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Summary

Multiple sclerosis (MS) is a neurological, demyelinating
disorder with a putative autoimmune etiology. It is
thought to be a multifactorial disease with a complex
mode of inheritance. Here we report the results of a two-
stage genomewide scan for loci predisposing to MS. The
first stage of the screen, with a low-resolution map, was
performed in a selection of 16 pedigrees collected
from an isolated Finnish population. Multipoint, non-
parametric linkage analysis of the 328 markers did not
reveal statistically significant results. However, 10
slightly interesting regions (P = .1-.15) emerged, in-
cluding our previous findings of the HLA complex on
6p21 and a putative locus on 5p14-p12. Eight of these
novel regions were further analyzed by use of denser
marker maps, in the second stage of the scan. For the
chromosomal regions 4cen, 11tel, and 17q, the statistical
significance increased, but not conclusively; for 2q32
and 10q21, the statistical significance did not change.
Accordingly, genotyping of the high-density markers in
these regions was performed, and the data were analyzed
by use of two-point, parametric linkage analysis using
the complete pedigree information of the 21 Finnish mul-
tiplex families. We detected suggestive evidence for a
predisposing locus on chromosomal region 17q22-q24.
Several markers on 17q22-q24 yielded positive LOD
scores, with the maximum LOD score (Z,_,,) occurring
with D17S807 (Z,.,, = 2.8, & = .04; dominant model).
Interestingly, a suggestive linkage between MS and the
markers on 17q22-q24 was also revealed by a recent
genomewide scan in MS families from the United
Kingdom.
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Introduction

Multiple sclerosis (MS) is an inflammatory, demyelin-
ating disease of the CNS. The prevalence of this putative
autoimmune disorder is 0.1% in Caucasians of northern
European origin. MS has an obvious genetic component,
as indicated by the higher concordance rate of
25%-30% in MZ twins and by the 20—40-times greater
risk in siblings compared with the general population
(Ebers et al. 1986; Sadovnick et al. 1988). Adoption and
half-sib studies show evidence for genetic determinants
but also implicate the importance of environmental fac-
tors in the etiology (Ebers et al. 1995; Sadovnick et al.
1996). The candidate-gene approach has not been very
encouraging: positive findings in one data set have usu-
ally not been replicated in other studies (Beall etal. 1989;
Seboun et al. 1989; Hillert et al. 1991; Lynch et al.
1991). Thus far, only association with the HLA complex
on 6p21 has been a well-established finding in most pop-
ulations (Olerup and Hillert 1991).

Recently, three publications reported the results of ge-
nomewide screens of MS in families collected from the
United Kingdom, Canada, and the United States, but no
major susceptibility locus could be detected (Ebers et al.
1996; The Multiple Sclerosis Genetics Group 1996; Saw-
cer et al. 1996). Each study reported several provisional
sites, but only two such genomic regions, 6p21 (HLA
complex) and Sp, were positive in more than one data
set. Together, these genome screens support previous as-
sertions of a polygenic and heterogenic etiology of MS.
Nonetheless, the number and the character of genes pre-
disposing to MS remains unknown.

We have focused our genetic studies of MS on the
isolated Finnish population, which originates from a lim-
ited number of founders (de la Chapelle 1993). This
population structure should be highly useful in genetic
studies of a complex disease, because of the likely re-
stricted number of founder mutations. Using a candidate
gene approach, we have previously found evidence for
the contribution of three distinct chromosomal regions
to the genetic susceptibility of MS in 21 Finnish families:
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the region containing the Golli (for gene expressed in
the oligodendrocyte lineage)-MBP (for myelin basic pro-
tein) gene on 18q22-q23, the HLA complex on 6p21,
and a region on 5pl4-p12 (Tienari et al. 1992b, 1993;
Kuokkanen et al. 1996).

Here we present the results of a genomewide scan
performed in the same Finnish multiplex MS families,
utilizing a semiautomated mapping technique. The study
was conducted in a two-stage approach, and statistical
analyses were performed by use of both multipoint, non-
parametric-linkage analysis and two-point, parametric-
linkage analysis. The results suggest evidence for linkage
on 17q22-q24—in exactly the same region that showed
suggestive linkage to MS in two British data sets (Sawcer
et al. 1996).

Families, Material, and Methods

Pedigrees and Affection Status

The complete study material consisted of 21 MS fam-
ilies with two to six affected cases per pedigree (fig. 1).
These families are identical to those previously used in
our genetic-mapping studies (Tienari et al. 19925, 1993;
Kuokkanen et al. 1996). Fourteen of them originated
from the province of Vaasa in western Finland, where
the prevalence of MS is twice as high as elsewhere in
Finland and where the familial occurrence of MS is in-
creased as much as 30% (Wikstrém 1975; Kinnunen et
al. 1983). Diagnosis of MS in affected individuals strictly
followed Poser’s diagnostic criteria (Poser et al. 1983).
In magnetic-resonance imagining (MRI), three asymp-
tomatic siblings showed lesions typical for MS, and their
affection status was regarded as unknown in the analysis
(Tienari et al. 19924). Two patients with a diagnosis of
optic neuritis were members in the families with multiple
MS cases originating from the high-risk region of Vaasa,
and thus, in the present study, we regarded these indi-
viduals as affected (Ebers et al. 1981).

A two-stage genomewide screen with increasing
marker resolution was performed on 104 individuals
from the 16 most informative families of the 21 families,
including 11 from the Vaasa region. For the screens, we
included all affected individuals of the 16 families, as
well as either their parents, if available, or two or three
unaffected siblings. With this selection, individuals to be
genotyped were chosen on the basis of either their af-
fection status or their ability to facilitate phase
determination.

For the final phase of the study, we selected chro-
mosomal regions in which addition of the denser set of
markers either led to an increase in statistical significance
or did not change it. In an effort to extract complete
pedigree information, we extended the number of fam-
ilies from 16 to 21, genotyped all 191 available indi-
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viduals, and performed two-point linkage analysis. At
this stage, we included all individuals for the study, since
two-point linkage analysis using FASTLINK resulted in
the utilization of information from all individuals in the
pedigree; however, a parametric inheritance model
needed to be specified. In contrast, multipoint, nonpar-
ametric linkage analysis using GENEHUNTER resulted
in the utilization of information from all markers, but
some individuals of the larger pedigrees were excluded
because of computational constraints of the program.
Seven (44%) of the 16 pedigrees used in our scan were
sufficiently large to require trimming in this fashion, for
the GENEHUNTER multipoint analysis.

Low- and High-Resolution Maps

A low-resolution map of 328 polymorphic, fluores-
cently labeled markers from the Cooperative Human
Linkage Center (CHLC) human screening set/Weber ver-
sion 6.0 were used for the initial stage of our study. The
order and sex-averaged distance of the scan markers
were based on the published CHLC map (Murray et al.
1994; http://www.chlc.org/ChlcMaps.html/). Markers
had an average heterozygosity of .76 and an average
spacing of 12 cM.

For follow-up of the low-resolution genetic screen, we
selected those regions with a nonparametric linkage
(NPL,,) score >1 (corresponding to P = .16). This cri-
terion is clearly well below the threshold for statistical
significance but provided a convenient cutoff for iden-
tification of regions meriting higher-density genotyping.
The high-density genotyping proceeded as follows: six
markers on chromosomal region 2q, six markers on 3q,
seven markers on 4cen, four markers on 10q, three
markers on 11tel, seven markers on 17q, three markers
on 18tel, and four markers on 19tel. Microsatellite
markers for the high-resolution screen were selected
from the CHLC and Généthon marker maps (Murray
et al. 1994; Dib et al. 1996). The marker order and
distance were determined according to published inte-
grated maps (Genome Database and Marshfield Medical
Research Foundation). The reported marker order was
consistent with the recombination data observed in the
Finnish MS families. The average marker spacing for the
fine-mapping regions was 4.5 ¢cM (range 0.01-10 cM).
For 17q22-q24, we selected the same markers as were
used in the previously published British study, to aid in
a direct comparison of the results (Sawcer et al. 1996).
The marker order on 17q22-q24 was confirmed by use
of radiation hybrid mapping (Stanford version G3). Ac-
cording to the physical map of the 17q22-q24 region,
the positions of all other markers were in agreement with
the published genetic maps, except for D1751882, which
is located distal to D17S807 (Whitehead Institute/
MIT Genome Center [http://www-genome.wi.mit.edu/
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Pedigrees of 21 Finnish MS families. Families 1-7, 9, 11-15, and 21 originate from the Vaasa region, a high-risk region in

western Finland. Families 1-5, 9-12, 14-18, 20, and 21 were included in the initial stage of the genomewide scan. Three pedigrees, families
2, §, and 16, have previously been published by our group (Tienari et al. 19925).

cgi-bin/contig/phys_map]). Here we used the marker or-
der based on the physical map.

Determination of the Haplotypes

For the low-resolution genome scan, we used fluores-
cently labeled markers, which were detected by use of
an ABI 377 sequencer (Perkin-Elmer). Gels were pro-
cessed by use of BASS/GRACE (L. D. Stein, unpublished
data; also see http://www-genome.wi.mit.edu/frp/
distribution/software/); size standards and alleles were
determined automatically by use of in-home allele-call-
ing software (M. J. Daly, unpublished data), and gen-
otypes were stored in a LABBASE database (http://
www-genome.wi.mit.edu/ftp/distribution/software/).
Segregation was checked and linkage-formatted files
were produced by use of PEDMANAGER (M. P. Reeve-
Daly, personal communication). Markers for the high-

resolution mapping were genotyped by use of either the
aforementioned protocol or radioactively labeled mark-
ers as described elsewhere (Kuokkanen et al. 1996).

Statistical Analysis

Multipoint, nonparametric linkage analysis of the
low- and high-resolution genome screens was performed
by use of the GENEHUNTER computer package (Krug-
lyak et al. 1996). The analysis was performed on a panel
of 16 pedigrees and a subpanel of 11 Vaasa pedigrees,
in an attempt to enrich for possible genetic homogeneity.

To incorporate complete pedigree information in sta-
tistical analysis, we also used two-point linkage analysis
for the high-resolution mapping. Two-point linkage
analysis was performed by use of the MLINK program
of the LINKAGE package, FASTLINK version 2.2 (La-
throp et al. 1984; Cottingham et al. 1993; Schiffer et
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al. 1994). Genetic heterogeneity was tested by use of the
admixture test of the HOMOG program (Ott 1991).
Since the mode of inheritance of MS is unknown, LOD-
score analysis was performed by use of four different
modes of inheritance: dominant and recessive, each with
reduced penetrance of either f = .05 or f = .76. In the
dominant model with penetrance value of either f =
.05 or f=.76, we used disease allele—frequency esti-
mates of P = .01 and P = .0006, respectively, as ex-
plained elsewhere (Kuokkanen et al. 1996); and in the
recessive model with penetrance value of either f=
.05 or f=.76, we used disease allele—frequency esti-
mates of P = .014 and P = .03, respectively. Because
of a relatively late onset of symptoms, we used five age-
adjusted penetrance classes. Phenocopy penetrance of
.001 was used throughout. For each marker, allele fre-
quencies were determined by an allele-counting method
using pedigree data themselves. To see whether misspeci-
fication of allele frequencies had an effect on the ob-
tained results, LOD-score analysis for the high-density
markers on 4cen and 17q22-q24 was also performed
under the assumption of equal allele frequencies.

To test for linkage disequilibrium with each marker
locus of the high-density maps, the data were analyzed
by the method of Terwilliger (1995). Affected-sib-pair
analysis was performed by a LOD score-based algo-
rithm (Knapp et al. 1994; Kuokkanen et al. 1996).

Results

Our initial low- and high-resolution screens consisted
of 104 individuals in 16 pedigrees selected from 21 MS
families. Five of the 21 pedigrees were not included in
the genome scan, because of their small size. These five
families were included in the final phase of the study, in
which we genotyped a total of 191 individuals in 21
families for 34 high-resolution markers mapping to the
most interesting regions (2q, 4cen, 10q, 11tel, and 17q)
identified in the genome scan. For these markers, we
performed two-point linkage analysis to allow the in-
corporation of all available pedigree information in the
analysis.

For the initial low-resolution scan, we genotyped 328
polymorphic markers at an average spacing of 12 cM.
The information content for the genome scan averaged
60%. Multipoint, nonparametric linkage analysis for the
low-resolution genome scan was performed by use of
two data sets: all pedigrees (n = 16) and a subset of
pedigrees from the Vaasa region (n = 11). The latter
data set is composed of families from a high-risk area
in western Finland (Wikstrom 1975; Kinnunen et al.
1983). In both cases, the initial genome screen revealed
no statistically significant (P <2 x 107°; NPL,, > 4.1)
or suggestive evidence (P <1 x 107% NPL_, > 3.0) for
susceptibility loci predisposing to MS (Lander and Krug-
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lyak 1995). However, we observed slightly positive NPL
scores in several regions (fig. 2). Ten chromosomal ar-
eas—on 2q, 3q, 4cen, Sp, 6p, 10q, 11tel, 17q, 18tel,
and 19tel—were identified as having NPL_;>1 (P<
.16), the criterion that we had set for further exami-
nation. The regions with NPL,, > 1 on chromosomes $
and 6 did not require follow-up, since we previously had
published our findings from the high-resolution mapping
of 5p14-p12 and of the HLA complex on chromosome
6 in the same MS families (Tienari et al. 1993; Kuok-
kanen et al. 1996). Accordingly, high-resolution map-
ping was focused on the other regions with NPL ;> 1
(2q, 3q, 4cen, 10q, 11tel, 17q, 18tel, and 19tel). In each
region, additional markers were genotyped and analyzed
separately for all MS families and for Vaasa families, by
multipoint, nonparametric linkage analysis. In all
regions, genotyping of additional markers increased the
information content to >70%, which we considered ad-
equate for the present purpose.

The NPL scores from the high-resolution screen of 16
pedigrees are illustrated, as solid red lines, in figure 2.
In three chromosomal regions an increase of the maxi-
mum NPL score was obtained: on 4cen the NPL score
increased from NPL_, = 1.17 (P =.12) to NPL,, =
2.23 (P = .02), on 11tel from NPL,, = 1.02 (P = .15)
to NPL,, =2.0 (P =.03), and on 17q22-q24 from
NPL,, = 1.33 (P = .1) to NPL,,, = 2.34 (P = .01). The
NPL score for markers on 2q23 and 10921 did not
change; and for markers on 3q, 18tel, and 19tel the NPL
score declined. No evidence for linkage disequilibrium
was observed with any of the marker loci of the denser
marker maps.

Since, even with the high-resolution map, we did not
find suggestive evidence of linkage to any locus, we ex-
tended our analysis to all individuals from the 21 mul-
tiplex MS families, on the peak chromosomal areas on
2q32, 4cen, 10q21, 11cen, and 17q22-q24. In these
regions, we genotyped the markers of our high-resolu-
tion map with 191 DNAs and performed two-point link-
age analysis, using four different modes of inheritance
(see Families, Material, and Methods section). Detailed
LOD-score results for the high-resolution markers are
available from our Website at http://www.ktl.fi/molbia/
ms. As before, pairwise linkage analysis was performed
separately for the complete pedigree material and for the
Vaasa pedigrees.

Chromosomes 2 and 10

In the regions of 2q32 and 10q21, the LOD-score
results were not impressive for either chromosomal site:
near D251391 the maximum LOD score (Z,,,,) was 0.73
(6 = .22; dominant model, f = .76), and near D1051220
Z ..« was 0.95 (6 = .06; dominant model, f = .05).
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Chromosome 4

For chromosome 4 markers we did not detect sug-
gestive evidence of linkage in two-point LOD-score anal-
ysis (fig. 3). The Z,., was obtained with GATA28F03
(Z,... = 0.96, § = .16) under a dominant model with
low penetrance (f = .05). For the Vaasa pedigrees the
Z .. of 1.35 (6 = .08; dominant model, f = .05) was
detected with GATA28F03. The magnitude of the LOD
scores remained similar in two-point linkage analysis
when equal allele frequencies were applied to the mark-
ers (data not shown). Affected-sib-pair analysis with
GATA28F03 showed increased allele sharing IBD, both
for all pedigrees (P =.005) and for Vaasa pedigrees
(P = .0005). No evidence for locus heterogeneity could
be detected.

Chromosome 11

For 11qter, two-point LOD score analysis provided
Za = 1.1 (8 = .12), with D115910, under a recessive
model with low penetrance (f = .05). Two other, more
telomeric markers, D115969 and D115968, also pro-
duced slightly positive LOD scores—0.8 and 0.7, re-
spectively. Additionally, increased allele sharing among
affected sib pairs was detected with D115910 (P =
.001), with D115969 (P = .008), and with D115968

(P =.008).

Chromosome 17

The results of two-point LOD-score analysis for the

high-resolution markers on 17q22-g24 are shown in fig-
ure 3. We show only the LOD-score results for a dom-
inant model with low penetrance (f = .05), since this
mode of inheritance systematically revealed the highest
LOD scores. Linkage analysis with all pedigrees yielded
a two-point Z_ . of 2.8 (6 = .04) with D175807, pro-
viding suggestive evidence for linkage. A few adjacent
markers, both proximal and distal to D175807, also
produced positive LOD scores. Similarly, in the panel of
the Vaasa pedigrees, two-point—-LOD-score linkage anal-
ysis provided a Z_,, of 3.5 (6 = .0) at D175807, with
flanking markers also providing suggestive LOD scores.
As expected, a small increase in two-point LOD scores
occurred for all markers on 17¢22-q24 when equal allele
frequencies were applied to markers. For D175807, the
LOD score increased from 2.8 to 3.6 in the complete
pedigree material and from 3.5 to 4.2 in the subset of
pedigrees from Vaasa. This would further indicate that
our result at the D175807 locus could not have been
dramatically influenced by incorrect allele-frequency es-
timates. Evidence for locus heterogeneity could not be
detected, and allelic association was not found, for any
of the markers on 17q22-q24.
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Chromosome 19

The distal region of chromosome 19 is of particular
interest, since it harbors a gene coding for apolipoprotein
C-2 (APOC2). Some evidence for the role of this gene
in MS susceptibility has been reported in different pop-
ulations (Ebers et al. 1996; The Multiple Sclerosis Ge-
netics Group 1996; Sawcer et al. 1996). Although the
NPL scores decreased in our high-resolution multipoint
analysis, we analyzed the intragenic APOC2 marker in
21 MS pedigrees and performed two-point linkage anal-
ysis, using four different modes of inheritance. No evi-
dence of linkage or allelic association was observed.

Discussion

Given the evidence for genetic heterogeneity of MS,
we have focused the genetic studies of MS on the isolated
Finnish population. To further minimize genetic heter-
ogeneity, a majority of our pedigrees were collected from
the high-risk region of Vaasa, in western Finland (Wik-
strom 1975; Kinnunen et al. 1983). In the present study,
we have performed a genomewide scan for genes pre-
disposing to MS in the Finnish multiplex families. This
strategy aimed to systematically identify potential link-
ages for MS susceptibility, throughout the genome. The
results obtained by a two-stage mapping strategy of 354
markers suggest one additional vulnerability locus for
MS, on 17q22-q24, in our study material.

Multipoint, nonparametric linkage analysis of the
low- and high-resolution screens in 16 pedigrees pro-
vided hints for the involvement of the chromosomal re-
gion 17q22-q24. When all individuals from the complete
family material (# = 21) were included, several markers
on 17q22-q24 produced positive two-point LOD scores
under the dominant model, with a maximum with
D175807 (Z,,.. = 2.8, 8 = .04). In the subset of Vaasa
pedigrees, the pairwise Z_,, for D175807 was even
higher (Z, .. = 3.5, 6 = .0), indicating that the role of
this putative susceptibility locus may be more pro-
nounced in the families originating from this subisolate
in western Finland.

One needs to be cautious when interpreting the link-
age results of markers on 17q22-q24, since none of the
loci meet the most stringent level of statistical signifi-
cance for linkage (Lander and Kruglyak 1995). How-
ever, it is of special interest that a recent genomewide
scan of MS in British families also showed evidence for
linkage on 17q22-q24 (P = .0004), with exactly the
same markers (D175807 and D175795) where our
strongest results occur (Sawecer et al. 1996).

It is highly encouraging that, in a relatively small num-
ber of families originating from a population subisolate,
perhaps representing a rare familiar form of MS, it is
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possible to identify suggestive linkage to the same chro-
mosomal region where it also was detected in an inde-
pendent genomewide screen in a more mixed population
{Sawcer et al. 1996). This may suggest that data from
families from genetic isolates not only reveal rare loci
that do not contribute to genetic susceptibility in other
populations but can aid in the identification of loci that
have a more general impact.

Allelic association could not be detected with any
markers on 17q22-q24, in either the present study or
the British study. One explanation may be that the mark-
ers are still too distant from the susceptibility gene itself
or alternatively, that, even in the Finnish genetic iso-
late, there may be multiple ancestral predisposing alleles
for this relatively common disease. In the future, the
finding of allelic association either in the Finnish pop-
ulation or in the Vaasa subpopulation would greatly
facilitate the cloning of this putative susceptibility gene
on 17q22-q24,

In addition to the suggestive evidence that we have
presented here for linkage to 17q22-q24, our previous
studies, based on a candidate-gene approach in the same
MS families, have provided both statistically significant
evidence of linkage of MS to the HLA complex and
suggestive evidence of linkage of MS to the Golli-MBP
gene (Tienari et al. 1992b, 1993). The role of MBP in
MS may be either of minor effect or population specific,
since this candidate gene has not shown positive evidence
of linkage or association in several other populations
(Rose et al. 1993; Eoli et al. 1994; Vandervyer et al.
1994; Wood et al. 1994). Furthermore, we have found
suggestive evidence for linkage to a locus on Sp14-p12
by performing screening of human chromosomal regions
syntenic to the susceptibility loci of murine EAE (Sund-
vall et al. 1995; Kuokkanen et al. 1996). Interestingly,
a genomewide scan in Canadian families also has pro-
vided suggestive evidence for linkage between MS and
markers on the proximal limit of Sp14-p12 (Ebers et al.
1996). Thus, one of the genes predisposing to MS may
represent a2 homologue of Eae2.

In the present study, the regions 5p14-p12 and 6p21
met our criterion for follow-up in the initial, low-reso-
lution genome scan. By contrast, chromosome 18qter
did not reveal any hint of linkage in the genome scan,
most likely because of the fact that the markers on
18q22-q23 were not located close enough to the MBP
locus. The other sites chosen for follow-up in the present
study were not consistent with any regions of interest
detected in previously published genomewide searches
for MS linkage.

The finding of evidence for linkage of multiple loci in
the same limited set of MS families can be explained by
a selection bias: we have selected exceptional MS fam-
ilies with multiple affected cases. In such families, en-
richment of several predisposing genes is highly possible,
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especially since most of the families originate from a
subisolate from western Finland.

In summary, a genomewide scan was performed in
Finnish multiplex MS families. In addition to the loci
identified by us before, evidence suggestive of a novel
predisposing locus was found in the chromosomal region
of 17q22-q24. The same region recently has been im-
plicated as showing a highly suggestive linkage to MS,
by a genomewide scan in British families. Thus, our pos-
itive results provide further support for this region’s con-
tribution to MS susceptibility.
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