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ORIGINAL ARTICLE

High-density SNP analysis of 642 Caucasian families
with rheumatoid arthritis identifies two new linkage
regions on 11p12 and 2q33
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We have completed a genome wide linkage scan using > 5700 informative single-nucleotide polymorphism (SNP) markers
(llumina IV SNP linkage panel) in 642 Caucasian families containing affected sibling pairs with rheumatoid arthritis (RA),
ascertained by the North American Rheumatoid Arthritis Consortium. The results show striking new evidence of linkage at
chromosomes 2q33 and 11p12 with logarithm of odds (LOD) scores of 3.52 and 3.09, respectively. In addition to a strong and
broad linkage interval surrounding the major histocompatibility complex (LOD> 16), regions with LOD> 2.5 were observed on
chromosomes 5 and 10. Additional linkage evidence (LOD scores between 1.46 and 2.35) was also observed on chromosomes
4, 7, 12, 16 and 18. This new evidence for multiple regions of genetic linkage is partly explained by the significantly increased
information content of the lllumina IV SNP linkage panel (75.6%) compared with a standard microsatellite linkage panel utilized
previously (mean 52.6%). Stratified analyses according to whether or not the sibling pair members showed elevated anticyclic
citrullinated peptide titers indicates significant variation in evidence for linkage among strata on chromosomes 4, 5, 6 and 7.
Overall, these new linkage data should reinvigorate efforts to utilize positional information to identify susceptibility genes for RA.

Genes and Immunity (2006) 7, 277-286. doi:10.1038/sj.gene.6364295; published online 4 May 2006

Keywords: genetic linkage analysis; single-nucleotide polymorphisms; rheumatoid arthritis; stratified analysis

Introduction

Rheumatoid arthritis (RA) is the most common inflam-
matory polyarthritis (RA [MIM 180300]). The cause is
unknown, although the presence of autoantibodies such
as anti-cyclic citrullinated peptide (anti-CCP) autoanti-
bodies, and an association with human lymphocyte
antigen (HLA) have led to its categorization as an
autoimmune disorder.! A genetic component to RA
susceptibility has long been established by data from
twin and family studies.? Twin analysis, for example,
estimated the heritability of RA to be about 60%.> The
strength of the genetic component has also been
estimated by computing the relative recurrence risk for
siblings (4s) of RA probands compared with that for the
general population.* Due to uncertainty about the
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prevalence of RA in Caucasian populations, as well as
variability in the phenotype, the estimated increase in
risk to siblings varies between 5 and 10.?

The genetic basis of RA is complex.> Consistent
associations clearly implicate a role of the major
histocompatibility complex (MHC) in risk for RA.°
Indeed, based on previous linkage results, the MHC
region makes the largest single contribution (1,~1.8) to
disease susceptibility.”* A set of alleles at the DRB1 locus,
many of which share a common polymorphic sequence,
the ‘shared epitope’ (SE),® explain a large portion, but not
all,'>"? of the genetic risk within the MHC. Recently, the
R620W variant of the PTPN22 locus has been shown to
confer increased risk for RA, with odds ratios ranging
between 1.5 and 2.0 for heterozygotes, and over 3.0 for
homozygous carriers of the variant.'>'* This finding has
been extensively replicated,’®'” and is now accepted
as the most robust genetic association with RA outside
of the MHC."® Interestingly, the 620W PTPN22 allele is
also associated with several other autoimmune dis-
orders including type 1 diabetes,'**° autoimmune thyr-
oid disease,®’ systemic lupus erythematosus®*>* and
some forms of juvenile arthritis.?**> A recent report
indicates that additional variability in the PTPN22 locus
may account for a more minor proportion of risk for
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RA.?* Aside from PTPN22 and the HLA region, associa-
tions with CTLA4 and PADI4 have also been supported
in some additional studies,*” suggesting that these genes
may also contribute to RA susceptibility in Caucasian
populations, albeit with rather modest relative risks.

We and others have previously reported on the results
of microsatellite linkage scans on Caucasian affected
sibling pair families with RA.”#2#° Qutside of the MHC,
no genetic region has been identified that meets accepted
criteria for ‘significant” linkage (logarithm of odds (LOD)
3.6 for sibling pair studies®'). A meta-analytical study®* of
data published by groups in the UK, Europe, the US and
Japan provided evidence (P <0.01) for loci influencing RA
risk on chromosomes 6p, 6q, centromeric 16q and 12p. A
relatively small linkage study of RA sibling pairs with over
10000 SNP markers found moderately increased evidence
for linkage outside the MHC*” compared with results that
were obtained using a microsatellite scan.

We have now undertaken a genome wide SNP linkage
scan on 642 affected sibling pair families, the largest
single linkage study in RA reported to date. We utilized
the most recent version (IV) of the Illumina Linkage SNP
panel® containing 5850 SNP markers across the genome.
The results are striking in that we identified two entirely
new regions of linkage with LOD>3.0 (chromosomes
2q33 and 11p12), of which the chromosome 2q linkage
approaches genome wide criteria for ‘significant’ link-
age. We also observed ‘suggestive’ evidence for linkage
(LOD>2.2 in a sib-pair study) in several additional
genomic regions (chromosomes 4q25, 5p12 and 10q21).
Some support for linkage was also provided for several
previously identified regions with linkage evidence
(18921, 20p13 and 1q41-42). These results emphasize
the utility of using well characterized SNP marker
sets for carrying out linkage studies, and confirm
that previously used standard microsatellite panels with
10cM intervals may be insufficiently informative for
linkage studies of complex diseases, especially when
parental DNA samples are not available for study.>***
These results are likely to catalyze renewed interest in
association mapping of disease genes in the identified
regions for RA based on linkage data.

Results

Analysis of single-nucleotide polymorhism linkage scan

A total of 642 Caucasian families containing 1371 affected
siblings with RA were used for the SNP linkage analysis.
Table 1 describes the distribution of sibships according
to the number of affected siblings and additional
relatives who were genotyped. The majority of families
comprise a single sib pair for whom parents could not be
recruited, and no other affected relative was available. A
full characterization of affected individuals and clinical
parameters has been reported in 512 families from this
collection.®® The median age at onset for the affected
population studied in the current report was 39 years,
with an interquartile range of 3049 years. The mean
duration of disease in this population is 16 years with a
median of 13 years. We also analyzed the data according
to demographic and clinical subgroups. For this analysis,
we divided the families into all possible pairs of affected
individuals (including primarily sib pairs but a few half-
sib and other pairings as depicted in Table 1). There were
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Table 1 Structure and sampling of 642 Caucasian sibling pair
families studied

Number of  Total number Number with 0 Number with Number with

affected sibs  of families® parents only 1 parent 2 parents
genotyped genotyped genotyped

2 576° 341 172 63

3 59 32 22 5

4 9 6 3 0

6 1 1 0 0

*Three families contain sib trios in one nuclear family and a sibling
pair in another nuclear family from a different generation (uncle/
aunt’s family) and are counted separately in each category.
PIncludes 23 distinct half-sibship families.

55 male-male affected pairs, 284 male—female pairs and
459 female—female pairs. Similarly, among the pairs
with data available on anti-CCP antibodies, there were
64 pairs concordant negative for anti CCP antibody, 230
pairs discordant for anti-CCP antibody and 438 pairs
concordant positive for anti-CCP antibody, when the cut
point of 20 was used to define positive and negative
reactions. Furthermore, there were 59 pairs concordant
negative, 112 pairs discordant and 618 pairs concordant
positive for HLA SE status.

Linkage was examined using the genotypes obtained
from the [llumina SNP linkage IV panel (see Methods).
Table 2 summarizes all regional maximum LOD scores
for each chromosome, including the pseudoautosomal
regions (19 on XYp and 7 on XYq). Supplementary
Figures 2-9 provide graphs of linkage analyses of
chromosomes both with and without correction for
having LOD>1.5 linkage disequilibrium (LD). As can
be seen in the table, peak LOD scores decreased on all
chromosomes when markers that were in LD with each
other were eliminated from analysis. When a criterion
that markers showing a D’ value greater than 0.7 were to
be eliminated, 866 out of 5726 markers were dropped
(15.12%); when only autosomal chromosomes are
considered, 784 out of 5407 markers tested were dropped
(14.50%). Over all markers, there was an average
decrease in LOD score of 0.129 when markers in LD
were dropped. For only the autosomal chromosomes,
dropping markers in LD lead to a decrease of 0.120
in LOD score. Dramatic decreases in LOD scores were
noted on a few chromosomes when markers in LD were
dropped, for example on chromosome 21, the LOD score
decreased from 11.59 to 1.11. The most prominent of
these instances involved markers located at the telo-
meres, and can be explained by the lack of any flanking
markers that are not in LD with the set of markers.
Substantial reductions in LOD score also occurred in
nontelomeric regions where LOD scores were greater
than one; however, in these regions, significant evidence
for linkage was generally maintained after dropping
markers in LD. To eliminate the potential for false
positive results when markers in LD are analyzed as if
they are not in LD, we restricted the remainder of the
analyses to only that set of markers that showed D’
values less than 0.7. Using a cut point of R*<0.16 led
to fewer markers being dropped (results not shown).
Even restricting markers to those with R?<0.05 also did
not qualitatively change any results. In the latter case, the
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Chromosome LOD scores Peak SNP — with LD Peak SNP — without LD
w-LD wo-LD SNP Position SNP Position
1 1.65 1.41 rs335523 211882862 rs1547502 216620855
2 4.02 3.52 rs1354905 189649014 rs1949429 192602000
3 0.82 0.57 rs11235 52702435 rs7061 50073527
4 3.11 2.35 rs223383 104209760 rs1384401 105023898
5 3.06 2.55 rs1857844 24569227 rs903391 43206838
6 18.53 16.14 1169679 28964566 rs11908 32991663
7 2.49 1.94 rs903898 146244418 rs2040587 114230026
8 1.61 0.91 rs1735173 146076058 rs1375956 106521094
9 0.75 0.63 rs1138374 37964743 rs1414944 66913499
10 3.76 2.54 rs579142 60472666 rs1227938 70502871
11 3.92 3.09 rs2035693 39201341 rs1462224 41024049
12 5.09 1.46 rs7960480 132017084 rs2009625 22216512
13 0.93 0.73 rs20411 34029488 rs20411 34029488
14 0.72 0.5 rs1863766 79335457 rs1530771 79015563
15 1.14 0.33 rs1864299 47323908 rs1030588 44442237
16 1.73 1.69 rs1946155 53412897 rs1946155 53412897
17 1.74 0.97 rs411602 69136700 rs764426 67565205
18 1.9 1.47 rs1792723 52015361 rs663220 52349253
19 4.52 0.21 rs1465789 63637868 rs306450 61192862
20 3.11 1.02 rs1434789 132900 rs$914433 55196924
21 11.59 1.11 rs2835629 37442056 rs2837710 40861199
22 0.34 0.32 rs139062 39124832 rs139062 39124832
X 3.22 1.17 rs2015312 56385990 rs2057652 10529107
XY 8.69 3.91 rs2535444 2282688 rs700447 153441492

“No positive LOD scores were obtained after balancing sex concordant and discordant pairs.

Abbreviations: LD, linkage disequilibrium; LOD, logarithm of odds.

LOD scores on chromosomes 2, 4, 7, 10 and 11 increased
slightly with the maximum increase being from 2.35 to
2.55 on chromosome 4, while on chromosomes 5, 6, 12, 16
and 18 there were modest decreases in LOD score, with
the largest decreases being on chromosome 18 from 1.47
to 1.08 and chromosome 5 from 2.55 to 2.32. The overall
moderate changes in LOD scores argue strongly against
false positive results due to LD after adjustment for LD
(D' <0.7) between markers. In addition, we checked the
LOD scores among families with no parents genotyped
versus families with at least one genotyped parent for
the major regions of linkage on chromosomes 2, 4, 7, 10
and 11. Logarithm of odds scores remained positive in
all family groups. On chromosomes 2, 7 and 11 the LOD
scores from the families with one or more parents typed
were higher, while on chromosomes 4 and 10, the LOD
scores were higher for the set of families without typed
parents. The only potential region of concern occurs
on chromosome 4, for which the maximum LOD score in
families without typed parents was 2.50, while among
the families with at least one genotyped parent the LOD
score was only 0.08. However, the finding that LOD
scores on chromosome 4 do not decrease when restrict-
ing to R? values for LD among adjacent markers of 0.05
or less indicates that the evidence for linkage on this
chromosome does not reflect a false positive due to LD
among tightly linked markers.

Compelling new evidence for linkage on chromosomes 2933
and 11p12

LOD scores greater than 1.5 after removing markers in
LD were noted for chromosomes 2, 4, 5, 6, 7, 10, 11 and

16. Graphs of the linkage signals across these chromo-
somes are shown in Figure 1. Across the genome, by far
the strongest evidence for linkage is found on chromo-
some 6p21 in the vicinity of the MHC with a maximum
LOD score of 16. This is consistent with previous
reports”#25° although the area supporting evidence for
linkage is very broad, suggesting the influence of
multiple susceptibility loci in this region. More strikingly,
prominent and previously unreported linkage peaks are
observed on chromosomes 2q33 and 11p12 with LOD
scores of 3.52 and 3.09, respectively, after adjustment
for LD (D'<0.7) between markers. Furthermore, linkage
evidence meeting accepted criteria for ‘suggestive’
linkage are also observed on chromosomes 5 and 10.
Somewhat lower linkage peaks are observed on chromo-
somes 4, 7 and 16. Not shown in the figure are the
linkage signals on chromosomes 1, 12 and 18, all of
which have maximum linkage peaks that fall just below
1.5, as indicated in Table 2.

Overall, these data stand in rather dramatic contrast to
what has been observed in previous microsatellite
linkage scans, which have generally produced much
weaker evidence for linkage outside of the MHC.7#2831
A reason for this discrepancy in linkage results is due
to the difference in the informativeness of the two
markers sets. Using an entropy-based measure?” we
have calculated overall informativeness at the analyzed
markers for the autosomes of our previous microsatellite
markers compared with the current SNP linkage set.
Overall, there is a substantial increase in the informa-
tion content of the SNP linkage marker set. The mean
information for the Marshfield marker set 8A was 52.6%
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Figure 1 LOD score analysis of eight chromosomes using microsatellite and SNP panels. LOD scores are plotted for the eight chromosomes
that contained maximum linkage peaks with LOD scores exceeding 1.5 on the SNP linkage scan (dark line). For comparison, the results of a
previous linkage scan with microsatellites markers on 512 families” is shown (light line). Note that the scale of the y-axis differs for
chromosome 6.
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(range = (0.18, 0.71), interquartile range = (0.49, 0.56) This
compares with 75.6% for the current Illumina SNP set
including all markers or 74.9% after excluding markers
in LD with other markers (range = (0.62, 0.82) interquar-
tile range =(0.73, 0.77)). Thus, as illustrated in Figure 1,
previous linkage evidence using microsatellite markers
on 512 affected sibling pair families generally showed
weak evidence of linkage on all chromosomes except in
the MHC on chromosome 6. This difference was
observed even taking into account the somewhat smaller
sample size of the previous dataset. For example, a direct
comparison of the linkage results using microsatellites
versus SNPs restricted to the 467 Caucasian families from
the original 512 families yields LOD score increase of
2.71 for chromosome 2q33 (from a LOD score of 0.31 at
185 Mb on the microsatellite scan to 3.02 at 193 Mb on the
SNP scan) and a LOD score increase of 2.04 for
chromosome 11p12 (from a LOD score of 0.21 at 35 Mb
on the microsatellite scan to 2.25 41 Mb on the SNP scan).
On chromosome 6, where we had a denser microsatellite
map,” the information content was 69%, and there was a
relatively smaller change percent change in LOD score
from 14.66 with microsatellites to 16.14 with SNPs (after
excluding those in LD with D'>0.7).

Influence of anti-CCP antibody phenotype on linkage evidence
It has recently become apparent that the anti-CCP anti-
bodies are a preclinical risk factor for the future develop-
ment of RA, and that these antibodies are quite specific
for the disease.® There is a strong association with the
presence of anti-CCP antibodies and the HLA ‘SE’ alleles
that are classically associated with RA.>*#° Furthermore,
anti-CCP antibodies are predictive of progressive erosive
disease.*' Thus, these antibodies may mark a genetically
more homogeneous subset of RA. We therefore examined
the effect of this trait on linkage evidence. As summar-
ized in Table 3, evidence of significant linkage variability
for the primary linkage peak was present for chromo-
some 6, consistent with previous reports. In addition, an
increased linkage evidence is observed in siblings
concordant for elevated anti-CCP titers on chromo-
somes 4, 5 and 7. Thus, it appears likely that follow-up
association studies on the anti-CCP+ disease subset
would be a rational strategy for fine mapping and
gene identification.

Table 3 Tests for significant heterogeneity according to anti-CCP
antibody status

Chromosome Mean LOD scores per pair for anti-CCP P-value
strata (number of pairs)
Negative Discordant Concordant
(n=064) (n=230) (n=438)
2 —0.0067 0.0200 0.0262 0.446
4 —0.0305 0.0187 0.0334 0.029
5 —0.0402 0.0379 0.0188 0.032
6 0.0884 0.0270 0.0792 0.003
7 —0.0400 0.0203 0.0376 0.030
10 0.0076 0.0088 0.0286 0.275
11 0.0124 0.0290 0.0282 0.904
12 0.0207 0.0113 0.0190 0.818
16 0.0490 0.0293 —0.0000 0.133
18 0.0120 0.0389 0.0022 0.208
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Analysis of sex and human lymphocyte antigen type as
covariates for linkage

We also examined evidence for interactions between
linkage signals and sex and/or HLA SE status. Not
surprisingly, HLA SE status had a major impact on
linkage evidence (P <0.0001) within the MHC. The mean
LOD scores per sib pair were 0.066 among pairs
concordant for nonsharing of SE, —0.118 among pairs
discordant for SE and 0.093 among pairs concordant for
SE. The total LOD scores across strata are 3.91 among 59
pairs that are SE concordant negative, —13.23 among 112
pairs discordant for SE and 57.20 among 618 pairs
concordant for SE. Thus, the SE does not explain all of
the linkage within this region, as we have recently
reported using data from microsatellites.** No other
chromosomes exhibited significant (P <0.05) heterogene-
ity when HLA SE status was considered. Consideration
of sex as a covariate did not significantly alter linkage
evidence, except at the MHC (P =0.0015). Male-male
pairs showed the strongest linkage signal on chromo-
some 6p with a mean LOD score of 0.142, male-female
pairs had a mean LOD of 0.076 and female-female pairs
had a mean LOD score of 0.049. The total LOD scores
across strata are 7.82 among 55 male-male pairs, 21.48
among 284 pairs male—female pairs and 22.46 among 459
pairs concordant female pairs. These results, along with
those from studying anti-CCP concordant and discor-
dant pairs show a striking influence of certain covariates
on linkage evidence particularly in the HLA region.

Discussion

In this study we have undertaken a dense SNP linkage
scan on the largest collection of RA affected sibling pair
families reported to date. The results are remarkable in
that, compared with previous linkage studies using
microsatellites, dramatic new evidence for several
regions of linkage has emerged.

The application of linkage approaches to mapping
genes for complex disorders has met with mixed success
over the last decade. The identification of NOD2/
CARDI1S5 as a susceptibility gene for Crohn’s Disease***>
is perhaps the best example of using linkage for
positional mapping of an important susceptibility
gene for a complex autoimmune disorder, but it has
been unclear whether this simply reflected the genetic
equivalent of ‘low hanging fruit’. With some exceptions,
the frequent lack of replication of linkage signals in RA
has dampened enthusiasm for this approach, and a
recent dense linkage SNP linkage scan using 10 548 SNPs
using the Affymetrix platform did not substantially
change the situation,® perhaps reflecting the limited
sample size that was available in that study.

While candidate gene association studies have yielded
somewhat better results than linkage for identifying
susceptibility genes for RA, the type 1 error rate of
published association studies is high.** Outside of the
MHC, the PTPN22 620W allele is the most compelling
replicated genetic association with RA.?” The discovery
of the PTPN22 association with RA was based in part
on positional linkage information,’*'®* but was also
informed by a broad candidate gene approach. A
candidate gene association approach was also used to
identify the PTPN22 association with type 1 diabetes'®
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and subsequently other related autoimmune disor-
ders.?*> Although the utility of linkage for disease
mapping in complex autoimmune disorders remains
uncertain, the data reported here are likely to reinvigo-
rate efforts to map susceptibility genes for RA based on
positional information.

Our analysis indicates that the improved linkage
signals we observed using the Illumina SNP marker set
resulted from the fact that the information content across
the entire genome was 44% higher using the SNP
panel as opposed to the microsatellite marker set from
Marshfield.” This increase in marker informativeness is
especially important in datasets where parental informa-
tion is missing,** as in late onset diseases like RA. As
shown in Table 1, parental DNA was available on only
41.1% of our sibling pair families, and only 10.5% of
families had both parents available for genotyping. As
shown in Figure 1, for all regions showing linkage
evidence with LOD>1.5 in these families using SNP
markers, the previous microsatellite analysis revealed
weak evidence of linkage. This can be explained by the
somewhat smaller number of families (n=>512) pre-
viously analyzed,” a possible influence from ethnic
heterogeneity in our previous studies that included
nonCaucasians, as well as the higher information content
of the current study.

Rheumatoid arthritis is a clinically heterogeneous
disorder with variability in severity, disease course and
response to therapy. The recent identification of anti-CCP
antibodies has provided an important tool for subdivid-
ing the phenotype.®® Rheumatoid arthritis patients with
these antibodies tend to have more severe progressive
disease.*' In addition, anti-CCP antibodies are strongly
associated with HLA alleles, both positively with SE
alleles®*“*¢ and negatively with HLA-DR3.4#” Thus, it is
not surprising that linkage evidence at the MHC is
strongly influenced by the presence of these autoanti-
bodies.** Interestingly, our data provide some evidence
that other regions, particularly on chromosomes 4, 5 and
7, may also carry susceptibility alleles that are more
closely linked to anti-CCP + disease. In contrast, neither
sex nor HLA status significantly influenced linkage
results outside of the MHC.

The linkage results at the MHC are remarkable not
only for their strength, but also for the very broad
linkage peak. Not all of this linkage can be ascribed to the
known HLA associations with ‘SE’ alleles encoded at the
HLA-DRB1 locus. Indeed, there is previous evidence
that genes within the central MHC also contribute to
disease risk, independent of DRB1.'*'** The current
data suggest that additional risk genes may also lie
within the very broad linkage peak in this region,
perhaps some of which lie outside of the MHC proper.

The strong linkage signal on chromosome 1lp is
unexpected. Interestingly, the peak of the linkage
signal at 41 Mb lies within a ‘gene desert’ in which only
one known functional gene is present in a region of
over 6 Mb (~36.6-43.0Mb, build 35). The sole gene in
this region is NGL-1, a ligand for netrin G1, a molecule
that is involved in axon guidance in the developing
central nervous system. NGL-1 is predominantly
expressed in brain tissue, but is also expressed at
lower levels in a variety of other tissues, including
peripheral blood.* Interestingly, the RAG1, RAG2
and TRAF6 genes are located immediately telomeric
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to this large gene desert, well within the 1-LOD
support interval.

The linkage peak on chromosome 2q33 is located in the
region containing the ICOS-CD28-CTLA4 gene cluster.
Previous association studies have shown some evidence
of association CTLA4 with RA,* and we have recently
confirmed a weak effect at this locus using several large
case—control data sets.”” Interestingly, the association
with the CTLA4 CT60 polymorphism is stronger in the
anti-CCP + disease subset.?” However, the strength of
the CTLA4 C60 association with RA is not adequate to
explain the entire linkage signal reported here, and thus
we anticipate that additional risk alleles, perhaps in
different genes, will be found in this region.

Comparisons of our findings with previous genome-
wide linkage analyses indicate some regions of overlap,
outside the MHC. Osorio et al.* performed a dense
microsatellite linkage analysis of 88 French Caucasians
families that included 105 sibling pairs. Regions of
overlap from that study with those we have identified
as yielding LOD scores over 1.0 include 1q44, 2q33,
18921, 20p13 and 12p (our peak linkage region is at
12p12 about 10cM from their peak region). John et al.*®
performed a dense SNP scan of 157 multicase RA
families and identified several regions showing evidence
for linkage at the P<0.05 level, but our study yielded
only weak evidence for linkage to those regions except
the 6p, 6q and 16p12 (LOD =1.0 at rs874562) regions. A
genome-wide linkage analysis of 41 Japanese families®'
identified significant linkages to chromosomes 1p36,
8q22-23 and Xq27. Of these loci, we did not detect
evidence for linkage to 1p36 or Xq27 but our peak
evidence (LOD=0.91) on chromosome 8 occurs at
rs1375956, which is in the 8q22-23 region. Meta-
analyses® and joint analyses®* of the different data sets
will help to resolve similarities and differences among
the different populations. Studies on US populations
include a heterogeneous collection of ethnic groups. We
have attempted to minimize this heterogeneity by
restricting our study to include only Caucasians. How-
ever, even among European groups, considerable hetero-
geneity with respect to causal factors such as PTPN22
may exist. Therefore, future studies that condition on
subethnic origin may help to identify any specific factors
that influence risk differentially among different sub-
ethnic groups.

Analysis of linkage to specific candidate loci showed
weak evidence for linkage for most loci outside of the
MHC (Supplementary Figures 2-9). Among all candidate
loci on chromosomes with LOD scores over 1.0(PADI4,
CTLA4, PTPN22, RUNX1, SLCA224, HLADRBI, IL2,
SLC11A1, TNFRSF1A, IL26, MHC2TA and FCR Gamma
3a), model free LOD scores over 0.5 were only obtained
for HLA-DRB1 (LOD=16.1), CTLA4 (LOD =2.35), IL2
(LOD=0.52) and RUNX1 (LOD = 0.67). However, given
the weak impact that the currently known non-MHC
candidates have upon risk for RA, failure to detect
linkages is not surprising. The most consistently repli-
cated non-MHC locus is PTPN22, which was reported'?
to confer an increased risk of 1.97 per risk allele with an
allele frequency of 0.09 in healthy Caucasians. Applying
these values (assuming a log-additive model for risk
to homozygous carriers) and assuming an overall
lifetime prevalence of 0.7%, we have genotype specific
penetrances of 0.006, 0.012 and 0.023 for normal,



heterozygous and homozygous at risk genotypes. With
these parametric values, we calculated the expected LOD
using the positions, allele frequencies and the missing
data patterns four markers immediately adjacent to the
PTPN22. The median expected LOD score was average
expected LOD score using these markers is 1.70+1.13
with a range of —0.17 to 7.25 with 30% having LOD
scores of 1.0 or less and 66% of replicates having LOD
scores of 2 or less. Thus, our failure to identify the
PTPN22 locus appears to reflect limited power to detect a
locus having the limited relative risk associated with the
R620W allele. In general, we anticipate that loci that are
positionally identified through linkage analysis would
confer higher risks than the approximately two-fold
increased risk provided by the R620W allele of PTPN22.
Overall, our results provide compelling support for the
view that multiple risk genes with modest effect
contribute to risk for RA, and that these genes are
amenable to identification by combining both linkage
and association approaches to positional mapping,
supplemented by the selection of candidate genes based
on the evolving knowledge of the pathophysiology of
autoimmunity as well as expression array studies.***
The data illustrate the striking increase in linkage
information that can be obtained by using appropriate
SNP linkage panels. Recently, a number of reports have
appeared using such panels, with evident success in
identifying new regions of linkage. Intriguingly, a recent
SNP linkage analysis of familial chronic lymphocytic
leukemia (CLL) provides evidence for linkage at 11p12,
overlapping with the linkage peak reported here for
RA5* Perhaps this indicates the involvement of
common B cell genes in these disorders. Notably, CLL
is often accompanied by the presence of autoantibodies,
and current views of B-CLL pathogenesis invoke B cell
autoreactivity as contributing to tumor development.>® In
contrast, an SNP linkage scan of multiple sclerosis has
not revealed dramatic new evidence for linkage,®
perhaps suggesting an even more complex and/or less
strong genetic component to this disorder. Other major
human autoimmune diseases with a clear genetic
component, such as type 1 diabetes and systemic lupus
erythematosus have not yet been studied using linkage
panels based on SNP markers. It will be of great interest
to see how such studies will compare with the results
reported here, since these two disorders share some
degree of overlapping genetic susceptibility with RA.

Methods

Study population

Details of enrollment procedures for NARAC have been
published previously.” The detailed clinical and marker
data and for the first two microsatellite screens on 512
families are available on the NARAC website (http://
www.naracdata.org). The clinical data for the additional
sibling pair families reported here are also given on the
NARAC website. The geographic and clinical informa-
tion, including ethnic background, age at onset of RA
symptoms was collected from all NARAC RA patients by
telephone. Confirmation of RA diagnosis, including
which ACR criteria were fulfilled, was obtained from
patients’ rheumatologists. Radiographs of the hands and
wrists were also obtained to document the presence and
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extent of joint involvement. Eligible families had to meet
the following criteria: (1) two or more siblings satisfied
the 1987 American College of Rheumatology (ACR)
criteria for RA;%” (2) at least one sibling had documented
erosions on hand radiographs; and (3) at least one sibling
had disease onset between the ages of 18 and 60 years.
The presence of other diseases that are accompanied
by inflammatory arthritis, such as psoriasis or inflam-
matory bowel disease, was an exclusionary criterion for
families. Informed consent was obtained from every
subject, including all participating family members, and
approval of the local institutional review board was
secured at every recruitment site prior to enrollment.
Overall, we have studied 1592 affected siblings contained
within 749 multicase RA families recruited as a colla-
borative effort of the NARAC. Of these, 1371 affected
siblings in 642 multicase Caucasian families have been
retained for the current analysis. Non-Caucasian families
have been excluded from the current report in order to
limit genetic heterogeneity of the study population. Non-
Caucasian families have been excluded from the current
report in order to limit genetic heterogeneity of the study
population. Two Caucasian families — families 03006 and
07022 — were included as RA affected sibling pairs, even
though criteria for erosive disease were not met; in each
of these cases, at least one sibling was CCP +. Family
05006 was analyzed as having three affected siblings but
individual 202 did not have documented RA.

Anti-CCP testing

NARAC serum samples collected at study entry were
tested for anti-CCP autoantibodies at the University
of Washington, Department of Laboratory Medicine,
Immunology Division. Anti-CCP titers were determined
based on a second-generation enzyme-linked immuno-
sorbent assay (ELISA) (INOVA Diagnostics). Anti-CCP
levels exceeding 20 were considered to show a positive
antibody titer while values less than this were categor-
ized as negative.

Genotyping using the Illumina linkage IV single-nucleotide
polymorphism set

We utilized a set of 5858 SNPs distributed across the
genome for our linkage panel (for details, see www.
illumina.com). This panel contains 5858 SNP makers. Of
these, 98.1% passed quality control filters, yielding a total
data set of 5744 SNPs. An additional 18 markers on the Y
chromosome were dropped as uninformative for linkage
analysis. Overall, on the basis of Mendelian inconsisten-
cies, sporadic error rates were estimated at 0.0008%. Of
the 642 Caucasian families, 468 had previously been
typed with microsatellite markers” so that errors due to
sample handling and/or non-paternity had been pre-
viously eliminated. Among the 174 newly typed families,
15 cases of definite or presumed (half sibs when parents
not available) non-paternity were detected. Among the
4995 markers on the autosomes and excluding chromo-
some 6 (because of strong genetic factors on it), only five
markers had evidence of being out of Hardy-Weinberg
equilibrium with P<0.001 when using parental geno-
types, which conforms well to the expected frequency
of Hardy—Weinberg disequilibrium with this large set of
markers. Of note, marker rs238510 at 103.49 Mb in the
linkage peak on chromosome 4 and just proximal to the
potential candidate gene, B-cell scaffold protein with
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ankyrin repeats 1 (BANK1), showed a significant
(P<0.001) departure from Hardy-Weinberg equilibrium.
Since genetic maps are not available for the majority of
SNPs that were available in this panel, we assumed that
1Mb is 1cM. Ulgen and Li*® have found in simulated
data that for dense mapping scenarios, applying the 1 cM
equals 1Mb rule versus typing the map distances to
known anchor positions, did not substantively alter the
evidence for linkage. In the proximity of the centromeric
regions, this mapping approach is inaccurate because the
centromeric regions have suppressed recombination.
Therefore, we reperformed analysis setting the recombi-
nation to zero for the six chromosomes with large
centromeres (1, 3,9, 11, 16, 19). Excluding recombination
in these regions led to slightly lower LOD scores (further
results available upon request).

Human lymphocyte antigen-DRB1 genotyping

Broad-level HLA-DRB1 typing for the allelic groups
DRB1*01 through DRB1*18, and high-resolution
DRB1*04 typing were accomplished by initial PCR
amplification of groups of alleles using biotinylated
PCR primers, followed by hybridization to immobilized
sequence-specific oligonucleotide probes in a linear array
format. Positive hybridization reactions were detected
using a streptavidin-horseradish peroxidase conjugate
and a soluble colorless substrate TMB (3,3',5,5'-tetra-
methylbenzidine).”® A computer algorithm based on the
sequence specific oligonucleotide probe hybridization
pattern and the Anthony Nolan 1999 HLA sequence
database (http://www.ebi.ac.uk/imgt/hla/) was used
to assign genotypes. The following alleles detected were
classified as ‘SE’ positive: DRB1*0101, 0102, 0104, 0105,
0401, 0404, 0405, 0408, 0409, 1001, 1402 and 1406.

Statistical methods

Allele frequencies were estimated from the direct
observations of alleles at each locus. The very large
number of individuals in our study ensured that the
allele frequencies so obtained would be sufficiently
precise, even though we did not adjust for familial
relationships in the frequency estimation process We
used the exact test for Hardy-Weinberg equilibrium
implemented in PEDSTATS to identify loci that showed
strong disequilibrium (P<0.001). In regions showing
evidence for linkage (LOD>1.5), linkage analyses were
performed including and excluding markers that
strongly deviated from Hardy—Weinberg equilibrium.
Departures from Hardy-Weinberg equilibrium can occur
for numerous reasons including genotype call failures
and association between marker alleles and disease
susceptibility. Since the latter would be expected for
certain regions showing strong evidence for linkage, we
here only report results including all markers.

Linkage analysis of tightly linked loci can lead to an
excess of false positive results if the markers are in strong
LD and parents are not available for genotyping.*
Therefore, we applied the suite of Perl scripts imple-
mented in SNPLINK¢' that has been developed and
implemented for processing high-throughput linkage
analyses, while allowing the user to remove markers
that are jointly in LD. We choose to remove markers
that showed (Lewontin) LD D’ values greater than 0.7,
because our earlier analyses on simulated data have
shown little inflation in LOD score if this criterion is
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used.®® The SNPLINK software computes, internally,
measures of LD for pairs of markers. Haplotype blocks
are then formed according to the method of Gabriel
et al.*> The software then removes markers that are in LD
with the central marker within any haplotype block
showing LD. The SNPLINK software permits the user to
choose among software programs for analysis, and we
used Merlin®® to compute nonparametric Kong and Cox
LOD scores.** These LOD scores summarize the evidence
in favor of linkage, expressed as the log,, likelihood ratio
of the data assuming linkage versus the model assuming
no linkage. The testing procedure weights data from each
position according to the informativeness of the marker
data at the position. We used a model-free test for linkage
for these analyses because the etiology of RA appears to
be complex. For analysis using Merlin, we used the all
pairs option, which is a model free linkage test with
optimal power to detect dominantly acting loci.*® We also
removed data from any families for which a preliminary
analysis suggested the strong possibility of double
recombinants as discussed in the Merlin documentation
(http:/ /www.sph.umich.edu/csg/abecasis/Merlin/tour/
error.html). Following this procedure, 2469 autosomal
SNP genotypes were identified as possibly erroneous,
which leads to an estimated unlikely genotype rate of
2469/(642 x 2.78 x 5414) = 0.026%, since 2.78 individuals
were genotyped per family. We also evaluated the
positions of these possible errors to identify any regions
for which the SNP map could have been erroneous (for
example), which could cause multiple errors in the same
region. We did not find any such regions and also failed
to find any markers showing a particularly high number
of possible double recombinants.

We also reanalyzed the data using a slightly more
restrictive criterion that the R* value between markers
was less than 0.05. Because results were very similar to
those we found when eliminating markers with D’'>0.7,
we did not present them.

Linkage analysis of the pseudoautosomal regions poses
special issues when there is a skewing of the sex ratio
among the individuals being studied. Selection of sib pairs
that include an excess of same-sex pairs leads to an excess
of sharing in the pseudoautosomal region. Among both
male-male and female-female pairs, there is on average
an excess of identity by descent sharing within this region,
while opposite sex-pairs show a decrease in sharing.
Selection for either sex therefore increases the identity by
descent sharing in the region. To allow for this skewing
and achieve an equal number of sex concordant and sex
discordant pairs, we performed one analysis eliminating
male-male pairs as well as 37% of female—female pairs,
and we performed a second analysis including male-male
pairs but eliminating 45% of female pairs.

To evaluate the hypothesis that linkage evidence
may vary among strata defined by elevated anti-CCP
titers, sex, or SE, we performed a nonparametric,
Kruskal-Wallis analysis of variance treating the LOD
scores as the dependent observations and the strata as
independent predictors.®!
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