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ABSTRACT

Ankylosing spondylitis is a common
inflammatory rheumatic disease. Both
susceptibility to and clinical manifes -
tations of the disease are highly herita -
ble, Although some genes, notably
HLA-B27,have been implicated in sus -
ceptibility to the disease, the genetic of
the condition are complex and many
more genes involved in the condition
await discovery.

Introduction

Ankylosing spondylitis (AS) isthe sec-
ond most common autoimmune rheu-
matic disease and despite major clues
asto its causes such as the relationship
with reactive arthritis and the associa-
tion with HLA-B27, its aetiology re-
mains very poory understood. A major
genetic predisposition was suggested
by the strong familial predisposition to
the disease, and this was confirmed in
the early 1970’ sby the discovery of the
association with HLA-B27. HLA-B27
is probably the major gene involved in
susceptibility to AS, but operates in
combination with other genes to deter-
mine the majority of susceptibility to
the disease, and has little role in deter-
mining disease severity. Gene mapping
studies have implicated non-B27 genes
both within the MHC and elsewhere as
being involved in susceptibility to the
disease, but only very preliminary stu-
dies of genesirnvolved in disease sever-
ity have been undertaken.

Genetic epidemiology of AS

The high degree of familia recurrence
of AS has been long recognised, but
until formal heritability studies in
twins were performed, the extent to
which this was due to shared environ-
mental or genetic factors was un-
known. From twin recurrence risk stu-
dies the heritability of susceptibility to
AS has been estimated at 97% (95%
confidence interval 92-99%) (1). The
concordance rate for B27-positive DZ
twin pairs (23%) is till considerably
below that of MZ twin pairs (63%),
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indicating a large genetic component
not linked to the MHC (2).

Disease severity determinantsin AS
The genetic control of disease severity
has also been investigated in twins. All
measures of disease activity and func-
tional impairment were more similar in
MZ than DZ twins, athough the num-
ber of concordant twin pairs studied
was quite small (1). Nahal and col-
leagues examined familiality of dis-
ease phenotypes, and noted increased
clustering of arthritis and uveitis, but
not late age of onset, or periphera en-
thesitis (2). Familiality of pain and dis
ability indices, and pelvic and spinal
radiographic changes have aso been
reported (3), but neither study differen-
tiated shared environmental factors
from genetic factors. More recently a
complex segregation analysis has dem-
onstrated a high degree of genetic con-
trol of disease severity assessed by the
Bath AS Disease Activity index (BAS
DAI) and functional impairment as-
sessed by the Bath AS Functional In-
dex (BASFI) (4). Heritahility of these
measures was estimated at 51% and
68% respectively; modelling studies
indicated that a monogenic model fit-
ted the observed data most closely,
with polygenic and environmental
models being rejected. As all the
affected relative pairs in this study
were B27-positive, a gene other than
B27 must be involved, supporting the
hypothesis that the genes controlling
the process of ankylosis are different
from those controlling susceptibility to
AS.

Family recurrence of AS

The number of genes involved in sus-
ceptibility to AS has been estimated by
recurrence risk modelling. In diseases
with a significant genetic component,
the recurrence risk of adiseasein rela-
tives of cases falls with increasing dis-
tance of relatedness to the proband and
the rate of reduction is determined by
both the number of genes involved and
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their mechanism of interaction (5).
Thisdatawas used to test different gen-
etic models in comparison with the
observed data, allowing an estimate of
the likely number of genes involved
and their pattern of interaction (6). The
best fitting model was a five-locus
model with multiplicative interaction
between loci. This suggests that the
major genes involved in susceptibility
to AS arelikely to be of at least moder-
ate magnitude, an encouraging thought
for those involved in gene-mapping
studies.

Recurrence risk in families has been
shown to differ according to the gender
of the proband, with an increased risk
apparent in the relatives of younger, fe-
male probands (7, 8). Thisis consistent
with a polygenic contribution to AS. If
women have a higher threshold for
developing the disease (as suggested by
the gender imbalance in AS), then
affected women may have more sus-
ceptibility genes than men, increasing
the risk to their offspring (9). Similady,
if early onset of AS reflects the pres
ence of greater genetic susceptibility,
there should be a correspondingly in-
creased recurrence risk in the offspring
of younger probands. The exclusion of
significant susceptibility loci on the X-
chromosome indicates that the gender
biasin risk of disease and in recurrence
risk in relatives of AS cases is not
explained by X-chromosome encoded
factors (10).

An increased risk of developing ASin
first-born children and in the children
of younger mothers has been reported
(11). Theincreased risk of AS with low
birth-order was not replicated in a stu-
dy of multicase-spondyloarthropathy
families(12), or British ASfamilies (13),
and no association between maternal
age and risk of AS in children was
observed in another British study (14).
Potential explanations for a birth-order
effect include the development of ma
ternal anti-B27 antibodies in B27-neg-
ative mothers of B27-positive off-
spring, or increased risk of early child-
hood infection in high birth-order chil-
dren, possibly shaping the immune sys-
tem to protect children from develop-
ing AS (11). The latter suggestion has
been raised as an explanation for the

paucity of AS amongst B27-positive
rural west-Africans (15).

Gene-mapping studiesin AS

The gene-mapping methods available
to resear chers to identify genes in any
disease can be divided into linkage dis-
equilibrium (‘association’) approaches
and linkage studies, and in turn these
can either be candidate gene or whole
genome studies [reviewed in (16, 17)].

Linkage mapping

Genetic linkage refersto the cosegrega
tion of aleles at two separate genetic
loci in families. Linkage mapping is used
to create low-resolution maps of the
likely chromosomal location of disease-
associated genes. It isfeasibleto screen
the entire human genome for genes of
moderate effect by linkage with 300-
400 polymorphic markers. However,
linkage studies are inefficient at fine
localisation (‘fine mapping’') of suscep-
tibility loci in polygenic diseases (18).

Linkage disequilibrium mapping

Linkage disequilibrium (LD) refers to
the inheritance of markers together on a
chromosome strand in a population
more often than would be expected by
chance, creating a particular haplotype.
A variety of approaches to linkage dis-
equilibrium mapping exist including
case-control (population association)
studies and within-family association
studies using parental or sibling data as
the control group. The extent of linkage
disequilibrium varies considerably
throughout the genome and in different
populations. Genetically homogenous
populations have wider areas of linkage
disequilibrium, increasing the power to
detect it and possibly thereby to map
genes. Across the genome linkage dise-
quilibrium varies widely and islands of
increased linkage disequilibrium occur
which can extend hundreds of kilobas-
es (19-21). There is some suggestion
that the underlying DNA structure af-
fects recombination rates and therefore
the extent of linkage disequilibrium.
GC-poor regions have been shown to
have more extensive LD than GC-rich
regions, and it has been suggested that
in GC-poor regions one marker every
100 kilobases may be sufficient, where-
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as in GC-rich regions a density of one
marker per 10 kilobases may be re-
quired (22). Efforts are underway to
define theseislandsto reduce the densi-
ty of markers that would be required
for LD mapping.

Hitherto the paucity of successin iden-
tifying genesin complex human genet-
ics has encouraged scepticism about
the likelihood of success of current
approaches (23,24). Two recent succes
ses have demonstrated that the method
can be successful; linkage disequilibri-
um mapping has identified the NOD2
gene as being involved in Crohn's dis-
ease (25), and the calpain-10 gene in
type 2 diabetes mellitus (26). The as-
sociation of variants of the NOD2 gene
with Crohn’s disease is of particular
interest to the genetics of spondyloar-
thropathies, given the clinical associa-
tion between the conditions. NOD2
mutations have also been demonstrated
to cause a monogenic disease, Blau
Syndrome (Online Mendelian Inheri-
tance in Man reference 186580), char-
acterised by granulomatous small joint
arthritis, skin rash, and non-granuloma-
tous uveitis (27). NOD2 is expressed in
monocytes, and promotes apoptosis
through nuclear factor kappa-B activa-
tion. It has structural similarity to a
class of disease-resistance genes in
plants that induce localised cell death
a the site of pathogeninvasion and is
thought to function as a cytosolic re-
ceptor for pathogenic components de-
rived from bacteria. NOD2 mutations
are not involved in susceptibility either
to primary AS or AS complicating in-
flammatory bowel disease (28). Whe-
ther NOD2 mutations affect suscepti-
bility to B27-associated uveitis is un-
known, but given the association with
uveitisin Blau Syndromeisan interest-
ing hypothesis.

MHC genesand AS

HLA-B27

The association of B27 with AS
remains among the strongest immuno-
genetic of any disease, only bettered by
the association of the DRB1*1501-
DQB1*0602 haplotype with narcolep-
sy. Extremely strong linkage of the
MHC with AS has been demonstrated
in several studies (29, 30), including a
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maximum LOD score of 15.6 in a
recently whole genome screen (31). Yet
only asmall proportion of subjects car-
rying B27 develop the disease (32-34).
The world-wide association of B27
with AS and B27-transgenic animal
models of spondyloarthropathies,
strongly suggest that B27 itself rather
than a nearby gene which is involved,
but this remains unproven formally in
humans. Population studies have
shown that different disease-associated
B27-subtypes carry different MICA/
MICB or HLA-C aléeles (35-37). This
indicates that the gene involved lies
between MICB and HLA-C, adistance
of 131 kilobases which contains several
predicted genes.

To date, up to 24 subtypes of HLA-B27
have been reported. HLA-B*2722 isno
longer regarded as a legitimate sub-
type-the sequence described from a Fil-
ipino of unknown disease status (38,
39). The subtypes are presumed to have
evolved from a “parent” HLA-B27
alele-HLA-B*2705 (Fig. 1), and evol-
ved along at least three separate paths:
one, in Caucasans and Africans, in-

volving substitutions in the first do-
main (encoded by exon 2 of the HLA-
B27 gene); the second, predominantly
in Asians, involved one same substitu-
tion in the first domain and a variable
number of substitutionsin similar posi-
tionsin the second domain (encoded by
exon 3); and the third group, predomi-
nantly in Caucasians, which involved
only substitutions in the second do-
main. Finally, there are B*2713, which
differs from B*2705 at another location
than the outermost two domains, and
B* 2718, which appears to have evolved
separately.

Studies of the association of these alel-
ic variants have suggested differences
in susceptibility to AS particulay with
B*2706 (now split into B*2706, B*
2711 and B*2722) and B*2709, which
are considered as being less disease-
associated, and B*2704, which may
confer greater disease susceptibility
that other B27 subtypes (40) pointing
to the B27 gene itself being critical in
susceptibility to AS. However, these
observations can potentially still be
explained by differencesin linkage dis-

equilibrium with another nearby gene.
Certainly B27 subtype differences play
no role in western European popula
tions in determining those B27-positive
individuals who will develop AS (41).

Non-B27 MHC genes

Thereis strong evidence that B27 is not
the only MHC geneinvolved in suscep-
tibility to AS. Asindicated above, link-
age studies will not have sufficient res-
olution to differentiate effects of HLA-
B27 from those of other MHC genes.
Within-family linkage disequilibrium
approaches also must cope with the
strong linkage disequilibrium that oc-
curs across the MHC complicates pop-
ulation genetic approaches to identify-
ing the genes involved. Interethnic and
functional studies are probably going
to be required to identify the individual
genesinvolved.

HLA-B60

Robinson and colleagues first reported
the association of B60 with B27-posi-
tive AS (42), a finding that has been
replicated in many but not all studiesin
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Fig. 1. Alleles of HLA-B27. Possible origins. Number of amino acid substitutions (D amino acid). (Courtesy of Prof. M.A. Khan).
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both Caucasian and Asian populations.
Small studies of B27-negative AS have
demonstrated an association of B60 in
these cases, indicating that the gene
involved must be either B60 or be in
tight LD withiit (1, 41, 43).

HLA-DRB1

Association studies of HLA-B27-
DRB1 haplotypesin AS have shown by
both case-control and within-family
methods that the B27-DR1 haplotypeis
associated with AS in British (1, 44)
and French studies (45). Further evi-
dence of a second MHC locus in addi-
tion to B27 comes from studies of in-
flammatory bowel disease (IBD) and
AS complicating IBD. A rare subtype
of DR1, HLA-DRB1*0103, is associat-
ed with IBD (46), increased severity of
IBD, and with arthritis complicating
IBD (47, 48). It has recently been
demonstrated in patients with IBD and
ASthat DRB1*0103 is strongly associ-
ated with the two diseases (48), and
that this association is independent of
B27 (49). These findingsindicate that it
is extremely likely that a further MHC
geneisinvolved in susceptibility to AS,
particularly when complicated by IBD.
Association of HLA-DR4 with spondy-
loarthritis has recently been reported,
but the analysis in this paper employs
multiple cases from each family (50,
51). Thus the findings represent a com-
bination of linkage and association, and
it is not possible to be sure whether
DR4 itself is truly associated with AS,
or if thisfinding is due to linkage of the
MHC with AS and linkage disequilibri-
um of HLA-B27 and -DR4 (52). An
association between periphera arthritis
complicating AS and DR4 has been
reported (53) but not replicated by oth-
er studies. The rare DRB1*0408-
DQB1*0301 haplotype was reported to
be associated with reactive arthritis in
Finns (54), but this was not confirmed
in another Finnish study (55), perhaps
because the latter studied appropriately
used B27-positive controls. Associa
tions between DR7 and the presence of
peripheral arthritis in AS has been
reported by several groups (56-58).
Thisis consistent with reported associ-
ations between DR7 and psoriatic
arthritis (57, 59, 60), which has a high-

er frequency of periphera arthritis than
observed in AS. Disease progression in
psoriatic arthritis is associated with the
B27-DRY haplotype (61). In a study of
British Caucasian AS patients, DR7
was associated with a younger age of
onset of disease, but not with other dis-
ease manifestations (44). DR8 is asso-
ciated with iritis in Japanese adults
with AS (62). This finding has been
replicated in a study of Norwegian
adult AS cases, where it was also found
to be associated with a younger age of
disease onset (63). A DR8 bearing hap-
lotype (HLA-A2-B46-DR8) was asso-
ciated with psoriatic arthritis in
Japanese subjects, but DR8 itself was
not associated with disease (64). DR8
homozygosity was associated with sus-
ceptibility to ASin British Caucasians,
but no effect of DR8 on susceptibility
toiritiswas noted (44).

TNFa

The TNF-308 polymorphism is associ-
ated with AS in some European popu-
lations (65-67). Several small negative
studies of TNF promoter polymorph-
isms have been reported, but these lack
adequate power to detect the relatively
small effects being investigated. The
TNF-308.2 alele when found on B27-
bearing haplotypes has been demon-
strated to be associated with higher
TNF production, perhaps explaining its
protective effect (68). However alarge
negative study in British Caucasians
demonstrated no association between
AS and TNFa promoter polymor-
phisms, but confirmed the TNF-308.2
association in a southern German AS
cohort, suggesting that TNF-308 may
simply lie on a disease-associated hap-
lotype rather than being involved in
disease-susceptibility itself (67). Fur-
ther studies of B27-TNF haplotypes
will be required to determine this.

Other class |l genes

Other genes that have been investigated
within the MHC include MICA, TAP,
LMP2 and LMP7, HSP70 and complo-
types. Studies of TAP, LMP2 and
LMP7 have yielded conflicting and at
best weakly positive results, and further
studies will be required to determine if
these findings represent true associa-
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tion. Severa studies of MICA have
demonstrated no B27-independent as-
sociation of MICA alleles and AS (36,
37, 69-71), making it quite unlikely
that this gene has an independent role
inAS. HSP70-1, HSP-2 and HSP-hom
lie between the C2 and TNFaloci. One
recent Mexican study suggested associ-
ation of an SNP at position 1267 in the
HSP70-2 gene, and an SNP at position
2437 in the HSP-hom gene with AS,
undifferentiated spondyloarthritis, re-
active arthritis and B27-negative spon-
dyloarthritis (72). The study used gen-
eral population controls rather than
B27-matched controls, and for the
HSP70-2 study, the control genotypes
were not in Hardy-Weinberg equilibri-
um and are therefore unlikely to reflect
the true healthy population genotype
frequencies. Two previous studies have
found no association between HSP70
genotypesand AS (73, 74).

These studies all suggest that further
MHC genes may be involved in aspects
of the AS-phenotype, but at this point
studies are not sufficiently definitiveto
directly implicate individual genes.
Further large studies taking into ac-
count the complexity of linkage dise-
quilibrium within the MHC will be
required to define the actual gene or
genesinvolved.

Non-MHC genesand AS

Whole genome scans aiming to broadly
define the loci involved in AS are
underway in several countries. Two
whole genome studies in British Cau-
casians have been published (31, 75),
involving a total of 188 families with
255 affected sibling pairs (31). These
screens provide strong evidence as to
the loci encoding the non-MHC genetic
susceptibility to AS. Regions on chro-
mosomes 1, 2, 6, 9, 10, 16 and 19 were
identified with at least moderate link-
age to the disease. The strongest link-
age observed outside of the MHC ison
chromosome 16q, where maximum
linkage was observed at 101cM from
the p—telomere (LOD = 4.7), equivalent
to a genome-wide significance level of
< 0.005 (76). Both screens showed sig-
nificant support for this locus, with
screen 1 achieving LOD = 4.1 at 106-
cM and screen 2 LOD = 1.2 at 99cM,
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making it quite unlikely that either rep-
resents a chance finding. Independent
support of this finding has been report-
ed in a preliminary report on a further
genome-wide screen (77). The region
of linkage is very broad, with the 3-
LOD confidence interval extends from
84-114cM, and contains numerous po-
tential candidate genes. Further refine-
ment of this interval by high density
association/linkage disequilibrium map-
ping will be required to identify the
actual genes involved. The magnitude
of the genetic effect observed in affect-
ed sibling pair linkage screens is mea-
sured by the statistic |, which is the
ratio of the observed / expected number
of pairs sharing O alleles identical by
descent. The magnitude of the chromo-
some 16q locusis| = 1.8 (95% CI 1.3-
2.4), equivalent to 13% or 2.2% of the
recurrence risk ratio for polygenic mul-
tiplicative or additive models respec-
tively. Thisisroughly equivalent to the
magnitude of the genetic effect of
HLA-DRB1 in rheumatoid arthritis.
Loci of this magnitude are quite likely
not to be detected in future genome-
wide screens for purely statistical rea
sons (78), and it is to be expected that
many if not most true-positive findings
in genome-wide scanswill not be repli-
cated in future scans. Even the MHC
region has not been linked with AS in
all studies (79). Researchers must not
be discouraged by this problem in the
pursuit of the non-B27 genetic compo-
nent of AS.

Genome-wide screens are also under-
way in families collected in France
(77), North America and Canada (80),
and family collections in other centres.
Over the next 5 years, over 1000 sib-
ling pairs arelikely to be screened, pro-
viding researchers with an excellent
map of genetic susceptibility to AS.
Positional candidate gene studies have
now identified two non-MHC genes
which are likely to be involved in AS
susceptibility. Firstly, the cytochrome
P450 2D6 gene (* debrisoquine hydrox-
ylase', CYP2D6) has been implicated
by case-control studies in two separate
populations (81, 82), with moderate
support from both within-family asso-
ciation methods (p = 0.01) and linkage
studies (LOD = 1.0) (31, 82). The

strength of association by case-control
methods was extremely strong (p =
0.0007) but therelativerisk of 2.1 only
moderate and it is unlikely that this
genehasamajor roleto play in AS-sus-
ceptibility. It is postulated that altered
metabolism of a natural toxin or poten-
tial immunogen by the CYP2D6 gene
may increase susceptibility to AS.
More recently, case-control association
studies have been used to investigate
the interleukin 1 complex which liesin
aregion on chromosome 2 linked to AS
in genome-wide studies (31). Two stud-
ies have now reported over-representa
tion of the IL1-receptor antagonist
VNTR alele2in AS cases (83,84), and
one negative study has been reported
(85) which was too small to identify
anything other than a large effect. This
aleleis reported to be associated with
increased IL-1RA production, which
would be expected to inhibit the proin-
flammatory cytokine, IL-1. Whether
IL-1RA levels or production are el evat-
ed in AS is unknown. The IL-1 com-
plex contains genes encoding many
other important players in the immune
system and it may be that the IL-1RA
findings reflect linkage disequilibrium
with another nearby gene.

The ank/ank mouse develops ectopic
calcium hydroxyapatite crystal deposi-
tion, leading to vertebral fusion resem-
bling AS and chondrocalcinosis (86).
This mouse model has been investigat-
ed in the past due to its similarity with
human AS and it has been demonstrat-
ed that B27 carriage and immune sup-
pression have no effect on the ank/ank
phenotype (87, 88). This indicates that
the progress of ankylosis in the mouse
is not mediated by classical immuno-
logical pathways. The genetic defect in
the ank/ank mouse has recently been
identified (89). The defective gene is
thought to be a membrane pyrophos-
phate transporter; dysfunction of the
gene causes elevation of intracellular
inorganic pyrophosphate (PPi) and re-
duction in extracellular PPi (89). PPi is
amajor inhibitor of calcium hydroxya-
patite crystal deposition, hence extra-
cellular deficiency of this metabolite
may promote calcification. Studies are
required to determine if polymorphism
in this gene has any effect on either sus-
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ceptibility to AS, or as seems more
likely, the rate of ankylosis.

Conclusion

In conclusion, rapid progress has been
made over the past 5 years in defining
the genetic epidemiology of AS. The
location of some of the genes encoding
the non-MHC genetic risk for AS have
been identified, and the studies com-
menced which should identify these
genes. The next decade will certainly
be an exciting period for research into
the genetics of AS, with great potential
to determine at least some of the under-
lying pathogenic mechanism in this
poorly understood disease.
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