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Multiple sclerosis (MS) is a complex neurological and autoimmune disease with an established genetic component. Families
with multiple cases of MS are rare but do occur. We hypothesised that multicase families may have a heightened
polygenic risk for MS. In this work, we have determined whether polygenic risk for MS is enriched in multicase families
in comparison to a case-control cohort. Using the findings from the largest MS genome-wide association study, we
calculated a weighted polygenic risk score (wPRS) for MS. We applied this wPRS to study a population-based MS case-
control cohort (3,252 people with MS and 5,725 controls) and three multicase MS families (9 individuals with MS, 10
unaffected family members). For both the population-based cohort and the three families, 167 of the 233 known genome-
wide significant MS-associated variants were identified and used to calculate the wPRS. Within the population-based
cohort, the wPRS was significantly higher in MS cases than controls (P = 2 2 × 10−16). The wPRS of familial MS cases was
not significantly different to population-based MS cases (P > 0 05). Both affected and unaffected MS family members had
higher wPRS than population controls. MS families have a higher polygenic risk for MS, but this did not differ to the
polygenic risk of population-based MS cases. Only one family carried the established HLA-DRB1 15:01 MS risk allele,
which was present in both affected and unaffected family members. Across families, unaffected family members had an
elevated polygenic risk in comparison to population controls indicating that a higher polygenic risk does not fully explain
the clustering of MS in families.

1. Introduction

The risk of developing multiple sclerosis (MS) has both
genetic and environmental components [1]. Estimates of
the genetic component range between 25% and 76%,
depending on the study design [2–4]. A family history of
MS is reported in 15%-20% of people with MS, and first
degree relatives of people with MS have a 3% lifetime risk
of developing MS themselves [5]. Families with three or

more close relatives with MS are rare but well documented
and provide opportunities, together with population-based
case-control studies, to understand the genetic architecture
of MS.

The largest genome-wide association study (GWAS) of
MS to date analysed 47,429 people with MS and 68,374 con-
trol participants to identify 233 significant genetic common
variant associations across the genome [6]. The strongest
known genetic risk factor for MS is the HLA-DRB1 ∗ 15:01
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allele (odds ratio OR = 2 9, P = 1 62 × 10−1916) [6]. The
common genetic architecture of MS captured by GWAS
facilitates the construction of a polygenic risk score (PRS)
for MS. A weighted PRS (wPRS) is a weighted sum aggrega-
tion of the total number of genetic risk associations an indi-
vidual carries for a particular disease [7].

PRS have been previously derived and applied in MS
using the genetic risk associations from earlier and smaller
MS GWAS [8, 9]. More recent work using PRS derived from
the largest MS GWAS to date [6] has shown gene-
environment interactions between MS PRS and childhood
obesity, a risk factor for MS development [10], and associa-
tions between an earlier age of MS onset and a higher PRS
[11, 12]. Individuals in the highest quintile of PRS who also
carry two copies of the HLA-DRB1 ∗ 15:01 allele, on average,
were 5 years younger at their age of MS onset [12]. Individ-
uals that were in the highest decile of PRS were at a 5-fold
increased risk of MS in a study of people with MS in the
UK Biobank and a 15-fold higher risk in a smaller cohort
of people with and without MS from the Kaiser Permanente
in Northern California study [13]. A higher PRS, however,
was not associated with the progression of MS disease from
relapsing-remitting to secondary progressive disease [14].
Together, these studies show that an increased polygenic risk
for MS may also influence components of the disease course.

Here, we calculate and compare a MS wPRS between MS
cases from three multicase families to MS cases from a case-
control population cohort. We hypothesised that an accumu-
lation of polygenic risk forMS occurs in families and that fam-
ilies enriched for MS cases have an enriched burden of
common MS risk variants in comparison to population cases.

2. Materials and Methods

2.1. ANZgene Case-Control Cohort. Baseline polygenic risk
scores were calculated in a population relevant case-control
cohort compiled by the Australia and New Zealand Multiple
Sclerosis Genetics (ANZgene) Consortium and described in
detail in Lin et al. [15]. All individual level and variant level
quality control procedures and confirmation of European
ancestry have been detailed previously [15]. The data were
converted from hg18 coordinates to hg19 coordinates for anal-
ysis by matching SNP identifiers for the variants to the 1000
Genomes phase 3 reference dataset [16]. The final data
included 3,252 people with MS and 5,725 controls, with
genotyping data available for 271,943 autosomal SNPs (hg19).

2.2. Familial MS Cohort. Three MS families with at least
three affected individuals were recruited for this study.
Ethics approval was obtained from the Human Research
Ethics Committee, Tasmania, Australia (H0026235), and
written informed consent was obtained from all participat-
ing individuals. Families were ascertained by a MS neurolo-
gist (Professor Bruce Taylor), and family members with MS
were diagnosed according to the 2017 McDonald criteria
[17], with clinical histories obtained and reviewed for all
family members diagnosed with MS. Unaffected relatives
were over 50 years of age at recruitment and self-reported
no clinical history of MS. DNA samples were available for

nine individuals diagnosed with MS, eight unaffected rela-
tives, and two unaffected parents of MS cases. All nine peo-
ple with MS presented with relapsing-remitting MS at onset,
with one individual converting to secondary progressive MS.
All individuals underwent genotyping on the Illumina Infi-
nium® Global Screening Array-24 v1.0. Data cleaning was
conducted using the Illumina® GenomeStudio 2015 Soft-
ware Genotyping Module v2.0.4 (Illumina, Inc.) and PLINK
v1.90b6.10 [18] and is described further in the Supplemen-
tary Methods and Supplementary Table 1. Samples were
confirmed to be of European ancestry through principal
component analysis together with the European
populations of the 1000 Genomes Project (Supplementary
Figure 1) [16]. A final set of 560,702 variants (hg19) were
used as input in this project.

2.3. Genome-Wide Imputation of the ANZgene Cohort and
Familial MS Cohort. Genome-wide imputation of both the
ANZgene cohort array data and the familial MS cohort array
data was conducted separately. Genotypes were phased
(Eagle v2.4) and imputed to the 1000 Genomes phase 3 ver-
sion 5 dataset (European population) using Minimac4 and
implemented using the Michigan Imputation Server [19],
after exclusion of allelic mismatches between the reference
panel and the genotyped data. For the ANZgene cohort, this
resulted in 12,028,597 variants with an imputation quality
score R2 ≥ 0 8 and for the familial MS cohort 7,442,746 var-
iants with an imputation quality score R2 ≥ 0 8.

2.4. HLA Imputation. The HLA∗IMP:03 program was
employed to conduct HLA-specific imputation from each
array dataset [20]. Using the imputed SNP datasets, we
extracted only the SNPs that intersected with the HLA∗
IMP:03 training SNP dataset (HLA region on chromosome
6, 29.4 to 33.2Mb, hg19). There were 676 SNPs from the
imputed ANZgene cohort data and 2,466 SNPs from the
imputed familial MS cohort data that intersected with the
training dataset. These were provided as input to HLA∗
IMP:03, and the classical four-digit HLA alleles were
imputed. Amino acids for the HLA genes were mapped
based on the corresponding HLA types using the HLA dic-
tionary from the SNP2HLA package [21].

2.5. MS Risk Variant Selection. A list of the known common
MS risk variants including 32 HLA variants and 200 autoso-
mal risk SNPs was compiled [6]. For each imputed dataset,
the known autosomal risk SNPs and HLA variants were
extracted and then intersected to identify the MS risk vari-
ants available in both datasets. Ambiguous (A/T, C/G) SNPs
were excluded from the analysis, resulting in exclusion of 4
HLA variants and 25 non-HLA variants. Of the known com-
mon variants, 26 (out of 32) HLA variants and 141 (out of
200) non-HLA variants were available in both datasets and
were included in the analysis. Supplementary Figure 2
shows that the OR distributions of the variants that were
included in comparison to those that were excluded were
unbiased. Supplementary Table 2 summarises the MS risk
variants that were available for analysis across both cohorts.
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2.6. Weighted Polygenic Risk Score (wPRS) Calculation. We
calculated the wPRS by using the allelic ORs from the MS
GWAS data [6], to take the effect size of the risk alleles into
account, as previously published [9]. In short, the wPRS of
each individual was calculated by multiplying the number
of copies of the risk allele for each SNP by the weighted effect
of that SNP and summing across those values of all the
SNPs. The weighted effect of a SNP was the natural log of
the OR for the risk allele. The formula used to compute
the wPRS is shown below.

wPRS = 〠
n

i=1
GiWi, 1

where n is the total number of risk alleles extracted from the
study data, i is the risk allele, G is the number of copies
(0, 1, or 2) of certain risk allele carried by an individual,
and W is the weighted effect of a SNP, i.e., log ORi .

2.7. Statistical Analysis. To test wPRS differences between
the MS cases and the controls in the ANZgene cohort data,
we performed a Welch two sample t-test. The receiver oper-
ating characteristic (ROC) curve was plotted to demonstrate
the true positive rate against the false positive rate of using
the wPRS to discriminate MS cases from controls. The area
under the ROC curve (AUC) was calculated to assess the
prediction performance of the wPRS in the case-control
dataset.

To assess the difference between the cumulative com-
mon genetic burden in the familial MS cohort against the
ANZgene cohort data, we again performed a Welch two
sample t-test. As there is a sample size imbalance between
the datasets, we iteratively subsampled the ANZgene cohort
data 100 times generating random sets of either 500 MS
cases or 500 controls which were then used to test against
the familial MS cohort wPRS.

As a Welch two sample t-test cannot appropriately
account for the nonindependence of the known relation-
ships between family members, we also confirmed our main
findings in a variant component framework using SOLAR
(v8.4.2) [22, 23]. For comparisons of the familial data to
the ANZgene cohort, this approach allowed a correlation
matrix of relationships between family members to be
included in a linear mixed model to appropriately test for
wPRS differences in a related sample, while also controlling
for sex. In these comparisons, the wPRS was inverse normal-
ised to ensure a normal distribution.

3. Results

3.1. MS wPRS Distribution in a Case-Control Cohort
(ANZgene). In the ANZgene case-control cohort, the mean
wPRS was significantly higher in MS cases (mean = 22 75,
SD = 1 25) compared with controls (mean = 21 57, SD =
1 20; P = 2 2 × 10−16) and demonstrated an overall right-
skewed distribution (inflation) of wPRS in the MS cases
compared to the controls (Figure 1(a)). The wPRS computed
based on the 26 HLA variants, and the 141 non-HLA vari-
ants exhibited a moderate capacity to discriminate between

MS patients and controls in the ANZgene cohort
(AUC = 0 75, 95% confidence interval (CI): 0.74–0.76; Sup-
plementary Figure 3).

3.2. wPRS Characteristics in Familial MS. Calculation of the
wPRS in the familial MS cohort identified a range of poly-
genic risk for MS across people with and without MS and
notable differences between families. Family-specific wPRS
distributions and values are presented in Figure 1(b) and
Table 1. Table 2 summarises the individual-level wPRS in
the three families and identifies carriers of the HLA-DRB1
∗ 15:01 risk allele. For individuals in Family 1, there was
an overall higher wPRS than in Family 2 or Family 3 with
the average wPRS in Family 1 unaffected individuals
(mean = 23 75, SD = 0 59) exceeding the scores for the peo-
ple with MS in both Family 2 (mean = 22 44, SD = 1 01)
and Family 3 (mean = 23 02, SD = 0 15). In Family 1, all
genotyped siblings share the HLA-DRB1 ∗ 15:01 allele (five
individuals were heterozygous, individual 1-5 was homozy-
gous), except for one unaffected relative 1-9, who inherited
the alternate HLA-DRB1 ∗ 03:01 and HLA-DRB1 ∗ 13:02
allele from their parents (Figure 2(a)). It is worth noting that
even though individual 1-9 does not carry HLA-DRB1 ∗
15:01, their wPRS is still higher than most affected individ-
uals (except individual 2-6) of the other two families
(Table 2). No other HLA MS risk alleles were observed in
any of the three families (Figure 2).

The absence of other HLA MS risk alleles in either Fam-
ily 2 or Family 3 (Figure 2) highlights the underlying differ-
ence in the genetic architectures of these three MS families.
In Family 2, the wPRS is variable with no clear pattern
between generations. In comparison to the distribution of
the wPRS in the ANZgene population controls
(Figure 1(a)), all family members in the MS families
(Figure 1(b)) display a right-skewed wPRS distribution.
Family 1 has the most extreme wPRS distribution with both
affected and unaffected individuals showing wPRS values
above the mean of the ANZgene MS cases. The wPRS by
comparison for both affected and unaffected individuals in
Family 2 and Family 3 are spread between the means of
the ANZgene controls and the ANZgene cases.

3.3. Impact of Common Genetic Risk on MS Clustering in
Families. To identify whether there is an enrichment in poly-
genic risk for MS among individuals with a strong family
history of MS, we compared the wPRS calculated in the
familial MS cohort with the ANZgene cohort data. We ran-
domly subsampled 500 MS cases or 500 controls from the
ANZgene cohort to compare with the smaller cohort of
familial MS cases or their unaffected relatives. On average
across 100 subsampling iterations, familial MS cases had
higher wPRS (mean = 23 38, SD = 1 36) than that of
ANZgene cohort controls (subsampling mean = 21 62, sub-
sampling SD = 1 22). The higher wPRS in familial MS cases
in comparison to ANZgene cohort controls was significant
across each of the 100 subsampling iterations (minimum P
value = 0.002, maximum P value = 0.007). No significant dif-
ference was observed between the wPRS of familial MS cases
and ANZgene cohort cases (P > 0 05 in all iterations). This
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indicated that the wPRS of the familial MS cases was neither
higher nor lower than the ANZgene cohort cases, providing
evidence that the polygenic risk of MS is not substantially
different to unrelated MS cases from the population. Finally,
we identified that the wPRS of unaffected relatives
(mean = 22 70, SD = 1 04) in the familial MS cohort in com-
parison to the ANZgene cohort controls (subsampling
mean = 21 59, subsampling SD = 1 14) was statistically sig-
nificantly higher across all subsampling iterations (mini-
mum P value = 0.004, maximum P value = 0.01). This
provides evidence that the polygenic risk for MS is elevated
in these families, even among unaffected family members,
but indicates that this alone is insufficient to lead to the
development of MS.

Evaluation of these comparisons using SOLAR to
account for the known genetic relationships within the MS
families, control for sex, and include all ANZgene cohort
cases or controls in the same comparisons identified consis-
tent associations. Familial MS cases had a higher wPRS than
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Figure 1: wPRS distribution in ANZgene case-control cohort and MS family study. (a) A density plot showing the distribution of wPRS in
the ANZgene case-control cohort. Vertical dashed lines indicate the mean value for each distribution. (b) Boxplots representing the
distribution of wPRS values for the unaffected and affected individuals in the MS families; the mean within each boxplot is shown by the
white circle. Points are colour coded by family and separated by disease status.

Table 1: Mean wPRS results in each of the three MS families by
affection status.

Family Affected μ wPRS (SD) Unaffected μ wPRS (SD)

1 24.88 (0.75) 23.75 (0.59)

2 22.44 (1.01) 22.25 (0.30)

3 23.02 (0.15) 21.88 (0.59)

Combined 23.38 (1.36) 22.70 (1.04)

SD = standard deviation. The wPRS of affected and unaffected individuals
from each family were summed to represent the combined overall mean
wPRS and SD by group.

Table 2: Individual MS wPRS and HLA-DRB1∗15:01 risk allele
status in the MS families.

Family Individual ID MS status# wPRS HLA-DRB1 ∗ 15:01##

1

1-3 + 24.38 +/-

1-4 + 24.51 +/-

1-5 + 25.74 +/+

1-7 - 23.40 +/-

1-8 - 23.79 +/-

1-9 - 23.25 -/-

1-10 - 24.56 +/-

2

2-1 + 21.35 -/-

2-2 + 21.98 -/-

2-3 + 22.71 -/-

2-6 + 23.70 -/-

2-4 - 22.04 -/-

2-5 - 22.46 -/-

3

3-1 + 23.13 -/-

3-2 + 22.91 -/-

3-3 - 21.98 -/-

3-4 - 21.32 -/-

3-5 - 21.55 -/-

3-6 - 22.66 -/-
#MS status: person with MS (+), unaffected person (-). ##HLA-DRB1 ∗ 15:01:
individuals carry zero (-/-), one (+/-), or two (+/+) copies of allele.
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ANZgene cohort controls (P = 0 001, β = 1 51 standard
deviation units higher). No significant difference was
observed between the wPRS of familial MS cases and
ANZgene cohort cases (P = 0 21). Unaffected relatives in
comparison to all ANZgene cohort controls had a higher
wPRS (β = 0 85 standard deviation units higher). However,
this did not surpass a nominal significance threshold
(P = 0 052) but was consistent with direction of effect.

4. Discussion

In this study, we calculated a MS wPRS in a population-
based MS case control and in three multicase families. The
population-level wPRS followed a normal distribution,
which is in agreement with the theories of Clayton [24]
and Pharoah et al. [25], supporting the fact that MS is a
complex disease determined by multiple susceptibility vari-
ants. As expected, the wPRS was significantly higher in MS
cases than controls (P = 2 2 × 10−16). A model using this
wPRS exhibited a moderate predictive capacity to discrimi-
nate between MS cases and controls (AUC = 0 75, 95% CI:
0.74–0.76). These results are comparable with earlier PRS
studies in MS, where the inclusion of the additional variants
moderately improved performance of the wPRS in predict-
ing high-risk individuals [9, 26–29]. However, the predictive
capacity is still limited in clinical practice for MS [30], as a

higher specificity would be required for the accurate predic-
tion of MS. One limitation here is that both cases and con-
trols from this dataset contributed to published MS GWAS
that the PRS variants are derived from. Therefore, it was
expected that there would be PRS differences between MS
cases and controls in this dataset. It was necessary to estab-
lish this difference to continue with our main analysis of
comparing the PRS from MS families to the PRS distribution
in the population-based dataset. The second limitation of
this work is that difference in array-based technologies
across datasets, despite genotype imputation, meant that
not all genome-wide significant variants for MS risk were
able to be included in the wPRS calculation. Of the published
233 MS risk variants, 26 out of 32 HLA variants and 141 out
of 201 non-HLA variants were available in both the family
and cohort datasets and were included in the analysis. All
variants with ORs ≥ 2 were included in the wPRS calcula-
tion, and the maximum OR of variants that could not be
included was 1.589.

We hypothesised that there is an accumulation of com-
mon polygenic MS risk variants in MS families and that
familial MS cases have a higher wPRS than population cases.
While the familial MS cases had a higher wPRS than popu-
lation controls (minimum P value = 0.002, maximum P
value = 0.007), there was no statistical difference in the
wPRS between familial MS cases and population-based MS
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Figure 2: Pedigree diagrams of the three families showingHLA-DRB1 alleles: (a) Family 1; (b) Family 2; (c) Family 3. Individuals 3-1 and 3-7 are
joined as monozygotic twins. The pedigree diagram was constructed using CraneFoot v3.2 [40]. Individuals with available genotype data are
indicated with red arrows. Beneath each individual’s pedigree symbol is their ID, followed by their HLA-DRB1 allele genotypes depicting the
segregation of the alleles at this locus within each family and the occurrence of the HLA-DRB1 15:01 MS risk allele in Family 1.
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cases (P > 0 05). This suggests that familial MS cases do have
an accumulation of common polygenic MS risk, but this is
no greater than population-based MS cases. Even unaffected
relatives of familial MS cases had a higher wPRS than
population controls (minimum P value = 0.004, maximum
P value = 0.01). Together, this suggests that families with
multiple cases of MS do have a higher wPRS than unaffected
individuals in the population, but this may not fully explain
the clustering of MS cases within these families, with unaf-
fected relatives also having higher polygenic risk. Previous
studies have identified conflicting results in this area, with
some studies observing enrichment of risk variants in fami-
lies [28, 29] and others showing similar results to our data
[27, 31]. A limitation of these previous studies was that they
were conducted prior to the latest MS GWAS and thus used
fewer MS risk variants to compute their polygenic risk
scores. Recent work in a Turkish cohort has suggested that
population-based MS cases have a higher PRS than people
with MS from multicase families; however, this comparison
was not statistically significant, and not all HLA risk alleles
were able to be imputed [32]. These conflicting results also
reflect the heterogeneity of common genetic risk profiles
for MS. This is consistent with the per family variation we
observed, especially where the presence or absence of major
risk alleles (i.e., HLA-DRB1 ∗ 15:01) can have a large impact
on overall scores.

At the individual family level, we identified a spectrum of
polygenic risk. The largest common variant risk association
fromMS GWAS, the HLA-DRB1 ∗ 15:01 allele, only occurred
in one of the three families (Family 1). This allele was also
present in three of the four unaffected siblings in this family,
indicating that alone it does not explain the MS clustering in
this family. No other MS-associated HLA risk variants were
observed in these families. Therefore, we propose that other
variants of large effect size are likely to be shared among the
affected family members, or alternatively, protective variant(s)
may be present in the unaffected relatives.

Although there were a small number of risk variants not
captured in this study, the OR effect sizes of these missing var-
iants are unbiased with respect to the variants that were avail-
able (Supplementary Figure 2). Thus, the results of this study
should be generally indicative of the wider common variant
risk for MS. While the wPRS is based on the largest set of
common risk loci for MS to date, other common risk
variants may exist. However, the chance of identifying novel
common variants in European populations with even
moderate effects for complex diseases by conducting
additional GWASs is low [33, 34]. A limitation of the
current study is that the individual cases and controls within
the ANZgene cohort contributed to the 2019 GWAS study
[6] from which the MS risk variants were drawn to form the
wPRS used here. Thus, the population cohort in this study
does not represent an independent sample to the previous
MS GWAS. The population cohort is used here to set the
background of polygenic risk for MS on which we evaluate
the familial MS cohort.

Our observation that unaffected relatives of familial MS
cases exhibited a higher wPRS than population controls
indicates that they carry genetic burden similar to their

affected family members. However, they have not devel-
oped MS. This suggests that the known common MS risk
variants are not sufficient to drive the MS clustering in
these families, and we hypothesise that the familial aggrega-
tion of MS is likely to be driven by a combination of a com-
mon variants as well as multiple rare or family-specific
variants. Others have also postulated that part of the herita-
bility of complex diseases such as MS may be due to rare
variants [35–37] and multiple studies have demonstrated
the impact of rare variants on complex disease such as Alz-
heimer’s disease [38].

Considerable opportunity remains for the identification
of MS genes in the genomics era through the study of multi-
case MS families, potentially leading to biologically impact-
ful genetic understandings of the disease.

Data Availability

All data produced in the present study are available upon
reasonable request, for work consistent with the original
purpose of the data, to the corresponding author.

Disclosure

Components of this work have previously been published in
the first author Dr. Ming Chen’s PhD thesis [39]. The fun-
ders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Authors’ Contributions

M.C., N.B.B., B.T., K.P.B., and J.C.C. were responsible for the
concept and design. M.C., A.M., B.T., B.M., K.P.B., J.C.C.,
and N.B.B. were responsible for the acquisition, analysis, or
interpretation of data. M.C. and N.B.B. were responsible
for the drafting of the manuscript. A.M., B.T., B.M., K.P.B.,
and J.C.C. were responsible for the critical revision of the
manuscript for important intellectual content. M.C., A.M.,
and N.B.B. were responsible for the statistical analysis.

Acknowledgments

The authors acknowledge Dr. Yuan Zhou from the Menzies
Institute for Medical Research for his provision of the origi-
nal ANZgene cohort genotype dataset and conversion from
hg18 to hg19 coordinates. The authors would like to thank
the contributions of the ANZgene consortium for their con-
tribution to the compilation of the case-control dataset used
in this study, as well as their approval and support for this
project. The authors thank the ongoing involvement of peo-
ple with MS and their families in this work. The authors also
acknowledge the use of the high-performance computing
facilities provided by Digital Research Services, IT Services
at the University of Tasmania. This research was supported
by a grant from the Australian Government, Medical
Research Future Fund (EPCD00008). This work was

6 Human Mutation



supported by grant funding from MS Australia (22-4-097) to
Nicholas Blackburn. Bruce Taylor is supported by a National
Health and Medical Research Council Investigator Grant
(GNT2009389). Allan Motyer received salary support from
Multiple Sclerosis Australia. Open Access publishing was
facilitated by University of Tasmania, as part of the Wiley-
University of Tasmania agreement via the Council of Aus-
tralian University Librarians.

Supplementary Materials

The supplementary material file contains additional meth-
odological details as to the preparation and processing of
the genotype array data from the family-based samples (sup-
plementary methods and supplementary table 1) including a
principal component analysis confirmation of European
ancestry (supplementary figure 1). Supplementary figure 2
compares the published effect sizes of MS risk variants that
were included in the wPRS calculation to those that were
not able to be identified in the dataset. Supplementary table
2 lists each variant included in the wPRS calculation.
(Supplementary Materials)

References

[1] A. J. Thompson, S. E. Baranzini, J. Geurts, B. Hemmer, and
O. Ciccarelli, “Multiple sclerosis,” The Lancet, vol. 391,
no. 10130, pp. 1622–1636, 2018.

[2] G. S. Boles, J. Hillert, R. Ramanujam et al., “The familial risk
and heritability of multiple sclerosis and its onset phenotypes:
a case-control study,” Multiple Sclerosis, vol. 29, no. 10,
pp. 1209–1215, 2023.

[3] C. H. Hawkes and A. J. Macgregor, “Twin studies and the her-
itability of MS: a conclusion,” Multiple Sclerosis, vol. 15, no. 6,
pp. 661–667, 2009.

[4] H. Westerlind, R. Ramanujam, D. Uvehag et al., “Modest
familial risks for multiple sclerosis: a registry-based study of
the population of Sweden,” Brain, vol. 137, no. 3, pp. 770–
778, 2014.

[5] A. Compston and A. Coles, “Multiple sclerosis,” Lancet,
vol. 372, no. 9648, pp. 1502–1517, 2008.

[6] International Multiple Sclerosis Genetics Consortium, “Multi-
ple sclerosis genomic map implicates peripheral immune cells
and microglia in susceptibility,” Science, vol. 365, no. 6460,
2019.

[7] N. R. Wray, T. Lin, J. Austin et al., “From basic science to clin-
ical application of polygenic risk scores: a primer,” JAMA Psy-
chiatry, vol. 78, no. 1, pp. 101–109, 2021.

[8] C. L. K. Barnes, C. Hayward, D. J. Porteous, H. Campbell, P. K.
Joshi, and J. F. Wilson, “Contribution of common risk variants
to multiple sclerosis in Orkney and Shetland,” European Jour-
nal of Human Genetics, vol. 29, no. 11, pp. 1701–1709, 2021.

[9] P. L. De Jager, L. B. Chibnik, J. Cui et al., “Integration of
genetic risk factors into a clinical algorithm for multiple sclero-
sis susceptibility: a weighted genetic risk score,” Lancet Neurol-
ogy, vol. 8, no. 12, pp. 1111–1119, 2009.

[10] B. M. Jacobs, A. J. Noyce, J. Bestwick, D. Belete,
G. Giovannoni, and R. Dobson, “Gene-environment interac-
tions in multiple sclerosis: a UK Biobank study,” Neurology
Neuroimmunology & Neuroinflammation, vol. 8, no. 4, 2021.

[11] F. B. S. Briggs, J. C. Yu, M. F. Davis et al., “Multiple sclerosis
risk factors contribute to onset heterogeneity,”Multiple Sclero-
sis and Related Disorders, vol. 28, pp. 11–16, 2019.

[12] E. Misicka, M. F. Davis, W. Kim et al., “A higher burden of
multiple sclerosis genetic risk confers an earlier onset,” Multi-
ple Sclerosis Journal, vol. 28, no. 8, pp. 1189–1197, 2022.

[13] H. Shams, X. Shao, A. Santaniello et al., “Polygenic risk score
association with multiple sclerosis susceptibility and pheno-
type in Europeans,” Brain, vol. 146, no. 2, pp. 645–656, 2023.

[14] E. Misicka, C. Sept, and F. B. S. Briggs, “Predicting onset of
secondary-progressive multiple sclerosis using genetic and
non-genetic factors,” Journal of Neurology, vol. 267, no. 8,
pp. 2328–2339, 2020.

[15] R. Lin, J. Charlesworth, J. Stankovich et al., “Identity-by-
descent mapping to detect rare variants conferring susceptibil-
ity to multiple sclerosis,” PLoS One, vol. 8, no. 3, article e56379,
2013.

[16] The 1000 Genomes Project Consortium, A. Auton, L. D.
Brooks et al., “A global reference for human genetic variation,”
Nature, vol. 526, no. 7571, pp. 68–74, 2015.

[17] A. J. Thompson, B. L. Banwell, F. Barkhof et al., “Diagnosis of
multiple sclerosis: 2017 revisions of the McDonald criteria,”
Lancet Neurology, vol. 17, no. 2, pp. 162–173, 2018.

[18] C. C. Chang, C. C. Chow, L. C. Tellier, S. Vattikuti, S. M. Pur-
cell, and J. J. Lee, “Second-generation PLINK: rising to the
challenge of larger and richer datasets,” GigaScience, vol. 4,
no. 1, p. 7, 2015.

[19] S. Das, L. Forer, S. Schonherr et al., “Next-generation genotype
imputation service and methods,” Nature Genetics, vol. 48,
no. 10, pp. 1284–1287, 2016.

[20] A. Motyer, D. Vukcevic, A. Dilthey, P. Donnelly, G. McVean,
and S. Leslie, Practical use of methods for imputation of HLA
alleles from SNP genotype data, bioRxiv, 2016.

[21] X. Jia, B. Han, S. Onengut-Gumuscu et al., “Imputing amino
acid polymorphisms in human leukocyte antigens,” PLoS
One, vol. 8, no. 6, article e64683, 2013.

[22] L. Almasy and J. Blangero, “Multipoint quantitative-trait link-
age analysis in general pedigrees,” American Journal of Human
Genetics, vol. 62, no. 5, pp. 1198–1211, 1998.

[23] J. Blangero, V. P. Diego, T. D. Dyer et al., “A kernel of truth:
statistical advances in polygenic variance component models
for complex human pedigrees,” Advances in Genetics, vol. 81,
pp. 1–31, 2013.

[24] D. G. Clayton, “Prediction and interaction in complex disease
genetics: experience in type 1 diabetes,” PLoS Genetics, vol. 5,
no. 7, article e1000540, 2009.

[25] P. D. Pharoah, A. Antoniou, M. Bobrow, R. L. Zimmern, D. F.
Easton, and B. A. Ponder, “Polygenic susceptibility to breast
cancer and implications for prevention,” Nature Genetics,
vol. 31, no. 1, pp. 33–36, 2002.

[26] G. Disanto, R. Dobson, J. Pakpoor et al., “The refinement of
genetic predictors of multiple sclerosis,” PLoS One, vol. 9,
no. 5, article e96578, 2014.

[27] F. Esposito, C. Guaschino, M. Sorosina et al., “Impact of MS
genetic loci on familial aggregation, clinical phenotype, and
disease prediction,” Neuroimmunology & Neuroinflammation,
vol. 2, no. 4, article e129, 2015.

[28] P. A. Gourraud, J. P. McElroy, S. J. Caillier et al., “Aggregation
of multiple sclerosis genetic risk variants in multiple and single
case families,” Annals of Neurology, vol. 69, no. 1, pp. 65–74,
2011.

7Human Mutation

https://downloads.hindawi.com/journals/humu/2024/9268911.f1.docx


[29] N. Isobe, V. Damotte, V. L. Re et al., “Genetic burden in mul-
tiple sclerosis families,” Genes and Immunity, vol. 14, no. 7,
pp. 434–440, 2013.

[30] S. Sawcer, M. Ban, J. Wason, and F. Dudbridge, “What role for
genetics in the prediction of multiple sclerosis?,” Annals of
Neurology, vol. 67, no. 1, pp. 3–10, 2010.

[31] H. F. Harbo, N. Isobe, P. Berg-Hansen et al., “Oligoclonal
bands and age at onset correlate with genetic risk score in mul-
tiple sclerosis,” Multiple Sclerosis, vol. 20, no. 6, pp. 660–668,
2014.

[32] E. Everest, M. Ahangari, U. Uygunoglu et al., “Investigating the
role of common and rare variants in multiplex multiple sclero-
sis families reveals an increased burden of common risk varia-
tion,” Scientific Reports, vol. 12, no. 1, p. 16984, 2022.

[33] S. E. Baranzini and J. R. Oksenberg, “The genetics of multiple
sclerosis: from 0 to 200 in 50 years,” Trends in Genetics, vol. 33,
no. 12, pp. 960–970, 2017.

[34] D. J. M. Crouch and W. F. Bodmer, “Polygenic inheritance,
GWAS, polygenic risk scores, and the search for functional
variants,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 117, no. 32, pp. 18924–
18933, 2020.

[35] L. Bomba, K. Walter, and N. Soranzo, “The impact of rare and
low-frequency genetic variants in common disease,” Genome
Biology, vol. 18, no. 1, p. 77, 2017.

[36] E. Canto and J. R. Oksenberg, “Multiple sclerosis genetics,”
Multiple Sclerosis, vol. 24, no. 1, pp. 75–79, 2018.

[37] C. Vilarino-Guell, A. Zimprich, F. Martinelli-Boneschi et al.,
“Exome sequencing in multiple sclerosis families identifies 12
candidate genes and nominates biological pathways for the
genesis of disease,” PLoS Genetics, vol. 15, no. 6, article
e1008180, 2019.

[38] R. Sims, S. J. van der Lee, A. C. Naj et al., “Rare coding variants
in PLCG2, ABI3, and TREM2 implicate microglial-mediated
innate immunity in Alzheimer's disease,” Nature Genetics,
vol. 49, no. 9, pp. 1373–1384, 2017.

[39] M. Chen, Uncovering genetic risk factors in multiple sclerosis
using a family-based approach, Doctor of Philosophy, Menzies
Institute for Medical Research, University of Tasmania, 2022.

[40] V. P. Makinen, M. Parkkonen, M. Wessman, P. H. Groop,
T. Kanninen, and K. Kaski, “High-throughput pedigree draw-
ing,” European Journal of Human Genetics, vol. 13, no. 8,
pp. 987–989, 2005.

8 Human Mutation


	Multiple Sclerosis Polygenic Risk Is Not Enriched in Three Multicase Families in Comparison to Population-Based Cases
	1. Introduction
	2. Materials and Methods
	2.1. ANZgene Case-Control Cohort
	2.2. Familial MS Cohort
	2.3. Genome-Wide Imputation of the ANZgene Cohort and Familial MS Cohort
	2.4. HLA Imputation
	2.5. MS Risk Variant Selection
	2.6. Weighted Polygenic Risk Score (wPRS) Calculation
	2.7. Statistical Analysis

	3. Results
	3.1. MS wPRS Distribution in a Case-Control Cohort (ANZgene)
	3.2. wPRS Characteristics in Familial MS
	3.3. Impact of Common Genetic Risk on MS Clustering in Families

	4. Discussion
	Data Availability
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



