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Dy plot of this case is shown in Figure 5(c). Pairwise
dg's are weakly present for the site-pairs in the latter
three sites. The square for the division of all the six
sites into six single sites indicates strong LD in this
region overall and the square for the division of the
latter three sites into single sites also indicates the
presence of LD.

D, PLOTS FOR REAL DATA

A region with 22 sites was chosen from HapMap
project data set [The International HapMap Consor-
tium, 2005] and haplotype frequency was estimated
with fastPhase, one of the popular haplotype infer-
rence applications for large scale data [Scheet and
Stephens, 2006]. Nineteen haplotypes were inferred
and their Dy plot was shown in Figure 5(d), that
displayed that the pairwise triangle and the tandem
triangle captured LD components of the region
dif ferently.

USAGE OF ¥ FOR HAPLOTYPE
FREQUENCY INFERENCE

LIKELTHOOD FUNCTION OF GENOTYPE DATA
FOR SNP PAIRS IS EXPRESSED AS A MONO-
VARIATE FUNCTION OF ¥ AND THE HAPLO-
TYPE FREQUENCY IS OBTAINED BY SOLVING
THE DERIVATIVES OF UNIVARIATE FUNCTION.

Although ¥ is calculable when frequency of all
haplotypes are given, the majority of LD mapping
studies are based on unphased genotype data of
SNPs, where the haplotype frequency has to be
inferred. As described in the section “¥ Gives a Base
for Haplotype Frequency Space”, F(n)(1s) and ¥ are
in one-to-one correspondence. Therefore the inference
of F(n)(1s) is equivalent to the inference of V.

Consider haplotype frequency inference from un-
phased genotype data of a SNP pair. For two SNPs,
the four haplotype frequencies are expressed with ¥ as:

f=3Q)(As) (1) (1e)+Y(1)(2na) +Y(0)(151)),
f=3(=¥@) (1) +¥(D)(1s) = Y(1)(2na) +V(O0)(1s1)),
f=1(=¥Q@) 1) =¥ (D)1 +Y(D(20a) +¥(O0)Ast)), (7)
fs=30 @10 = ¥ (D(Lst) = V(D) (2na) +Y(0)(150))-

In(L), logarithm of likelihood function to obtain a un-
phased genotype data is expressed as a function of f;;

ln(L) = G1 log(fl ) + Gz log(fz) -+ G3 log(f3)
+Gylog(fs)+ Gslog(fifs +f2f3)+C,
where Gi(i =1,...,4) represents the number of chromo-
somes that are deterministically known from unphased

genotype data, and Gs is the number of double
heterozygotes, and C is a constant.

The EM algorithm attempts to maximize L by
handling fi.f>,f; and f; as variables where f; + f, and
fi +f; are fixed at the value given by method of
moments. Because f; is expressed with ¥, In(L) is also
a function of ¥. Although ¥ for SNP pairs has
four elements, Y(0)(1s) is always constant and value
of Y(1)(1s) and W(1)(2.4) are known under the
condition where f; +f, and f; + f3 are given by the
method of moments (Y(1)(1) = (fi + f2) — (fs + fa) and
Y(1)(2na) = (i + f3) — (f2 + fa)). Therefore the equa-
tions (6) are transformed to:

f =300 + 1),
fo = 1(=0)(1s) — c2),
f3 4( W(2)(1st) — c3),
fa = 1U2)(1s) + ca).

where ¢; denotes constant terms of frequency with
appropriate signs.

It is shown that In(L} is expressed as a monovarlate
function of Y(2)(1s). In(L) is defined for the finite
range of ¥(2)(1s), where 0 < f; <1, and the function is
continuous and differentiable in the range. Therefore
the global maximum can be obtained by solving its
derivatives with conventional searching methods.

Equation transformations and its Newton-Raphson
estimation of the derivatives are described in Appen-
dix 2.

In the case of n =2, maximum likelihood estimates
of ¥ was obtained by solving a univariate likelihood
function, as above. Similarly, when ¥ is solved for all
subsets of S(n)(1s) except for S(n)(1g) itself where all
the elements of ¥ for S(n)(1s) but y(n)(1s) are given,
the likelihood function can be expressed as a
univariate function of y(n)(1s). Appendix 3 gives this
generalization of likelihood function expressed as a
univariate functionof Y(n)(15) (n=1,2,...).

®

COMPARISON WITH THE EM ALGORITHM

The EM algorithm is known to give reliable
estimates of haplotype frequencies of SNP pairs in
the majority of cases, but is susceptible to conver-
gence to a local maximum [Nin, 2004]. Figure 6a
shows an example of convergence to a local max-
imum of In(L) for a SNP pair from the HapMap
Project. We evaluated how frequently the standard
EM algorithm converges to a local minimum but not
to the global maximum using HapMap Project data
[The International HapMap Consortum, 2005].

Y-based method and the EM algorithm were
applied to 10 million SNP pairs of chromosome 10
within a 250 kb window with 45 unrelated Japanese of
the HapMap project. The average number of itera-
tions of EM method was 22.2, and the average
number of iterations to solve five derivatives in ‘Y-
based method was 126.1. The results of the ¥-based
method indicated that 39.8% of the pairs did not have
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local extrema, while 61.1% of pairs had a single local
extreme in the search range and 0.025% had multiple
local extrema. Among the pairs with one local
extreme, 81.5% of them was a local maximum, and
the remainder was a local minimum. Difference of
In(L) between inferences of the two methods was
shown in Fig. 6(b). Peak 1 (Fig. 6(b)) represented 4.5%
of SNP pairs for which the EM algorithm gave
slightly higher likelihood. The EM algorithm gave
better inference due to luck to start at the best value
for the majority of SNP pairs in the peak 1. Peak 2
(Fig. 6(b)) represented 9.3% of pairs and two methods
gave almost identical results. Peaks 3 and 4 (Fig. 6(b))
represented 86.1% of pairs for which the W-based
method gave slightly better result. When we allowed
the EM algorithm method to stop earlier with looser
convergence threshold, peaks 1, 2 and 4 did not
change but a part of peak 3 shifted to right (Fig. 6(c)).
This change indicated that the EM algorithm method
could give better estimate for a part of SNP pairs in
peak 3 by modifying its parameters but that the EM
algorithm method converged to a local maximum for
SNP pairs in peak 4. However the peak 4 represented
only 0.09% of total SNP pairs. More detailed
characterization of SNP pairs for which the EM
algorithm method converged to a local maximum
were described in the Appendix 3. Conditions of
inference of the standard EM algorithm and the ¥-
based algorithm are available in the Appendix 5.

DISCUSSION

In this paper, a novel tensor ¥ was introduced to
quantitate genetic heterogeneity with SNPs in popu-
lations. The ¥ was consisted of 2" elements for a
sequence with n sites that were mutually transform-
able with 2" values of haplotype frequency. Actually
2"—1 non-constant variables in ¥ were the base of the
haplotype frequency space with 2”"—1 dimensions.
Each element of ¥ represented one of subsets of n
sites and they were arranged in a structure of tensor
and gave information on two types of randomness of
the population, the allele frequency randomness and
the inter-site randomness. As an example of utility of
¥, we proposed a generalized LD index, D(Pair),
between two SNPs was formulated using the ele-
ments of ¥, and its basic feature was compared with
D’ and 7~ Moreover LD index for a set of multiple
sites more than two, D,(Div) was also defined as a

natural extension of Dy(Pair). The components of D,
for SNP pairs were drawn in the pairwise triangle
and the representative components of D, for multiple
sites were drawn in the tandem triangle. For another
practical purpose, ¥ offered the absolute maximum
haplotype frequency inference for SNP pairs with
tolerable increase of computational burden and it
overcomes the problem to converge to a local
maximum by the EM algorithm method. Application
of the W-based haplotype inference algorithm to
larger SNP sets seemed possible but modifications
to limit computational burdens would be necessary.
Because populational DNA sequence heterogeneity
is a product of many genetic events over years and ¥
carry complete information on heterogeneity of
individual sites and inter-site dependency for any
combinations of sites in the region, it is necessarily
complex. In order to describe the complexity, ¥ has
almost fully simplified formula. (i) It uses minimum
number of variables (2" for sequence of length n). (ii)
All the variables are recurrently defined so that each
element represents a subset of the set of n sites. (iii)
The variables are arranged in a structure based on
their mutual relations (tensor structure). Although it
seems still difficult to use all the information
included in ¥ in order to untangle genetic hetero-
geneity of species, ¥ would contribute to formulate
and understand interspecies genetic heterogeneity.
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Fig. 6. Comparison of ¥ based-haplotype inference method and EM methods. (a) Plots of In(L) and R for an SNP pair from the HapMap
Project (See Appendix 2 for the definition of R. The pair has a genotype distribution of 10, 11, 6, 1, 12, 0, 0, 0, 0, for AABB, AABbD,..,,
aabb, and the estimated global maximum of haplotype frequency is h(AA) = 0.547, h(AB) = 0.291, h(aB) = 0.053, h(ab) = 0.109, D' = 0.45.
The standard EM method converges to h(AB) = 0.438, h(Ab) = 0.400, h(aB) = 0.162, h(ab) = 0.00, D’ =1.00. Vertical lines denote R =0,
at which In(L) takes a local minimum and local maximum. {b) Distribution of difference in In(L) between the two methods for 10° SNP
pairs from the HapMap Project. The convergence threshold for the EM method is 10~'% (c) Comparison of EM convergence thresholds

(107% and 107?).
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+(fi+f3))—-1

=4(fi—(fi+f2) x (fi+f3))

=4(fi—fH x(i+fa+f3)—f2xf3)

=4(i x(1—fi—fa—f3)—fa xf3)

=4(fy x fa—fa x f3).
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where ¢; denote constant terms of frequency with
appropriate signs.

Because
df; 1 .
m—z, forz_l,4,
df; 1 .
m = —Z, fori= 2,3,
and
5 w(z)(l Toaas + ) = ¥
from the equations (7), we have
din(L)
AV W)
l G Gy G3 Gy )
————— 2)(1,
T R R Ty o)

The global maximum of In(L) is given by (2)(1)
among the solutions of [dIn(L)/d(W(2)(1sNI(W(2)
(1s)) = 0 in the defined range of y(2)(1s) or the two
endpoints of the range. Because In(L(y(2)(1s)) and
[dIn(L)/d(W(2)QAsN](Y(2)(1s)) are both continuous in
the defined range where 0 <f; <1, a conventional
searching algorithm gives the estimate of Y(2)(1st)
corresponding to the global maximum of
In(L(Y(2)(1)). The followings are the steps to solve
the derivative.

Let In(LOUQR)(1x) =

In(LOV()(As0))) = %}—:»

take the form of
0, so that all the solutions

— 182 —



SNP-Based Heterogeneity to Measure Multilocus LD 725

of In(L(¥(2)(15)) = 0 are included in the solutions of
R(¥(2)(1s)) = 0.
R(WQ)(1:0)) = (Grfofsfs — Gaofifsfs — Gafifofs
+ Gafifofs)fifs + f2f3) + (W(R)(As))Gsfrfof3fs =0.

Now solutions of R(Y(2)(1s)) cover all candidate
values of Y(2)(1s) as the global maximum of
In(L(¥(2)(1s)). Then, R can be re-expressed as:

ROV (2)(1s))

= ()°(G1UQRA) + )W) (1) + e3)W)(1e) + )
+ G2V (Lst) + c1 )W) (Ls) + c3)W(2)(1st)ea)
+ G3(W(2)(Xst) + c)WR)(Xst) + c2)(W()(Ast) +ca)
+ Ga(W(2)(1st) + c1)W)(1se) + c2)(W(2)(1s) +¢3))
X (W)(1s) + c)(W(2)(st) +ca) + (W(2)(1st) +€2)
X (W) (1st) +¢c3))
+4GsY(2)(Ls)(W(2)(1st) + c1)(W(2)(Lst) + c2)(W(2)(1st)

+c3) (W2 (st) +¢4)) =0

R(¥Y(2)(14) is a fifth-order polynomial equation, and
its first through fifth derivative equations are
obtained by regular transformation. Actually the fifth
derivative is given as

5
@Y1
5
= <%) x5x4x3x2x%x(2G1+2Gy+2G3+2G4+4Gs)

RW(2)(1st))

1 5
= (Z) %240 X Nenromosomess

where Nromosomes Stands for number of chromo-
somes in the genotype data. [a* /(d¢(2)(15t))4]
R((2)(1)) =0 is a first-order function and it is solved
arithmetically. Thereafter solutions of [d®/(dV(2)
A IRO)(1:0)=0, [d*/(AW(2)(1s)) IRW(2)(1s) =0,
[d/(@V(2)(ADIRW(2)(1)) =0 and R(Y(2)(1s))=0 are
obtained using the Newton-Raphson method. The
value of In(L)Y(2)(15) for all local maxima and the
two endpoints are then calculated and the absolute
maximum is determined.

APPENDIX 3

Generalization of likelihood function expressed as a
function of Y(rn)(1).

Assume n SNPs that construct I' = {y;} composite
genotypes. «; individuals are observed to have a
genotype 7;. Further, assume 7y; has n; heterozygous
sites, and let O(y;) = {(61,61),(02,02), - -, (Onc;, Onc)}
denote the set of potential haplotype pairs for vy,

where n¢; is the number of haplotype pairs for y;:
(nc; = 1 when n; = 0, and nc¢; = 2%-1) otherwise. The
In(L) for the observed genotype data is expressed as

In(l) =) o xIn (2 (f(e,-)f(é,-») +C (»
j=1

viel

where f(8;) denotes frequency of 6;. When all ¥’s
except for Y(n)(1) are solved, Y(n)(1) is the_ only
unsolved variable in '¥. Therefore all f(6;) and f(6;) are
expressed as a univariate function of V™ and
equation (*) is also a univariate function of Y(n)(1)
and differentiable as follows:

d ne; . o )
—d—ln(L)zza.xm(Efﬂ (@)
e | S (F8)F6)) '

Denote the subset of n; SNPs that are heterozygous in
genotype v; by Sg:t)ero(Yi)/ and let P(Sfl'gt)ero(y,’)) be its
power set and let S(pi)(qi)(Sil"e‘t)ero(yi)) be an element of
(S, o(v). Because  [d/d(U(m)(1)]f(8) = £(1/2"),
numerator of an element in (), [d/d(¥(n)(1))] (E}’i‘l
(f(8,)f(6))), can be expressed as

viel’

d/d(y(m)(1)) (Z (f(@-)f(é,-))) =21_n » 20ei+D)
=1

v(pi)(g:) x W(pi)(g:),

S(PEGNS,  (YNEPSTE (@) uAST (81)

where (1) denotes ¥ for a subset u and v(u) is the
value of corresponding haplotype.

APPENDIX 4

Classification of SNP pairs for which the EM
algorithm did not direct toward the global maximum.

The SNP pairs that were not affected by the
tightening of the threshold can be grouped into four
categories (Patterns 1-4). The SNP pairs of Pattern 1
(85.0% of unaffected pairs) had a symmetric distribu-
tion of deterministic chromosomes for only two
haplotypes with double heterozygotes. Such pairs
exhibited two global maximum estimates at the two
ends of the range of y(2)(1s). As the EM algorithm
started from the symmetric haplotype frequency in

. LE, the solution did not move from the LE condition

due to this symmetry. For pairs in Pattern 2 (10.7%),
the EM algorithm converged to D’ = 1, whereas the
D’ # 1 condition gave the global maximum. Pairs in
Pattern 3 (4.1%) were the opposite case, where the EM
method converged to D’ # 1 and the ¥-based method
converged to D' = 1. Pairs in Pattern 4 (0.28%) had
multiple local maxima and the EM converged to a
local maximum that was not the global maximum.
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APPENDIX 5

Settings of programs to perform the standard EM
algorithm and the W-based algorithm.

For the standard EM, the maximum number of
iterations was set at 10°, and the calculation was
stopped when the difference in log;oL between
iterations became less than 107'%. Without limitation
on the maximum number of iterations, calculation

Genet. Epidemiol. DOI 10.1002/ gepi

did not end due to the slowness of convergence for
some cases. For the ¥-based method, no limitation
was applied on the maximum number of iterations,
and the iteration was stopped only when the
difference in estimated x between iterations became
less than 107%. Convergence of the Newton-Raphson
method was fast in this case and it was unnecessary
to set a limitation on the maximum number of
iterations for the ¥-based method.
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Abstract

With the acceleration in understanding of the human genome over the past decade, genetic studies have revealed
several specific genes associated with a predisposition to systemic lupus erythematosus (SLE). These studies
have shown that some of the genetic variants are shared with other autoimmune diseases, and the contribution
of each variant to disease differs among different ethnic groups. This article summarizes recent findings from
genetic analyses of SLE, with particular emphasis on ethnic differences between Asian populations and others.

Key words: case-control study, genetic polymorphism, genetic predisposition to disease, linkage analysis, systemic

lupus erythematosus.

Systemic lupus erythematosus (SLE) is a systemic

autoimmune disease characterized by multiple organ
damage. Pathological processes are mainly composed of
autoantibody production and immune complex depo-
sition, where genetic and environmental factors enhance
the immune dysregulation. The presence of a genetic
predisposition to SLE has been confirmed in familial
and twin studies, with the relative risk ratio for siblings of
affected individuals to disease incidence in the general
population (As) elevated to 20, and the concordance
rate in monozygotic twins (24 -58%) much higher than
that in dizygotic twins (2-5%).! Taken together, these data
suggest multiple genetic factors are involved in disease
pathogenesis. With rapid increases in the understanding
of the human genome over the past decade, genetic studies
including familial linkage analyses and case-control
association studies have mapped multiple candidate loci
for SLE and revealed specific genes predisposing to the
disease. Herein, we review recent findings from genetic
analyses of SLE, with particular emphasis on ethnic dif-
ference between Asian populations and others.

Correspondence: Y. Kochi, Laboratories for Rheumatic
Diseases, SNP Research Center, RIKEN, Yokohama
230-0045, Japan. Email: ykochi@src.riken.jp

©@Asia Pacific League of Associations for Rheumatology

LINKAGE ANALYSES

To date, at least 10 linkage studies have been under-
taken for whole-genome surveys of SLE susceptibility
genes. Although most of these studies primarily recruited
Caucasian families, some also enrolled families of other
ethnic groups, including African-American, Hispanic and
Asian families. However, no linkage studies have been
conducted using a sufficient number of Asian families.
Although many candidate loci have been identified, the
results are inconsistent across studies. This inconsistency
may reflect false-positive and false-negative errors par-
tially attributable to the low statistical power of indi-
vidual studies. A recent meta-analysis of these studies by
Lee et al. identified genomic regions at 6p22.3-6p21.1
and 16p12.3-16q12.2 as strong candidate loci for SLE
susceptibility with statistical significance in a genome-
wide scan.? Other candidate loci repeatedly presented
in linkage studies are summarized in Table 1.

As each locus identified by linkage analysis encom-
passes at least several megabases of the genomic region,
fine mapping using additional markers such as single-
nucleotide polymorphisms (SNPs) is needed to determine
the true susceptibility genes. Alternatively, candidate gene
approach analyses can be performed to target genes in
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Table 1 Candidate loci of systemic lupus erythematosus
linkage analysest

Chromosome location Candidate genes in the locus

1p36 C1q, TNFRSF1B (TNFR2)

1g22-24 FCGRs, FCRL3, CRP
2q37 PDCD1

4p15-13

6p11-p22 HLA, C4

16q12-21

17p13-12 TNFSF13 (APRIL)
17q11

18q21-23 BCL-2

19q13

20p13

tCandidate loci that have been replicated in at least two linkage
studies were listed, which is reviewed in detail in Lee and Nath.?

the loci exhibiting pathological relevance to the dis-
ease. Several genes such as FCGRs in 1g23,> PARP in
1q41-42* and PDCD1 in 2q37° have been successfully
identified using this approach.

CANDIDATE GENES

Many association studies using case-control cohorts or
multiplex families with affected individuals have been

performed - to investigate whether candidate genes of
interest are associated with disease susceptibility. Both
genes in the linkage loci and those outside have been
examined, and several genes have shown associations
with disease susceptibility (Table 2). Among these, we
preferentially selected and described herein those for
which associations have been confirmed in multiple
independent studies.

Genes in the major histocompatibility (MHC)
complex (6p21)

The MHC complex, located in a 3.6-Mb region of
chromosome 6 (6p21), is one of the strongest candidate
loci for SLE linkage studies, as mentioned above. This
region contains at least 128 genes with predicted
expression, 40% of which are estimated to function in
the immune system.® Many autoimmune diseases, in
addition to other diseases-such as myocardial infarction
and narcolepsy, have been associated with genes in this
region.’

Specific alleles of the HLA-DR gene, which encodes
an essential molecule in antigen presentation to T-cells,
are believed to form the major determinant of SLE sus-
ceptibility in this region. While increased frequency of
HLA-DR2 (DRB1*1501) and DR3 (DRB1*0301) alleles
have been repeatedly observed in Caucasian SLE patients,®

Table 2 Candidate genes associated with systemic lupus erythematosus s_usceptibili‘tyf

Gene Chromosome Ethnicity Association with other
Name Function location Individual studies Meta-analyses autoimmune diseases
HLA-DR  Antigen presentation 6p21 Af, As, C, H - RA, AITD, T1D, MS
FASL Apoptosis 1q23 Af, As, H - -
FAS Apoptosis 10q24 As - -
CRP Cell clearance 1q23 C - -
C4 Complement pathway 6p21 Af, As, C, H - Several autoimmune diseases#
MBL2 Complement pathway 10q11.2-22 Af, As, C Mix -
TNF-o Cytokine 6p21 Af, As, C C Several autoimmune diseases#
1L-10 Cytokine 1q31-32 As, H - MS
FCGR2A  Immunoglobulin receptor 1g23 Af, As, C C MS
FCGR2B  Immunoglobulin receptor 1q23 As, C As -
FCGR3A Immunoglobulin receptor 1q23 Af, As, C As, C RA
FCGR3B Immunoglobulin receptor 1q23 As, C As, C MS
FCRL3 Lymphocyte coreceptor 1923 As - RA, AITD
CTLA-4 Lymphocyte coreceptor 2q33 As, C - As RA, AITD, T1D
PDCD1  Lymphocyte coreceptor 2q37 C - RA, T1ID
PTPN22  Lymphocyte signalling 1p13 Af, C C RA, ATID, T1D
IRF5 Lymphocyte signalling 7q32 C - -
TYK2 Lymphocyte signalling 19p13 C - -

tResults of positive association but not negative association are presented in both individual studies and meta-analyses.
$The association observed may be attributable to the linkage disequilibrium with HLA polymorphism.
Af, African; As, Asian; C, Caucasian; H, Hispanic; Mix, Mixture of ethnic groups; RA, rtheumatoid arthritis; AITD, autcimmune thyroiditis; T1D,

type 1 diabetes; MS, multiple sclerosis.
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DR2 allele has commonly been associated with disease
susceptibility in most Asian populations.® Other alleles,
such as DR3 in Chinese,'° DR4 in Japanese,”! and DR9
(DRB1*0901) in Koreans,'” are also reportedly increased
in patients. This complicated association of the HLA-
DR locus with disease may reflect a diverse distribution
of HLA alleles in the populations studied. However,
other genes in linkage disequilibrium with the HLA-DR
gene may also be involved and influence the increased
frequency of specific HLA-DR alleles.

Complement component 4 (C4) gene, which encodes
a component of the complement cascade, is another
candidate in this region. C4 is encoded by two tandemly
duplicated genes (C4A and C4B) and is highly poly-
morphic, with copy-number polymorphisms (CNP)
including nonexpressed alleles (designated as C4AQ*0
and C4BQ*0) for which no protein product is identi-
fiable. Many studies of Caucasian populations have
demonstrated that the C4AQ*0 null allele is associated
with SLE susceptibility, with a gene dose-dependent
effect.’® As C4AQ*0 allele is in strong linkage disequi-
librium with HLA-DR3 allele, separation of the relative
contributions of the two genes is difficult. To solve this
problem, a study of an HLA-DR3-negative cohort was
performed, showing an independent effect of C4AQ*0
allele on disease."* This independent association of
C4AQ*0 allele has also been described in Japanese and
Chinese populations'® in which frequency of DR3 allele
was relatively lower than in Caucasian populations.

FCGR gene family (1q23)

The Fc fragment of IgG, low-affinity IIb, receptor (FCGR2B)
gene is located in 1q23, and has been associated with
SLE susceptibility in Japanese;'® a finding further con-
firmed by a meta-analysis using case-contro! cohorts of
Thai and Chinese populations.'” This polymorphism in
the transmembrane domain of FCGR2B replaces the
amino acid isoleucine with threonine (1232T), result-
ing in a reduced association of the receptor with lipid
rafts of cell membrane and reduced inhibitory function
in B-cells and monocytes.'®!? Although this mutant has
rarely been observed in Caucasian populations, other
functional polymorphisms in the promoter region of
FCGR2B gene have been associated with disease in a
Caucasian case-control cohort*® suggesting ethnic dif-
ferences exist between Asian and Caucasian populations.

Many studies have reported associations of variants
in other FCGR family genes with SLE susceptibility, as
reviewed in detail elsewhere.” More than 20 studies in
several ethnic groups have examined associations between
SLE susceptibility and an SNP in the extracellular domain
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of FCGR2A, the mutant allele of which reduces binding
affinity of IgG. Although the results are inconsistent, a
meta-analysis has concluded that a positive association
exists in Caucasian populations® but not in Asian popu-
lations.” Similarly, an SNP in the ligand-binding domain
of FCGR3A is enriched in patients with SLE and may
represent a risk factor for lupus nephritis, and has been
confirmed by meta-analysis in both Caucasian?* and
Asian populations.”® Both disease susceptibility alleles
in FCGR2A and FCGR3A display less affinity to IgG
compared to normal alleles, suggesting that defective
clearance of immune complexes may be responsible for
disease pathogenesis. Moreover, CNP in FCGR3B, another
member of the FCGRs, is associated with human SLE in
Caucasians.”® Interestingly, similar associations between
CNP of the rat ortholog, Fcgr3, and susceptibility to
lupus-like nephritis have also been observed.?

We have recently reported a regulatory variant in the
Fc receptor-like 3 (FCRL3) gene, a homolog of classical
Fcy receptors, was associated with three autoimmune
diseases in the Japanese population, including rheuma-
toid arthritis (RA), autoimmune thyroiditis (AITD) and
SLE.”® This polymorphism alters the binding affinity of
nuclear factor (NF)kB, resulting in high expression in
cells with the disease-susceptible genotype. As this
association has been replicated in an independent
Japanese RA cohort”” and a Caucasian AITD cohort®®
the FCRL3 polymorphism may be a common genetic
factor in different autoimmune diseases and different
ethnic groups, and further confirmation is required.
Although the precise function of FCRL3 is unknown, its
preferential expression in the germinal centre light zone
suggests it may affect the clonal selection of B-cells and
augment the emergence of self-reactive cells.

MBL2 (10q11.2-22)

The protein encoded by mannose binding lectine 2 (MBL2)
gene recognizes mannose and N-acetylglucosamine on
bacterial pathogens, and is capable of activating the
classical complement pathway. Because deficiencies of
complement pathway molecules have been reportedly
associated with SLE pathogenesis® MBL2 is another
attractive candidate gene of SLE susceptibility. Serum
levels of MBL2 vary from person to person, and 5-10%
of populations throughout the world lacks the protein.
In addition to the common form of MBL2 gene (allele
A), three mutant forms of MBL2 (alleles B, C and D for
each, and allele O for altogether) are produced, due to
three non-synonymous SNPs in exon 1. These mutant
protein forms are unstable in serum, resulting in
almost undetectable levels in individuals with the O/O
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genotype. Moreover, two SNPs in the promoter region
of MBL2 gene (alleles L and X) also reportedly affect
gene expression.*® Allele frequencies of mutant forms
differ among ethnic groups, with allele B prevalent in
Caucasian and Asian populations and allele C most
common in African-American populations. A recent
meta-analysis of 15 association studies on the MBL2 gene
in Caucasian, African-American and Asian populations
has shown that alleles B, L and X are associated with SLE
susceptibility with a modest effect size.” Interestingly,
another study using a prospective cohort has revealed
that the MBL2 genotype could represent a prognostic
factor for arterial thrombosis in SLE patients.*?

IRF5 (7q32)

Increased production of type I interferon (IFN) and
expression of IFN-inducible genes is commonly observed
in SLE patients, and may be pivotal in the disease
pathogenesis. Recently, using joint analysis of linkage and
association in Swedish and Finnish Caucasians, SNPs in
the IFN regulatory factor 5 (IRF5) gene displayed strong
signals.*® Follow-up confirmation was achieved by a
replication case-control analysis of Caucasian populations
in Argentina, Spain, Sweden and the US.* In the latter
study, a common haplotype of the IRF5 gene, which was
increased in affected individuals, was shown to drive
elevated expression of multiple unique isoforms of IRF5.
Although a clear association with the IRF5 gene exists
in Caucasians, no studies have yet been performed in
Asian populations.

PDCD1 (2q37)

The programmed cell death 1 (PDCD1) gene encodes
an inhibitory receptor on lymphocytes, and represents
one candidate gene in the linkage loci 2q37, since mice
lacking Pdcdl gene, the murine ortholog of PDCD1,
develop spontaneous lupus-like disease phenotypes.*
A regulatory SNP in PDCD1 has been associated with
Hispanic and Caucasian populations, and gene expres-
sion is decreased in the disease-susceptibility geno-
type.® The association was not significantly replicated in
a Taiwanese SLE cohort, but a significant association
was identified in the same study using a Taiwanese RA
cohort.*® To reach a firm conclusion on the contribu-
tion of PDCD1 gene to SLE susceptibility, additional
studies in several ethnic groups may be needed.

PTPN22 (1p13)

A non-synonymous SNP in the tyrosine phosphatase
non-receptor type 22 (PTPN22) gene is a genetic predis-
position commonly shared by most human autoimmune
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diseases in Caucasian populations. Association of the
PTPN22 variant with disease was first reported in
Caucasian patients with type I diabetes® followed by
positive associations in studies of RA,3® SLE,* AITD*
and other autoimmune diseases.” The autoimmune-
predisposing allele has been shown to be a gain-of-
function mutant, and the encoded phosphatase is a
more negative regulator of T-cells. However, this poly-
morphism has not been observed in East Asian
populations®*? and thus represents another example
of ethnic differences in disease predisposition.

CONCLUSIONS AND FUTURE
PROSPECTS

Recent genetic studies of SLE have yielded new insights
into the pathogenesis of disease. While some genetic
variants are solely associated with SLE and may deter-
mine the unique phenotype of disease, others also
increase the risk of other autoimmune diseases. In
addition, differences among different ethnic groups in
the contribution of each genetic variant to disease are
also becoming apparent. Although these remarks are
based on our successful research experience, a grasp of
the complete picture of SLE genetics remains elusive.
Several genes remain to be uncovered, and the limita-
tions of conventional linkage-based, candidate gene
approach analysis must be overcome to reveal these.
With the completion of the international HapMap
project” and the emergence of genotyping technologies,
genetic research into complex traits is entering a new
era. The HapMap project provided a catalogue of com-
mon genetic variants, comprising a total of 250 000 SNPs
for Asian populations to cover the whole genome. These
variants can now be genotyped for an individual at
once, using new technologies such as DNA array-based
methods. This allows a more comprehensive approach
to surveying for genes predisposing to disease. In the
not-too-distant future, all the predispositions of SLE
should be clarified. :
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* Association of a FCRL3 gene variant with rheumatoid arthritis susceptibility.
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K1 RABSMEEET 3 FCALGRIZTSE (-169C—T) L REZFREEHMT 3
A RABRZH & T\ 1958 % S8 7= FCRL3:B{ZF D 4 SNPs,
B : FCRL3BIZFDEEE®EVI 725 —¥ - Ty v AIZL V5. -160CT7 L M (EBRSHT L V) Tl

AE W (* p<0.001),

C . SNPELDEFIC ST 2 EERET (EMSA). -169C7 LV THEHE DMV S R0 (/34 V), HINF«B

FBETA—N—T 7 5 (HHN),

D:#EABMBIIBITAFCRLIBEZFOREES, SNPOY L/ ¥4 7RIl ER.

£z AL, FCRLYBEEFORBEOWMA, H
CHAEEIZALPOEEBY5E2 5D ELE
Zbohi:,

FCRL3&EFZR E
EHrDBECRERE L DREE

ZhET, HORERERB L OBEHEHL M
o BIEFEED ), CTLA4, PTPN22,
SLC22A4L v o - BIZFDOEEIE, BT

FIREEORSTHEEELTWD Z EHE S

NTwWa, ZoZkid, BOREERIZBNT
£BOBZHERFVFEET A EATRETS.
FCRL3BIZFERH, 1I0OHTHRERETY,
EREEHEREE L TWATREEERET 572

(RS & b —8Re %)

®», SLES X FECRFEMEFIRIRER (AITD) 12
BT AEERN % 1T o 72, HTIZIE, SLEEES64
A, AITDEESQIAN (N1 F7RBESIA, HA
FREBHEIS8A) B & UsHEE2,M6 A2 Bz 7
L VBEREERETIY, AITDERE, SLEEE L 1T,

FBEICBYV TRARSHEFCRLIZ R (-169C) D4R
ErEL, AELEELROL(AITD | + v Xt
1.38, p=0.0000042, SLE : #* v X}1.17, p=
0.025). ¥5iZ, SLEEZEDREMNLBCHAKT
» HHDNAGUKME R, ¥ = /% 4 7RNIEFM L
ek ZA, FORKEGGEBHHOD D)L, -169C/
Cox/)%47TBIIBWT, #nSDT /%
A 7(-169C/T, -169T/T) L HBEL T, HEIIHE
5 72(294.11U/mi vs 145.5IU/mi, n=120, p<
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&2 SNP-169C—TV 1 / 21 T BCHRHELE

Yym< b4 FEF HLCCPHL4E
AH ik gk A 5 b sz (0
Jx/ 547 (N=148) +SEMIU/ml) (N=T1) ek (%)
-169 C/C 29 479.9+91.3* 17 100.0°
-169 C/T 75 323.7+47.3* 35 94.31
169 T/T 44 216.4+44.0* 19 7371

* R2=0.049, p=0.0065(EHR5IHT), 1p=0.029(7 1 v ¥ ¥ —~DEERE)

hemi-ITAM  [y]

E 2 FCRL3IDSFiEE
ITAM : immunoreceptor tyrosine-based activation
motif, ITIM : immunoreceptor tyrosine-based inhibi-

tion motif (CCEk2 &y — k%)

0.05). Z®HZ ki, FCRL3ZEIH, RADAMDE
CRERBIZBVTD, RERSHICHEELT
WA TR, BEROREBIIBVWT, H
CIREA BT AETF Lo TV ATHERE
ERET 5.
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BEEFTRENTVAD, UV N - HBiEE D
ICRATHAD. MIBBAFXAL L, fEARD
L7y — Il Fe s v EF—-T7% %D
77, ZOLETSy—RIF I FEDOEEIZE
VD, MEAICED LLBEDO Y S F VR IRET
AT EEMAE 2 b TWA(E2)®. FCRLIEE
FiT, B ) U E - BEkEvwok 2K v
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EHALIFS LTV A TREIEZOND. &
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EBORBIIBIZEHELHLH»IITHIDL
ZiobNnb,

Eb Y

BAER 1) 7 < F (rheumatoid arthritis ; RA) &,
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SFSERFRENRETHARBTH S, ok x
i, BEORBTEYOEHIELY & /- TBEDS
BETH—HT, BEOHSEROATEAET
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BBF %I LD LT HRADEREDESIZIZB
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WKESWIEBREOERFILT LI TETWE
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FEEL) 77 b FEFOFELR EORADT
BEBET LI EARE SR TS, KifFR
2BV, FCRLIBIZFZENFEHOHBELL
BE$ 5 &\ ) HEL, FCRLIBIZTZEN,
FHRFHRFICRY S ATREEEZRET S, &
LB E o TH b SNAERIEREES
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WEEIC B Z LRSS,
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BEE5 1) 7 < F (rheumatoid arthritis ; RA) {3,
BERTB L UCEBERFISREHICEST L2
EICE o TRETASRFERETHHY. HIEH
FE LTix, HLAZ 5 A&+ T& 5 HLA-DR
BETFEH L OBENE LHASNTEY, RA
DERRKOBIZAF CTH 52, RAESZMH L OBEH
HEENTWBDIE, HLA-DRB1*0405,0401,0101
Lwvio iz, Wibw 5 “shared epitope” 7L AV (T
3/ BEBLS) D70~745% 2 1ZQRRAA, RRRAA, b
L<IZQKRAAZ ELH D) THAH. &ift, RAIC
BWT, FOEVWEEETEEIATYS, §it
WIRY L) MERTF VAR LCCPHMER) »
A & shared eitopelR 5 DFEN, SVHHE%
AT ENRE &Y, ZOFEENIL, ML
) AL SN2 EBEDUEEDHLADRY 75 4 72
LoTIRRENRTV, Vo WHEENE 2
bh B A, RADIREEIZ B B HIA-DREETF%
MO+ Z287T 5 L THIEERE.

—7 ¢, HLAFEIEM 2D Wi, HE0EE
BFORS A EZ 5T, Br0REEHE
FORBANOFGENVIFEEIE D, FO[F

;A A N

EIIE#SFTFEINTES, L2L, 222~3
£, v M LBREVOERERE BIZTFEEO
YA TEROBEOER L & b2, KBRE
LRETBVWTEROBEEF(BLUEFOEH)
EARE LB ko T& /A2 LI X
D, RAZIILDHETHEHCREEBICEHET S
BEFOREIHARNTRERTEL, LEL
¥, CTLAGERZTF£IE, HORENFRE%
21 RIBER I ORASH & BEDHE S hizhs,
RARZM L DEBSE b Bk ShTw5b, $72,
PTPN22EZF %8 A ICRAX B UREOE
CREERL OMESRE SN TS, RALZ
BROGERSHREF L LT3, PADI4EIETD
SR HITON LT, PADIGRIZTFE, BAED
TUFZUBRESS MV AMbT BEER T —
N3 %. PADI4BIZTZ RN RARS M L BE S
HEEEF, VIV L) BAOERKE
5%, RADIFEEIZBW TR AL DRE 2R/
LTwaZt%, BEENIIREISTALDOTS
L. ZDEHZ, ¥ ABTIZE-T, RAICHE
ETLBEF(BIPEFOLE)SHELMISH,
RADIREDH - 2 AIHAHH s ho0o» b L »
25,
bivbhid, FRI2FEE LY, BILEER
BEFEMMEL Y ¥ —12BWT, K—NF )
LkxtgE U7-SNP% FV 7 B BR RS AT 1o
&0, RABRSEWEEFOEETToT&L &K

* Identification of FCRL3 as a novel susceptibility gene for rheumatoid arthritis.
*+ Yuta KOCHI, M.D., Ph.D.: S fTEE AL ERIFERTR(ZT S RIBIE L » ¥ —BE U 7 < FEERE RS —
2, (33230-0045 #5iET#E B X K/ BT 1-7-22) ; Laboratory for Rheumatic Diseases, SNP Research Center, Yokohama

230-0045, JAPAN
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FoRl FCRLs FeyRll cD3¢
I ] ]
1921 " 1q23
RMEF FCRAL5 FCRL4 FCRLy4 FCRL3 FCRL2 FCRL1CDSL
SNPs

-logio (P)

- I

LI

1 FCRLMB{=F$EIE D BAERR 4R
FCRLE(ZFHEIRIZFET ASNPsE BT, RARES30A, EBE6S8ADT L IVHERE Y 1T-
1z, 77708, RED pEOMBEL L 57 b D, FCRL3FEIETF D 4 SNPsiZBE D ¥ —

7 %205 ().

BT, FORFELTHAEEN.:, FHRED
ol B M R{ZFFCRL3 (Fe receptor-like 3)®
KOWTHRET A. ‘

{&HH$EE1921-231C 1T 3 BEEAZAR

bhvbhid, T—=V%/ 229 H T 58105
ADSNPs%* ¥ A ¥ 7L, BE - EETHE
TAHIEIZLD, RARSHLEEET 2 BZF%

BORRETo> TELH, £OKR, 1 FREHE

FBi21-23%815(1q21-23) 12, RABSEYE & 56\ BEsE
* OSNPsHRM s/, ZofEEIE, vt E
CRIEEERDL & VBT 7\ 0 EEMITESE
WHEHBO—2 L LTHOSN TV AY, T AT
1%, 3HELBAERICALL, a5—7 U Hl
HEBREFN, V-TRAEFN, TLAF—
HRFEL, BCREMBRBET VR EDORE
WHEBL 2oTwA, 72, & FTI3, SLE, &
BB 5 EEBITOBRBEIRE Lo THY

RARS BMBLEIIBVTH, ZOFERICHERE
THRIZFLEEL DBENBREENR TS, &
DEBICBITHEBTREREZEFELTE, &
‘Era 7Y Y GOFFNTE2RERTHS
FoyL 7% —RIzF8E¥H 2 (H1). KBELD
M#E Clx, FOGR2B,FCGRIARIZFIZHET S
ZEE, SLEB S URAL OBFEARESh TV

(XER® & ) 5 H%E)

B X512 Blt, TOMFBICFyL Ty —
& DHEED BV FCRLBIZFEHOFEMNH S 2
IZ3NTHENY, ChLDBRIEFEREBELEDREE
MWEB SN TS, DEn ki, KER,
HBERBEESLBDORZTLEETHEET ST
BEEFEVERE VWIS, bhvbhud, KEE
PEHMICENTAILICL Y, EBERSSERE
FEEOREXIT- 7.

9, HERADREMNZSNPF— ¥ X—RTh
ZJSNPL Y, 1q21-23%81(16Mbp) iZFF7ET 5491
SNPs#% it L, BARAXEHES8ANT 2/ &4
Yo 7 %707, IN5DOSNPRDESEATHHR
BErBHTLI LIy, EHTRTEHIREZT
fliL, 10EDOEEAFH 70y 7 ZFEEL.
K, BEBTO 1EBBORY ) —=v sk
LT, 75491 SNPsiZxf LT, RABEUAD
P/ AT ETY, BBEOTLULE
BEORBYiTo7. ZO#E, 9SNPsiZBWT,
BE - HBETOFELELRD:($<0.01).
EHIZINS5DSNPsIZ DWW T, 2:kRA 7 —
=T LT, Y= ATMAZEBINT 2/ 54
¥rrL, dB#L kgL A, FCRL3E
ZFDA4 > +arDOSNPLOEVEEZED 7
(v XH1.39, p<0.0001). ZDZELh, =
DERE, b LI, COSE L EEATRIREE
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C : SNPELDEFI 4T 2 EERF (EMSA). -169CT LV THEAR DMV EE RO (/34 V), HINF«B

HBETA—N—V 7T B (HE/RV).
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