
INTRODUCTION

Rheumatoid arthritis (RA) is a chronic

autoimmune inflammatory disease char-

acterized by joint inflammation and pro-

gressive joint destruction (1). Recently,

several new genes with modest levels of

risk for RA have been identified and

replicated in various populations, includ-

ing PTPN22 (2), PADI4 (3), TRAF1-C5

(4, 5), STAT4 (5), and 6q23/TNFAIP3 (6).

Nevertheless, numerous association

studies and multiple genomewide link-

age studies have shown that MHC re-

gion has the largest and most consistent

genetic contribution in rheumatoid

arthritis (7-9).

Because the association of HLA with

RA was first demonstrated in 1976 (10),

the vast majority of case-control associa-

tion studies have focused on HLA-DRB1

locus encoding a group of risk alleles col-

lectively called the “shared epitope” (SE)

alleles (11,12). These alleles share a

common sequence element containing

Q/K-R-R-A-A at positions 70-74 of the

DRB1 chain, with some minor variation

from this canonical sequence in some

risk alleles. Despite the appealing sim-

plicity of the shared epitope as an expla-

nation for disease association, it is quite

apparent that there is a complex hierar-

chy of risk for the various DRB1 alleles
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Recent evidence suggests that additional risk loci for RA are present in the major histocompatibility complex (MHC), independent

of the class II HLA-DRB1 locus. We have now tested a total of 1,769 SNPs across 7.5Mb of the MHC located from 6p22.2 (26.03 Mb) to

6p21.32 (33.59 Mb) derived from the Illumina 550K Beadchip (Illumina, San Diego, CA, USA). For an initial analysis in the whole dataset

(869 RA CCP + cases, 1,193 controls), the strongest association signal was observed in markers near the HLA-DRB1 locus, with addi-

tional evidence for association extending out into the Class I HLA region. To avoid confounding that may arise due to linkage disequi-

librium with DRB1 alleles, we analyzed a subset of the data by matching cases and controls by DRB1 genotype (both alleles matched

1:1), yielding a set of 372 cases with 372 controls. This analysis revealed the presence of at least two regions of association with RA in

the Class I region, independent of DRB1 genotype. SNP alleles found on the conserved A1-B8-DR3 (8.1) haplotype show the strongest

evidence of positive association (P ~ 0.00005) clustered in the region around the HLA-C locus. In addition, we identified risk alleles

that are not present on the 8.1 haplotype, with maximal association signals (P ~ 0.001-0.0027) located near the ZNF311 locus. This lat-

ter association is enriched in DRB1*0404 individuals. Finally, several additional association signals were found in the extreme centromeric

portion of the MHC, in regions containing the DOB1, TAP2, DPB1, and COL11A2 genes. These data emphasize that further analysis of

the MHC is likely to reveal genetic risk factors for rheumatoid arthritis that are independent of the DRB1 shared epitope alleles.
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that contain the shared epitope (13). In

addition, certain genotypic combinations,

such as DRB1*0401/0404, carry exceed-

ingly high risk that cannot be explained

simply by the number of shared epitope

alleles that are present (12). This suggests

that there may be haplotypic effects that

modify the risk of particular shared epi-

tope alleles.

In addition, although the DRB1 locus

is clearly of predominant importance,

several reports over the years have sug-

gested the presence of additional risk loci

within the MHC (14-17). The arguments

for these additional loci are often con-

founded by the complex patterns of link-

age disequilibrium that are observed in

this genetic region. By carefully matching

cases and controls by DRB1 genotype,

we now provide additional evidence for

several new risk loci for RA located in

the Class I region of the MHC, as well in

the region centromeric to the DRB1 locus.

MATERIALS AND METHODS

Study Populations

RA cases and controls in the current

analysis are taken largely from popula-

tions utilized for our previous whole

genome association study using the

Illumina 550K Beadchip (Illumina) (4).

Briefly, RA cases were selected from four

North American RA patient collections.

The North American Rheumatoid Arthri-

tis Consortium (NARAC) samples are

from multiplex families (primarily af-

fected sibling pairs); at least one sibling

was required to have documented ero-

sions on hand radiographs, with at least

one sibling having disease onset between

the ages of 18 and 60 years of age (18).

The other collections include samples

from the Wichita Rheumatic Disease

Data Bank (WRDDB) (19), mean disease

duration ten years; the National Incep-

tion Cohort of Rheumatoid Arthritis Pa-

tients (NICRAP) (20), enrolled within six

months of clinical diagnosis; and Study

of New Onset Rheumatoid Arthritis

(SONORA ) (21), enrolled within 3-12

months of clinical diagnosis. All cases

were anticyclic citrullinated peptide anti-

body positive (CCP +) with reported

European-American ancestry. The con-

trols were taken from 1,732 individuals

who are part of the New York Cancer

Project (NYCP) (22) and on whom HLA-

DRB1 data was available. All subjects re-

ported European American ancestry. For

the matched case-control studies, an ad-

ditional set of 46 controls from the UK

carrying the DRB1*0401/0404 genotype

were included in the analysis. Informed

consent was obtained for all samples

using protocols approved by the local

institutional review boards.

MHC Genotyping

Genotype data was obtained from the

Illumina HumanHap550 genotyping

array (Illumina) and included 2,094 SNPs

in 7.56 Mb region from 6p22.2 (26.03 Mb)

to 6p21.32 (33.59Mb) encompassing the

entire MHC. Genotyping was performed

at the Feinstein Institute for Medical Re-

search according to the Illumina In-

finium two assay manual (Illumina), as

previously described (4). After stringent

filtering with removal of SNPs with > 2%

of missing genotype a total of 1,769 SNPs

were available for analysis.

All participants were HLA-DRB1

typed using the SSOP low-resolution

method (23); individuals with DRB1*04

and DRB1*01 were subsequently tested

using medium-resolution panel to allow

for four digit DRB1 subtyping. A pro-

portion of the subjects had four digit

typing for all DRB1 alleles (see Supple-

mentary Materials). The 46 UK controls

(DRB1*0401/0404 heterozygotes) were

typed by the PCRrSSO techique using

RELITM kits (DYNAL).

Among an initial set of case samples for

whole genome association study (total n =

908, including 464 NARAC, 168 WRDDB,

162 NICRAP, and 114 SONORA), we

first carried out genome-wide quality

control filtering as follows: individuals

with > 5% missing genotypes, SNPs

with > 5% missing data, control HWE

P-values < 0.00001, and MAF < 0.01 were

excluded. We removed samples with ex-

cess sharing across all pairs of individu-

als, as this pattern is consistent with DNA

sample contamination. We also have re-

moved genetic outliers as determined by

either 235 major ancestral informative

SNPs or 1,411 European ancestral inform-

ative SNPs (24), using the first or second

principal components (see Supplementary

Materials). After filtering, 869 case sam-

ples and 1,193 controls remained for anal-

ysis. Of these, 700 cases and 1,172 controls

had DRB1 oligotyping data available. Of

these 700 cases, 74 are overlapping with

NARAC cases that have been previously

utilized for fine mapping studies in the

MHC (16).

Statistical Analysis

We first conducted a case-control asso-

ciation study for single marker analysis

using HelixTree 5.0.2 software (Golden

Helix Inc, Bozman, MT, USA) and R

program, using all samples (n = 869

cases, 1,193 controls) and MHC SNPs

(n = 1,769) that passed quality control

filters. We calculated Pearson’s chi-

square test based on allele counts.

We further characterized association

signals according to whether SNP alleles

are found on the conserved ancestral A1-

B8-DR3 (8.1) haplotype (25). Specifically,

we distinguished association signals that

were due to a higher 8.1 related allele fre-

quency in the case group versus signals

characterized by a higher 8.1 allele fre-

quency in the control group. To determine

whether particular alleles are present on

the A1-B8-DR3 (8.1) ancestral haplotype,

we obtained the sequence of the 8.1 hap-

lotype from complete genomic sequences

of 8.1 homozygotes (COX cell line)

(http://www.sanger.ac.uk/HGP/

Chr6/MHC). As an independent check,

we used 20 samples (one case and 19 con-

trols) from DRB1*0301 homozygotes

among the present study population to

identify the alleles of 8.1 haplotype. By

definition, these samples carry two copies

of the 8.1 haplotype at the DRB1 locus,

and due to the long-range nature of the

8.1 haplotype, they also carry two copies

of the 8.1 allele at nearby SNPs until the

haplotype is broken by recombination. Be-

cause recombination at any given position

only occurred in a fraction of these sam-
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ples, the majority of the 20 samples had

extended regions of SNP homozygosity

reflecting the 8.1 haplotype. This can be

used to infer the 8.1 haplotype associated

alleles for each SNP.

To remove the effect of DRB1, the pre-

dominant risk locus for RA, we con-

structed a matched dataset with equal

number of case and control samples

with the exactly same DRB1 genotype.

For matching of cases and controls at the

DRB1 locus, we had available a mix of

two digit (low resolution) for the major-

ity of DRB1 alleles and four digit (me-

dium resolution) oligotyping for

DRB1*04 alleles and a large fraction of

DRB1*01 related alleles. The vast major-

ity of DRB1*01 alleles with four digit

genotyping were DRB1*0101. Thus,

matching on DRB1*04 and DRB1*01 sub-

types was quite precise, while matching

on other DRB1 genotypes was often

based on membership in a common

DRB1 allelic group. However, four digit

typing also was available for some of

these other allelic groups. The complete

list of the DRB1 genotypes found in the

matched pairs is given in Table 1 of the

Supplementary Material. Because of the

large number of DRB1*0401/DRB1*0404

heterozygotes in cases, we included ad-

ditional controls with this genotype

from the National Blood Service, UK.

In addition to matching of cases and

controls by DRB1 genotype, we also

carried out principal components analy-

sis (EIGENSTRAT) (26) to assure match-

ing of cases and controls for ancestry,

thereby minimizing population stratifica-

tion unrelated to disease status. Because

the population stratification due to major

ancestry differences was achieved by the

removal of outliers during the quality

control stage, the matching of case and

control’s ancestry was mainly on the Eu-

ropean subpopulation level using 1,441

non-MHC makers selected to capture

European population substructure (24).

Therefore, case and control matched

pairs were chosen not only by having

the same DRB1 genotype, but also by

virtue of proximity to each other in the

PC1-PC2 plane (distance < 0.05) using

the 1,441 above mentioned SNPs (see fig-

ure 1 of Supplementary Materials). If no

such pair could be found, they were ex-

cluded. This led to the selection 744

matched samples (372 pairs).

For exploratory subset analyses, we

characterized DRB1 alleles into three

groups according to SE status and DRB1

family group: The SE(a) group alleles

contained 0401, 0404, 0405, and 0408.

The SE(b) group alleles contained 0101,

0102, 0901, and 1001; the SE(-) group

contained all other DRB1 alleles. For

some analyses we selected particular

genotypic subgroups including 0401/not

0404, or 0404/not 0401.

All supplementary materials are available

online at molmed.org

RESULTS

Case-Control Association Study of

SNPs Across the MHC Region in the

Entire Dataset

To assess the patterns of association

across the MHC, we analyzed our panel

of MHC SNP markers extending from

6p22.2 (26.03 Mb) to 6p21.32 (33.59 Mb).

These data were derived from a previous

whole genome study using the Illumina

550K Beadchip (Illumina) (4). After qual-

ity filtering (see Methods), 1,769 SNPs

were available for analysis on 869 CCP +

case samples and 1,193 controls.

As expected, the strongest association

signal was observed in markers near to

the HLA-DRB1 locus (see Figure 1, which

shows the single-SNP chi-square test sta-

tistic from the 2-by-2 allele count table).

Nevertheless, there are several regions

across the MHC, especially within the

central MHC and Class I regions, that

also showed significant association with

RA (chi-square values between 50 and

100). Additional association signals of

this magnitude are also observed in the

region just centromeric to the DRB1

locus. It is, of course, unclear from this

analysis whether these additional signals

simply reflect linkage disequilibrium

with the known DRB1 risk alleles, or

whether these are independent effects.

Analysis of Case Control Pairs

Matched 1:1 by DRB1 Genotype

To control for the effects of LD due

to the strong association signals at the

DRB1 locus, we chose to select an equal

number of cases and controls matched

specifically by DRB1 genotype, thereby

eliminating differences between cases

and controls at this locus. This approach

is more precise than matching cases and

controls by the simple presence of risk

alleles and non risk alleles, because it is

well established that there is consider-

able heterogeneity in the strength and

evidence of association at the DRB1

locus in these two categories (12).

We were able to select 372 cases and

372 controls that were matched at the

DRB1 locus for both alleles. As described

in the Methods section, we also took care

to match each pair of cases and controls

for ancestry, using a panel of ancestry

informative markers (24) and selecting

pairs to minimize the distance between

pairs using a principal components ap-

proach. Obviously, this dataset is con-

siderably smaller than the sum of avail-

able samples. For example, the various

SE(-)/SE(-) combinations of DRB1 alleles

are in vast excess in controls, compared

with the small number of cases available

for matching on these genotypes. Con-

versely, some risk genotypes (such as

0401/0401 or 0401/0404) are rather un-

common in control subjects, and thus

not all cases with this risk genotype

could be utilized for matching. However,

at this stage of the analysis, we preferred

to remove any potential cause of a false

positive signal rather than gain statistical

power. To partially address the lack of

controls with these high risk genotypes,

we specifically obtained a group of 46

DRB1*0401/0404 controls to increase

our sample size.

Our approach to the analysis was also

guided by our previous studies that im-

plicated the A1-B8-DR3 (8.1) haplotype

in contributing to MHC risk that is inde-

pendent of the DRB1 locus (16). There-

fore, we categorized all 1769 SNPs as to

whether the allele that is found on the

8.1 haplotype is positively or negatively
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Table 1. List of markers with χ2 > 6.635 in 372 RA cases and 372 controls matched by DRB1 genotype. Odds ratios are shown assuming the

risk allele is on the ancestral 8.1 haplotype (see Figure 2).

Marker Position(bp) Gene 8.1AF_Controla 8.1AF_Caseb χ2 P-value OR OR 95%CI

rs1341758 26308498 HIST1H2BF 0.962 0.93 6.99 0.0082 0.52 (0.32,0.83)

rs6913828 26354644 HIST1H4G 0.961 0.925 8.43 0.0037 0.5 (0.31,0.79)

rs3763338 29002291 RFP 0.935 0.891 8.6 0.0034 0.57 (0.39,0.82)

rs2071788 29020287 RFP 0.937 0.898 6.95 0.0084 0.59 (0.41,0.87)

rs6923005 29084051 ZNF311 0.77 0.7 8.98 0.0027 0.7 (0.55,0.88)

rs6930903 29089224 ZNF311 0.77 0.7 8.98 0.0027 0.7 (0.55,0.88)

rs6456889 29118804 OR2W1 0.78 0.719 6.93 0.0085 0.72 (0.57,0.92)

rs9295794 29212915 OR2J3 0.94 0.902 6.66 0.0098 0.59 (0.4,0.87)

rs9357078 29405646 OR5U1 0.923 0.88 7.21 0.0073 0.61 (0.43,0.87)

rs9380120 29443517 OR12D3 0.921 0.879 6.71 0.0096 0.63 (0.44,0.88)

rs2535315 31160107 C6orf15 0.58 0.648 7.11 0.0077 1.34 (1.09,1.66)

rs3778638 31200104 PSORS1C1 0.768 0.84 11.56 0.00067 1.58 (1.22,2.05)

rs3130453 31232829 CCHCR1 0.425 0.5 8.18 0.0042 1.35 (1.1,1.66)

rs1419881 31238573 TCF19 0.421 0.489 6.78 0.0092 1.32 (1.07,1.62)

rs887464 31253900 POU5F1 0.409 0.484 8.21 0.0042 1.36 (1.11,1.67)

rs3130531 31314596 HLA-C 0.575 0.653 9.15 0.0025 1.39 (1.13,1.72)

rs2844623 31340523 HLA-C 0.753 0.826 11.15 0.00084 1.56 (1.21,2)

rs2524077 31351583 HLA-C 0.783 0.863 15.55 8.10E-05 1.75 (1.33,2.29)

rs3130696 31351864 HLA-C 0.192 0.251 7.29 0.007 1.43 (1.11,1.84)

rs2524073 31352215 HLA-C 0.793 0.87 15.03 0.00011 1.75 (1.32,2.31)

rs2524044 31364733 HLA-C 0.762 0.824 8.29 0.004 1.47 (1.14,1.89)

rs3873385 31377288 HLA-C 0.77 0.832 8.6 0.0034 1.48 (1.15,1.92)

rs9264868 31379581 HLA-C 0.79 0.871 16.44 5.00E-05 1.79 (1.36,2.37)

rs9264869 31379610 HLA-C 0.793 0.87 15.03 0.00011 1.75 (1.32,2.31)

rs9264904 31380533 HLA-C 0.665 0.749 12.26 0.00046 1.51 (1.2,1.89)

rs1634747 31389856 HLA-C 0.402 0.485 10.04 0.0015 1.41 (1.14,1.73)

rs2596560 31463298 MICA 0.208 0.276 9.03 0.0027 1.46 (1.14,1.85)

rs3099844 31556956 HCP5 0.083 0.125 6.69 0.0097 1.6 (1.13,2.25)

rs2855812 31580700 MICB 0.226 0.289 7.44 0.0064 1.4 (1.1,1.77)

rs2857595 31676449 NCR3 0.124 0.183 9.44 0.0021 1.59 (1.19,2.12)

rs9267658 31953965 SLC44A4 0.876 0.919 6.86 0.0088 1.61 (1.14,2.27)

rs3134954 32179872 TNXB 0.872 0.918 7.8 0.0052 1.65 (1.17,2.33)

rs1035798 32259201 AGER 0.808 0.746 7.84 0.0051 0.7 (0.55,0.89)

rs394657 32295002 NOTCH4 0.342 0.417 8.47 0.0036 1.39 (1.12,1.72)

rs2857210 32849721 HLA-DQB2 0.682 0.767 13.28 0.00027 1.55 (1.23,1.96)

rs9276615 32851196 HLA-DQB2 0.686 0.769 12.44 0.00042 1.53 (1.21,1.93)

rs2621377 32871089 HLA-DOB 0.508 0.612 15.75 7.20E-05 1.56 (1.26,1.93)

rs2857151 32871493 HLA-DOB 0.55 0.661 18.63 1.60E-05 1.65 (1.33,2.05)

rs9276726 32871867 HLA-DOB 0.251 0.336 12.45 0.00042 1.52 (1.21,1.9)

rs1383261 32873430 HLA-DOB 0.255 0.341 12.74 0.00036 1.52 (1.22,1.91)

rs2621332 32888296 HLA-DOB 0.55 0.66 18.45 1.70E-05 1.65 (1.33,2.05)

rs2856997 32889755 HLA-DOB 0.618 0.526 12.28 0.00046 0.66 (0.53,0.82)

rs10484565 32903011 TAP2 0.934 0.862 20.39 6.30E-06 0.44 (0.31,0.63)

rs241433 32906774 TAP2 0.558 0.626 6.72 0.0096 1.33 (1.08,1.65)

rs2281389 33167775 HLA-DPB1 0.799 0.853 7.26 0.007 1.47 (1.12,1.92)

rs3117222 33168928 HLA-DPB1 0.74 0.798 6.83 0.0089 1.39 (1.09,1.77)

rs2064478 33180245 HLA-DPB1 0.757 0.817 7.76 0.0053 1.44 (1.12,1.85)

rs3117230 33183614 HLA-DPB1 0.757 0.817 7.59 0.0059 1.43 (1.11,1.84)

rs3117016 33203495 COL11A2 0.542 0.619 8.61 0.0033 1.38 (1.12,1.7)

rs3117004 33204745 COL11A2 0.603 0.682 9.81 0.0017 1.43 (1.15,1.77)

rs3130237 33205540 COL11A2 0.817 0.875 9.1 0.0026 1.57 (1.18,2.09)

rs6901221 33206255 COL11A2 0.818 0.877 9.52 0.002 1.59 (1.19,2.13)

rs986521 33244124 COL11A2 0.768 0.701 8.16 0.0043 0.71 (0.56,0.89)

rs2855430 33249259 COL11A2 0.836 0.899 11.83 0.00058 1.75 (1.28,2.39)

rs2855425 33252352 COL11A2 0.745 0.683 6.66 0.0099 0.74 (0.59,0.93)

rs2855459 33262635 COL11A2 0.835 0.891 9.55 0.002 1.63 (1.2,2.2)

a8.1AF_Control = allele frequency of the 8.1 haplotype associated allele in controls.
b8.1AF_Case = allele frequency of the 8.1 haplotype associated allele in cases



associated with RA: positively if the al-

lele that is on the conserved 8.1 haplo-

type has a higher frequency in RA than

in the control group, and negatively if

the 8.1 allele frequency is higher in the

control group. Because the complete se-

quence of the 8.1 haplotype is available

(27), for every SNP, we were able to iden-

tify the allele that is found on the 8.1

haplotype. As an added approach, we

also examined all DR3 homozygous indi-

viduals in our dataset and assessed the

pattern of homozygosity across the

MHC, as shown in figure 2 of Supple-

mentary Materials. The 8.1 haplotype can

be inferred from the majority homozy-

gotes among these DR3 homozygous

samples. The alleles on the 8.1 haplotype

inferred this way were 100% consistent

with the ones obtained from the Sanger

Institute. Supplementary figure 2 shows

that 12/20 DR3 homozygous individuals

were homozygous over the entire haplo-

type extending from a region centro-

meric of DRB1 to the HLA-A locus, with

evidence of microheterogeneity in some

subjects. Thus, as expected, the 8.1 ex-

tended haplotype is quite common in

our population, given its predominantly

western and northern European ancestry.

Figure 2 shows single-SNP chi-square

(χ2) test statistics of 2-by-2 allele count

tables for the 744 matched case control

samples. (For genotype-based test re-

sults, see figure 3 of Supplementary Ma-

terials). Positive association signals with

the 8.1 haplotype (i.e., 8.1 allele being

enriched in the RA group, labeled with +)

are located in the region around HLA-C,

with maximal evidence for association

within the HLA-C locus. This general

region was implicated in our previous

studies using microsatellite typing

across the MHC (16), and therefore con-

firms that haplotypic elements that are

related to the 8.1 extended haplotype

confer risk for RA, independent of the

DRB1 locus. Specifically, this signal

cannot be due to LD with DR3 because

both cases and controls are matched 1:1

for this allele, as well as all other major

DRB1 alleles. Interestingly, we also ob-

served significant association signals

in the region centromeric to the DRB1

locus in regions that include the DOB,

TAP2, DPB1, and COL11A2 genes (see

Figure 2 and Table 1). These signals are

mainly “positive,” i.e., the 8.1 allele is

enriched in the RA group.

Our previous microsatellite studies of

the MHC had suggested that a more
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Figure 2. Chi-square test (χ2) statistics from the 2-by-2 allele count table of 744 case-

control samples matched 1:1 by DRB1 genotype (372 cases and 372 controls). Associa-

tion signals are separated into two types: a) positive associations (8.1 allele frequency is

greater in RA cases than controls) (+ symbol), and b) negative associations (8.1 allele fre-

quency is greater in controls than in cases) (− symbol).

Figure 1. Chi-square test statistics from the 2-by-2 allele count table of 2,062 Case-control

samples (whole dataset, 869 RA cases, 1,193 controls) of 1769 SNPs across the MHC region.



telomeric portion of the Class I region also

might be involved in RA susceptibility

(16). In this case, the relevant microsatellite

alleles were not related to the ancestral 8.1

haplotype, but rather could be found on

certain DRB1*0404 haplotypes that were

transmitted to affected subjects. It was,

therefore, of interest that in the current

study, evidence of additional association

was observed in a region between 29.0

and 29.4 Mb, with maximal chi-square

values over 8.9 for markers rs6923005

and rs6930903 (see Figure 2 and Table 1).

When we examined associations in this

region on the subgroup of paired sample

containing any SE + DRB1*04 allele (desig-

nated SE(a) alleles for our purposes),

there was increased evidence for associa-

tion in this region, as shown in Table 2.

The vast majority of SE(a) alleles are either

DRB1*0401 or DRB1*0404 in our dataset.

To determine which particular DRB1*04

allele, 0404 or 0401, is connected to this

signal, we examined these associations in

individuals who carried 0404 in the ab-

sence of 0401, and vice versa. Strikingly,

even without correcting for differences

in sample size, the associations in this re-

gion are overwhelmingly found in sub-

jects carrying a DRB1*0404 allele in the ab-

sence of DRB1*0401, and not in subjects

carrying DRB1*0401 in the absence of

DRB1*0404 (Table 2).

For exploratory purposes, we also car-

ried out a subgroup analysis to deter-

mine if the association signals in the

Class 1 or centromeric Class II region

are present (or absent) within any partic-

ular subsets of DRB1 genotypes, perhaps

suggesting interactions with the DRB1

locus (other than LD). For this purpose

we categorized genotypes into five

groups, based on the designations of al-

leles as belonging to the SE(a), SE(b), or

SE(-) groups, as described in the meth-

ods section. The rationale for these divi-

sions relates to the generally higher odds

ratios seen in the literature with SE(a) al-

leles compared with SE(b) alleles (12).

Admittedly, these categories of risk alle-

les are imprecise, and were employed

here only for exploratory purposes. We

examined five genotypic subgroups: A)

SE(-)/SE(-), B) SE(b)/SE(-), C) SE(a)/SE(-),

D) SE(b)/SE(b) and SE(a)/SE(b), and E)

SE(a)/SE(a). The results of these analyses

showed a complex pattern of contribu-

tions to the overall chi-square (see Table 2

of Supplementary Materials). In addition

to differences discussed above that re-

flect the contribution of 0404 subjects to

the signals in Class I, there were a vari-

ety of differences among the subgroups

in terms of patterns of association out-

side DRB1. However, these findings

need to be validated in a much larger

sample set, and we wish to emphasize

that none of our results are corrected for

multiple testing.

DISCUSSION

In this report we have provided confir-

matory evidence for the existence of

additional risk genes for rheumatoid

arthritis in the Class I region of the MHC

that are independent of the well known

risk alleles at the DRB1 locus. The data

are confirmatory in the sense that our

previous study using 54 microsatellite

markers across the MHC (16) suggested

that at least two distinct regions in the

Class I region are independently associ-

ated with RA, and these regions overlap

with the regions implicated in the cur-

rent study. Therefore, although we have

utilized over 1,700 SNP markers in the

present analysis, we have not carried out

strict correction for multiple testing, be-

cause there is substantial prior evidence

for association in these two Class I re-

gions. Our new data also provide evi-

dence for additional risk alleles in the ex-

treme centromeric portion of the Class II

region, although of course these results

require replication. One should also note

that the study (16) compared alleles

transmitted to the RA patient and alleles

that are not transmitted, thus all genetic

information was obtained from pedi-

grees with the case samples. In the cur-

rent case-control study, extra control

samples are used as the baseline for al-

lele frequencies. The two studies can

then be considered as independent, with

the exception of the 74 NARAC cases

that are included in both studies (see

Methods). As a further check of our cur-

rent findings, we have also run the anal-

ysis after excluding these 74 case-control

pairs with results that are highly similar

to those shown in Figures 1 and 2, with

significant (χ2 > 6.635) associations in

both Class I regions, as well in the region

centromeric to DRB1 in the matched

analysis (data not shown).

We have chosen an analytic approach

that involves matching of cases and con-

trols 1:1, based on DRB1 genotype. This

was made possible by the large sample
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Table 2.a Comparison of Odds Ratios among DR4 subgroups for the MHC region between

~29 and ~29.4 Mb.

SE(a)/X or 0404/X 0401/X  

SE(a)/SE(a) but not 0401 but not 0404

(n = 502) (n = 106) (n = 276)

OR OR OR 

Marker position Gene OR (95%CI) OR (95% CI) OR 95% CI

rs3763338 29002291 RFP 0.58 (0.37-0.93) 0.34 (0.10-1.10) 0.55 (0.97-3.47)

rs2071788 29020287 RFP 0.63 (0.39-1.02) 0.34 (0.10-1.10) 0.54 (0.91-3.71)

rs6923005 29084051 ZNF311 0.70 (0.53-0.92) 0.69 (0.36-1.31) 0.82 (0.84-1.77)

rs6930903 29089224 ZNF311 0.70 (0.53-0.92) 0.69 (0.36-1.31) 0.82 (0.84-1.77)

rs6456889 29118804 OR2W1 0.72 (0.54-0.95) 0.72 (0.37-1.38) 0.83 (0.82-1.76)

rs9295794 29212915 OR2J3 0.62 (0.39-1.01) 0.34 (0.10-1.10) 0.57 (0.87-3.58)

rs9357078 29405646 OR5U1 0.58 (0.38-0.89) 0.18 (0.05-0.63) 0.59 (0.96-3.02)

rs9380120 29443517 OR12D3 0.60 (0.39-0.91) 0.24 (0.08-0.74) 0.59 (0.96-3.02)

aAs in Table 1, the ORs are shown with respect to the 8.1 haplotype associated allele for

each marker. Markers that show substantially increased and significant evidence of

association in the DRB1*0404 subset are shown in bold.



sets available to us. In this way, we have

completely removed the association signal

at DRB1. Any residual minor mismatch-

ing at DRB1 is due to having only two

digit rather than four digit typing on a

proportion of SE negative alleles. To re-

duce error, we also confined ourselves to

the evaluation of SNPs that had very high

call rates ( > 98%) in this region for our

entire dataset. In addition, we employed a

set of ancestry informative markers to re-

duce population stratification. Thus, we

view these data as providing very strong

support for the hypothesis that several

regions in the MHC provide risk for RA,

independent of the DRB1 locus.

Our analysis was also particularly in-

fluenced by previous data suggesting

that a fragment of the conserved ances-

tral 8.1 haplotype carries risk alleles for

RA that are independent of DRB1. This

hypothesis is derived from studies in our

lab (16) as well as others (15,28). As dis-

cussed below, the ancestral 8.1 haplotype

has been implicated in a number of dif-

ferent autoimmune diseases.

For the association signal in the region

around HLA-C (see Figure 2), the risk al-

leles are found on a common ancestral

haplotype carrying the classical HLA al-

leles A*0101-B*0801-C*0701-DRB1*0301-

DQB1*0201-DQA1*0501-DPA1*0101-

DPB1*0301, commonly known as the

“A1-B8-DR3” or “8.1” ancestral haplo-

type. The 8.1 haplotype is of consider-

able medical and biological interest (25).

A wide array of autoimmune phenotypes

has been associated with this haplotype,

including systemic lupus erythematosus

(29), autoimmune hepatitis, and myas-

thenia gravis (25). Interestingly, recent

data suggest that DRB1 is not the pri-

mary locus of risk for Myasthenia Gravis

(30). Truncated 8.1 haplotypes that lack

the DR3 allele are associated with higher

levels of acetylcholine receptor autoanti-

bodies in subjects with Myasthenia

Gravis, and the primary association with

disease appears to lie telomeric to the

Class II region. In addition to associa-

tions with autoimmunity, the 8.1 ances-

tral haplotype has also been implicated

in risk for IgA deficiency and common

variable immunodeficiency (25). A low

antibody response after hepatitis B im-

munization has also been associated with

this haplotype (31), and some reports in

the literature suggest that the 8.1 haplo-

type is associated with altered cytokine

production and reduced Fc receptor

function (32-34). Thus, there appears to

be something immunologically distinc-

tive about this extended haplotype.

The major association signals in RA

that are related to the 8.1 haplotype en-

compass a number of potential candidate

genes in the Class I regions, and the cur-

rent data does not permit us to choose

between them with any degree of confi-

dence (see Table 1). Many significant sig-

nals are present within the HLA-C locus,

and the maximal association is within

the HLA-C locus itself. A substantial lit-

erature on the complex and complemen-

tary relationship between HLA-C locus

polymorphisms and the extensive molec-

ular diversity at the KIR locus is now

emerging (35). Interestingly, one report

has suggested that certain combinatorial

relationships at these loci may predis-

pose to rheumatoid vasculitis (36), al-

though others have not observed such a

relationship for RA in general (37). Nev-

ertheless, complex interactions have been

described for psoriatic arthritis (38), out-

come of HIV infection (39), nasopharyn-

geal carcinoma (40), and the maternal

fetal relationships underlying preeclamp-

sia (41). The HLA-C allele found on the

8.1 haplotype is HLA-C*0701, a member

of the “C-group 1” alleles that are char-

acterized by an asparagine residue at

position 80 (35). The C-group 1 alleles

are ligands for inhibitory KIR2DL2/3

and activating KIR2DS2 receptors. A full

characterization of HLA-C locus diver-

sity in RA is now clearly mandated by

the current findings in the context of the

most up to date approaches to the analy-

sis of the KIR locus (35).

We (16) and others (17) have proposed

previously that the MHC also contains

genetic risk elements outside of DRB1

that are unrelated to the extended 8.1

haplotype. In particular, we were inter-

ested in extending our prior evidence for

a signal in the Class I region found in

subjects carrying DRB1*0404 haplotypes.

As shown in Table 1 and Figure 2, a

group of SNPs extending from 29.0-29.4

Mb are significantly associated with RA.

To explore whether there is an interac-

tion between this association and

DRB1*0404, we compared the strength of

this association in subjects carrying vari-

ous DR4 shared epitope alleles - desig-

nated the “SE(a)” group of alleles in this

discussion (see Methods) - with individu-

als carrying the two major DR4 risk

alleles - DRB1*0401 and DRB1*0404.

Strikingly, the evidence for association in

the region is considerably higher in the

0404 group, despite a much lower sam-

ple size in this group (see Table 2).

Our previous study suggested that

some association signals in Class I might

be due to alleles that are present in a

subset of *0404 haplotypes. The current

study does not allow us to address this

issue directly. However, regardless of the

haplotypes involved, the region extend-

ing from 29.0-29.4 megabases contains

risk alleles that appear to interact with

the DRB1*0404 allele. In this case, the

term “interact” implies that these two

loci are involved in the same mechanistic

pathway. It will require a much ex-

panded sample size of cases and controls

carrying DRB1*0404 to understand this

finding fully.

Finally, we have developed evidence

of additional independent risk effect in

the region centromeric to the DRB1

locus. Areas of maximal association in-

clude the DOB, TAP2, DPB1, and

COL11A2 genes. These findings are of

interest because similar findings are

emerging from a conditional analysis

of rheumatoid arthritis in the Swedish

population (Ding et al., manuscript

submitted).

In summary, we have shown the pres-

ence of multiple independent risk re-

gions for RA susceptibility within the

MHC complex. The data strongly sug-

gest the need for comprehensive HLA

typing of large populations of RA pa-

tients, additional SNP mapping, and re-

sequencing of candidate genes in the
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region. HLA typing should include full

Class I typing so that potential interac-

tions with KIR loci can be pursued. It is

striking that after more than 30 y of in-

vestigation into the MHC relationships

with rheumatoid arthritis, there is still

much to be learned.
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