to reconcile the effects of this variant with the
DIABETES, VOL. 55, OCTOBER 2006

reported gain of function observed with the 1858T allele
(44).
In the first part of this study, we focused on identifying
risk variants for type 1 diabetes within the PTPN22 gene.
Haplotype analysis identified the H4 haplotype, which
carries the 1858T allele, as the major haplotype that
contributes to type 1 diabetes susceptibility in PTPN22.
However, these results leave open the possibility that
additional variants might lie on this haplotype outside of
the PTPN22 gene that could affect type 1 diabetes risk. An
examination of the CEU database in HapMap suggests that
significant linkage disequilibrium may extend for several
hundred kilobases surrounding PTPN22, potentially including other genes. When the functions or expression
patterns of genes flanking PTPN22 were considered, there
were few obvious candidates for a gene that might impact
autoimmunity. RSBN1 is expressed exclusively in germ
cells (45). DCLRE1B is expressed ubiquitously, but its
function in the cellular response to DNA intrastrand
cross-links does not suggest a role in immune responses
(46). On the other hand, C1orf178 is a member of the Bcl-2
family with some proapoptotic function and is expressed
in both spleen and thymus (42). To scan for additional
coding variants that might be in linkage disequilibrium
with the 1858T allele, the coding sequences of PTPN22
and C1orf178 were screened in individuals that carried the
H4 haplotype. The 1858T allele was the only coding variant
identified in PTPN22 and C1orf178 on the H4 haplotype.
In summary, a haplotype-based analysis of the role of
the PTPN22 locus in type 1 diabetes indicates that the
1858T (620W) allele occurs on a single haplotype that is
overtransmitted to affected individuals in type 1 diabetes–
affected families. No other coding variants were identified
on this haplotype in either PTPN22 or the flanking
C1orf178 gene. Within the PTPN22 gene, four rare coding
variants were identified, one of which also leads to a
prematurely terminated protein. Although infrequent, this
variant was associated with type 1 diabetes in a familybased analysis. Establishing whether this rare coding
variant contributes to type 1 diabetes risk will require
confirmation in a larger dataset and in functional studies
to determine its impact on Lyp function.
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