
Nature  |  Vol 619  |  13 July 2023  |  323

Article

Locus for severity implicates CNS resilience 
in progression of multiple sclerosis

International Multiple Sclerosis Genetics Consortium* & MultipleMS Consortium*

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) 
that results in significant neurodegeneration in the majority of those affected and is a 
common cause of chronic neurological disability in young adults1,2. Here, to provide 
insight into the potential mechanisms involved in progression, we conducted a 
genome-wide association study of the age-related MS severity score in 12,584 cases and 
replicated our findings in a further 9,805 cases. We identified a significant association 
with rs10191329 in the DYSF–ZNF638 locus, the risk allele of which is associated with 
a shortening in the median time to requiring a walking aid of a median of 3.7 years in 
homozygous carriers and with increased brainstem and cortical pathology in brain 
tissue. We also identified suggestive association with rs149097173 in the DNM3–PIGC 
locus and significant heritability enrichment in CNS tissues. Mendelian randomization 
analyses suggested a potential protective role for higher educational attainment. In 
contrast to immune-driven susceptibility3, these findings suggest a key role for CNS 
resilience and potentially neurocognitive reserve in determining outcome in MS.

MS affects more than 2.8 million individuals worldwide, profoundly 
reducing quality of life for the majority of affected individuals1,2. Clin-
ically, the disease is characterized by recurrent episodes of largely 
reversible neurological dysfunction, known as relapses, together with 
steady and unrelenting accumulation of chronic neurological disability, 
referred to as progression1. The relative effects of these largely inde-
pendent features varies between patients and during the course of 
illness within individuals. Over the past few decades, the introduction 
of a range of immunological treatments has transformed the ability 
to control relapse activity in the disease, leaving therapy capable of 
controlling progression as the greatest currently unmet clinical need4.

Case-control genome-wide association studies (GWAS) have iden-
tified more than 200 variants associated with susceptibility to the 
disease, with the strongest effects coming from the major histocom-
patibility complex (MHC) and the implicated genes being overwhelm-
ingly enriched for immune relevance3. Although these risk variants are 
associated with a reduced age at onset5, it is notable that they do not 
appear to have any association with disease severity6. These findings, 
together with the concordance for outcome within families7, suggest 
that an independent genetic architecture determines the clinical course 
of the disease, as has been seen in other autoimmune8 and neurological 
conditions9. However, efforts to systematically interrogate severity 
have so far involved small numbers of cases and fall short of identifying 
any convincingly associated genetic variants5,10,11.

Through long-standing international collaborations, we have com-
pleted a large in-depth effort aimed at characterizing the genetic 
architecture underlying severity of MS. In this Article, we combine 
cross-sectional and longitudinal analyses of MS-specific disability out-
comes, and correlate findings with neuropathology and tissue-specific 
expression patterns. We contrasted the genetic determinants of sus-
ceptibility and severity, and examined potential modifiable risk factors 
for MS progression. Given the substantially increased potential for 

the development of rational therapies attached to drug targets with 
genetic support12, our work may help to advance patients’ priorities 
with regard to treatment and prognosis.

Cohort description
Here we describe a genetic analysis of disease severity performed 
in 12,584 people of European ancestry with MS. After imputation to 
the Haplotype Reference Consortium and rigorous quality control 
(Methods), a total of 7.8 million autosomal single nucleotide vari-
ants with a minor allele frequency (MAF) > 0.01 were analysed. The 
discovery population consisted of 21 cohorts collected from centres 
across North America, Europe and Australia (Supplementary Fig. 1 and 
Supplementary Table 1). In line with standard practice, neurological 
disability was measured using the expanded disability status scale 
(EDSS), an ordinal numerical scale that increases as neurodegenera-
tion progresses. To control for the effects of ageing, individual EDSS 
measures were converted to the age-related MS severity (ARMSS) score 
by ranking disability within age-specific strata13 (Methods). To reduce 
the influence of disability fluctuation related to relapses and lessen 
the imprecision of attempting to predict outcome in patients early in 
the disease, we focused recruitment on older individuals with longer 
duration of disease who had effectively declared their clinical outcome. 
Consequently, mean age at last follow-up and disease duration were 51.7 
and 18.2 years, respectively (Extended Data Fig. 1 and Supplementary 
Table 2). Replication of variant associations was tested in existing data 
from 9 independent cohorts, totalling 9,805 cases (Extended Data Fig. 1, 
Supplementary Fig. 1 and Supplementary Tables 1 and 2). The replica-
tion population was organized into four strata matched by genotyping 
platform and was subjected to equivalent quality control procedures 
(Extended Data Fig. 2, Supplementary Figs. 2 and 3, Supplementary 
Tables 3 and 4 and Supplementary Note).
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Heritability and tissue enrichment
The single nucleotide polymorphism (SNP)-based heritability esti-
mate (h2

SNP) for variants with a MAF > 0.01 was 0.13 (standard error 
(s.e.) 0.04) (Supplementary Table 5). Partitioned heritability analy-
sis by functional annotation with 53 categories14 did not identify 
strong enrichment in any category after correction for multiple test-
ing (Supplementary Table 6), probably owing to insufficient power. 
To uncover disease-relevant tissues, we combined variant associa-
tion statistics with specifically expressed gene sets from 205 tissues 
and cell types in a heritability enrichment analysis15. We observed a  
significant enrichment, adjusted for multiple testing, exclusively in 
CNS tissues across multiple brain regions and the C1 segment of the cer-
vical spinal cord (Fig. 1 and Supplementary Table 7). By contrast, repeat-
ing the same analysis for MS susceptibility3 revealed strong enrichment 
in lymphoid organs, immune lymphoid and myeloid cells, as well as 
in tissues with recognized immunological functions and microbiota 
interactions (pharynx, lung, terminal ileum and endocervix; Fig. 1 
and Supplementary Table 8). This pattern faithfully recapitulates the 
immune-related nature of susceptibility associations, further highlight-
ing the difference from the heritability pattern observed for disease  
severity.

Discovery of a MS severity locus
To identify genetic variants associated with MS severity, we first per-
formed a cross-sectional GWAS using ARMSS scores with the entire 
discovery cohort, adjusting for age, sex, date of birth, EDSS source, 
centre, genotyping batch and the first ten principal components. Use 
of MS disease-modifying therapy was not included as a covariate, given 
the potential for collider bias (Methods). We observed only modest 

inflation of the median test statistic (λGC = 1.016; Supplementary Fig. 4) 
and linkage disequilibrium score regression (LDSC) yielded an inter-
cept not significantly different from 1 (1.006, 95% confidence interval 
0.993–1.019), consistent with polygenicity driving inflation. An asso-
ciation signal in the DYSF–ZNF638 locus reached genome-wide sig-
nificance (P = 9.7 × 10−9; Fig. 2 and Table 1). The lead variant rs10191329 
(MAF = 0.17) was not close to (>3 Mb) or in linkage disequilibrium with 
(r2 ≤ 0.006) any of the lead MS susceptibility variants3. Eleven additional 
loci showed suggestive association with ARMSS score (P < 5 × 10−6; 
Fig. 2), thereby identifying 12 independent loci that were brought for-
ward for replication (Supplementary Table 9). Conditional and joint 
analysis did not identify secondary signals.

The DYSF–ZNF638 locus was confirmed in the replication population 
and retained genome-wide significance in fixed-effects meta-analysis 
(P = 3.6 × 10−9, Table 1). The direction of effect was consistent across all 
replication centers without evidence of heterogeneity (Q-statistic = 1.5, 
P = 0.99; I2 = 0%; Extended Data Fig. 3). A suggestive association sig-
nal in the DNM3–PIGC locus replicated (P = 0.010) but did not reach 
genome-wide significance in the combined analysis (P = 2.3 × 10−7; 
Table 1). The lead variant (rs149097173) did not overlap with known MS 
susceptibility loci3. The ten other suggestive loci were not replicated. 
Statistical fine-mapping16 supported the replicated lead variants to be 
causal at their respective loci (rs10191329 posterior inclusion prob-
ability (PIP) = 0.75, rs149097173 PIP = 0.95; Supplementary Fig. 5). In 
addition, we examined rs10191329 and rs149097173 for their association 
with severity in African-American (n = 1,407) and Latinx and/or Hispanic 
(n = 1,718) cohorts. Results were not significant, but the analysis was 
limited by a lack of statistical power owing to small sample size (median 
28%) compounded by substantial imprecision in outcome measures 
(high proportion of EDSS scores approximated from questionnaire; 
Supplementary Table 10).
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Fig. 1 | Tissue and cell type heritability enrichment. a, MS susceptibility from 
a previous meta-analysis3. b, MS severity from this study. Whereas susceptibility 
associations display strong immunological lymphoid and myeloid enrichment, 
our analysis of MS severity uncovered significant enrichment exclusively in 

CNS tissues. Each point represents one of 205 tissues and cell types, grouped 
by colour into nine categories. The larger circles are significant at a false 
discovery rate (FDR) cut-off of 0.05 (dotted line). Full results including tissue 
and cell-type labels are provided in Supplementary Tables 7 and 8.

Table 1 | Variants associated with MS severity

Chromosome Position (bp) ID EA EAF R2 Effect (s.e.) Pdiscovery Preplication Pcombined Genes

2 71676999 rs10191329 A 0.17 0.97 0.089 (0.015) 9.7 × 10−9 0.021 3.6 × 10−9 DYSF–ZNF638

1 172370873 rs149097173 T 0.01 0.94 0.256 (0.056) 4.1 × 10−6 0.010 2.3 × 10−7 DNM3–PIGC

Effect on ARMSS score in patients with MS. Two variants were genome-wide significant (bold) or suggestive in the discovery GWAS and confirmed in the replication population; two-sided  
P values were calculated using regression models. Pcombined represents the fixed-effects meta-analysis P value of the discovery and replication data. bp, base pair (GRCh37); EA, effect allele;  
EAF, risk allele frequency; R2, imputation quality score.
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Modifiers of longitudinal outcomes in MS
We next investigated whether the associations identified using the 
cross-sectional ARMSS score-based GWAS could be confirmed using 
additional disability outcomes from individuals who had been assessed 
longitudinally. For this analysis, we identified 8,325 individuals with 
EDSS documented at three or more timepoints, including 5,565 from 
the discovery cohort and 2,760 from the replication cohort. Cumu-
latively, these individuals were evaluated over 54,113 visits spanning 
up to 13.9 years (Methods). A generalized linear mixed model (LMM) 
analysis of serial EDSS across all visits revealed that the DYSF–ZNF638 
risk allele carriers displayed faster disability progression (P = 0.002; 
Fig. 3a). Moreover, adjusted Cox proportional hazards analyses showed 
that the risk allele rs10191329A at the DYSF–ZNF638 locus was asso-
ciated with faster 24-week confirmed disability worsening (hazard 
ratio = 1.1 per unit increase in allele dosage, 95% confidence interval 
1.02–1.18, P = 7.9 × 10−3; Fig. 3b), a metric used as the primary outcome 
in progressive MS therapeutic trials4. In homozygous carriers, the lead 
variant also conferred a 3.7-year shorter median time to using a walking 
aid (EDSS 6.0; hazard ratio = 1.22, 95% confidence interval 1.09–1.38, 
P = 9.3 × 10−4; Fig. 3c), a clinically relevant MS disability milestone that 

typically tracks with the progressive phase of the disease and fixed 
neurological disability17.

Carriage of the low-frequency (MAF = 0.01) risk allele rs149097173T at 
the DNM3–PIGC locus was only nominally associated with accelerated 
disability accrual (P = 0.041), faster 24-week confirmed disability wors-
ening (hazard ratio = 1.29, 95% confidence interval 1.02–1.65, P = 0.037), 
and shorter time to EDSS 6.0 (hazard ratio = 1.56, 95% confidence inter-
val 1.05–2.34, P = 0.029; Extended Data Fig. 4). These results were not 
significant after correction for multiple testing (Bonferroni-corrected 
P > 0.05/6 or 8.3 × 10−3), although a sensitivity analysis revealed a statisti-
cally significant association that withstood correction for multiple test-
ing with time to sustained EDSS 6.0 (hazard ratio = 1.85, 95% confidence 
interval 1.23–2.76, P = 0.0029; Methods) and a 3.3-year shorter median 
time to require a walking aid for risk allele carriers (for rs10191329, 
hazard ratio = 1.25, 95% confidence interval 1.10–1.41, P = 0.0006).

rs10191329 associates with CNS tissue injury
To further explore the relationship between the severity locus at 
rs10191329 and MS severity, we examined the variant’s association 
with disease-relevant markers of tissue injury in an independent MS 
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Fig. 2 | Within-cases GWAS identifies a novel locus associated with MS 
severity. a, Genome-wide association statistics obtained by linear regression 
of ARMSS scores. The horizontal dashed line corresponds to the genome-wide 
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Bottom, gene positions. Plot for the rs10191329 variant (DYSF–ZNF638 locus) (b). 
Plot for the rs149097173 variant (DNM3–PIGC locus) (c).



326  |  Nature  |  Vol 619  |  13 July 2023

Article

autopsy cohort comprising 4,652 tissue blocks from 290 individuals. 
Consistent with estimates from our longitudinal analysis, homozygous 
risk allele carriers had experienced a four-year shorter median time to 
EDSS 6.0, although the differences were not significant in this smaller 
cohort (Supplementary Table 11). Pathologically, homozygous carriers 
displayed a 1.83-fold higher number of lesions in the brainstem (95% 
confidence interval 1.09–3.06, P = 0.023; Methods), as well as a 1.76-fold 
higher rate of cortical lesions across sampled supratentorial tissue 
(95% confidence interval 1.15–2.69, P = 0.001; Fig. 4), confirming that 
the risk allele at the DYSF–ZNF638 locus is associated with worse injury 
at key brain locations. It is well established that focal lesions such as 
those in the brainstem result in axonal loss, and that cortical demyelina-
tion, which occurs independently of white matter lesions, is associated 
with selective neuronal loss18; both of these degenerative features are 
prominent determinants of progression18,19. Our pathological cohort 
was too small to enable any meaningful analysis of the low-frequency 
variant rs149097173.

Gene prioritization and related traits
To identify possible biological mechanisms at the discovered loci, we 
applied several approaches to prioritize putative causal genes (Meth-
ods and Supplementary Table 12). The intergenic MS severity variant 
rs10191329 is nearest to DYSF (3,692 base pairs to the transcription 
start site), and this gene was prioritized by the combined SNP-to-gene20 
(cS2G) strategy based on enhancer–gene linking. This variant also 
displayed a methylation quantitative trait locus (QTL) effect in the 
promoter region of DYSF (ENSR00001922663) in the dorsolateral 
prefrontal cerebral cortex21 (Supplementary Table 13). In addition, 
rs10191329 showed correlation (r2 > 0.6) with fine-mapped expres-
sion QTLs for the upstream gene ZNF638 (Supplementary Table 14) 
and weaker correlation with splicing QTLs for the same gene in brain 
(r2 of 0.3 to 0.4). Predicted expression of ZNF638 in the dorsolateral 
prefrontal cerebral cortex also associated with MS severity (Z = 3.1, 
P = 0.002; Methods). Both these genes are highly expressed in neuronal 
and glial cells in the CNS with shared specificity for oligodendrocytes 

(Extended Data Figs. 5 and 6) and are important in biological processes 
of potential relevance. DYSF is implicated in membrane repair22; ZNF638 
mediates the silencing of unintegrated viral DNA23. The suggestive 
variant rs149097173 is intronic to DNM3 and PIGC, the latter also being 
nominated by cS2G. DNM3 participates in the morphogenesis of the 
postsynaptic density and excitatory synaptic transmission24 and is 
preferentially expressed in the CNS, specifically in neurons and oligo-
dendrocyte lineage cells (Extended Data Figs. 5 and 6). PIGC initiates 
biosynthesis of the glycosylphosphatidylinositol anchor25 (Extended 
Data Fig. 7). These prioritized genes were differentially expressed in MS 
brain lesion types relative to control white matter26,27 (Supplementary 
Note and Supplementary Fig. 6). Integrated analysis of genetically 
regulated and compound-perturbed gene expression28 revealed sig-
nificant enrichment for CNS-acting compounds and—along with an 
alternative locus-based approach—identified chromatin remodelling 
via histone deacetylase inhibitors as a potential therapeutic strategy for 
slowing progression (Supplementary Note and Supplementary Fig. 7), 
an approach with support in preclinical models including a potential 
for neuroprotection29,30.

Among other traits, rs10191329A has been inversely associated 
with intelligence, whereas for rs149097173, association is limited to 
height (Supplementary Tables 15 and 16). Genome-wide, we found no 
evidence of a shared genetic contribution between MS severity and 
a range of neurological, psychiatric and autoimmune disorders. By 
contrast, cognitive phenotypes and ageing traits displayed inverse 
genetic correlations with MS severity (Extended Data Fig. 8 and Sup-
plementary Table 17). A polygenic score (PGS) for MS severity was 
not associated with other neurological diseases in the UK Biobank 
(Supplementary Note).

Association with education and smoking
We investigated putative causal and potentially modifiable risk fac-
tors for MS severity using two-sample Mendelian randomization. 
We focused our analyses on traits with prior evidence for associa-
tion with MS outcomes and suitable genetic instruments, namely 
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Fig. 3 | MS severity variant accelerates disability accumulation in 
longitudinal analysis. a, Adjusted mean EDSS scores over time predicted  
from LMM analysis showed faster worsening of disability in rs10191329 risk 
allele carriers. Shaded ribbons indicate the s.e.m. over time. P value from LMM. 
b, Covariate-adjusted cumulative incidence of 24-week confirmed disability 
worsening in patients with MS based on rs10191329 genotype. Similar to MS 
clinical trials, worsening was defined as an increase in EDSS of 1.0 if the baseline 
score was less than 5.5 and an increase of 0.5 if the baseline was greater than or 

equal to 5.5. CI, confidence interval; HR, hazard ratio. c, Covariate-adjusted 
cumulative incidence of requiring a walking aid for the same lead variant. 
Homozygous carriers had a 3.7-year shorter median time to require a walking 
aid. Hazard ratio and two-sided P values were obtained from Cox proportional 
hazards models using imputed allele dosage (Methods). Left-censoring of 
participants with EDSS ≥ 6.0 at study entry resulted in different sample sizes 
for genotype groups in the time to walking aid analysis.
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25-hydroxyvitamin D level, body mass index (BMI), lifetime smoking 
index and educational attainment31,32 (Supplementary Table 18). The 
focus on educational attainment was further motivated by the impli-
cation of brain reserve in MS progression33 and our finding of CNS 
heritability enrichment. Mendelian randomization analyses did not 
indicate a causal role for 25-hydroxyvitamin D level or BMI in MS sever-
ity (Fig. 5a). By contrast, the main inverse-variance-weighted (IVW) 
Mendelian randomization estimate provided support for an association 
between higher years of education and milder MS severity (β = −0.15, 
PIVW = 0.005) and between heavier smoking and worse MS severity 
(β = 0.23, PIVW = 0.005; Fig. 5a). These results were substantiated by 
pleiotropy-robust Mendelian randomization sensitivity analyses at 
different P value thresholds for instrument selection, in the absence 
of heterogeneity or outliers (Supplementary Table 19). The association 
with education persisted in multivariable Mendelian randomization 
adjusting for smoking (β = −0.13, P = 0.04). Reverse analysis did not 
support an effect of genetic liability to MS severity on the traits con-
sidered (Supplementary Table 19). PGS analysis of lifetime smoking 
index (β = 0.022 per s.d. score increase, P = 0.004) and education also 
indicated consistent and independent associations with MS severity 
(Fig. 5b,c, Supplementary Tables 20 and 21 and Methods).

As genetic associations with educational attainment also capture 
indirect genetic effects from relatives and social factors34, we then 
assessed whether the observed association between education and 
MS severity persisted following adjustment for indicators of socio-
economic status. We extended our analysis to two independent 
population-based MS cohorts with recorded educational attainment, 
smoking status and income. Even after adjusting for these indicators 

and their interactions, years of education remained associated with 
MS severity (Fig. 5b–e, Supplementary Tables 20 and 21 and Meth-
ods). Together, these results suggest a detrimental effect of smoking 
in people with MS and implicate educational attainment as a potential 
protective factor.

Limited effects of MS risk variants
We undertook multiple approaches to determine whether previously 
described MS susceptibility variants3 also associate with disease sever-
ity. First, we observed only weak non-significant genetic correlation 
between MS severity and susceptibility (rg = 0.17, P = 0.25). Next, the 
proportion of susceptibility variants showing concordant direction 
of effect in the severity GWAS was not different from that expected 
by chance (Pbinom = 0.097). We then aggregated the genome-wide sig-
nificant MS susceptibility variants into a PGS (PGSMS) and evaluated 
the gain in coefficient of determinant (incremental R2) when adding 
PGSMS to a regression of the phenotype on a set of baseline covariates 
(Methods). We found a weak but statistically significant positive cor-
relation with ARMSS score (incremental R2 = 0.001, P = 7.1 × 10−5) across 
MHC and non-MHC regions (Supplementary Fig. 8). However, higher 
genetic susceptibility for MS is associated with earlier age at onset, 
which in turn is associated with increased MS severity (Supplementary 
Fig. 9). Therefore, we repeated this analysis adjusting for age at onset 
and observed that the effect of PGSMS on ARMSS score was substan-
tially attenuated (incremental R2 = 3.9 × 10−4, P = 0.014; Supplementary 
Fig. 8). In addition, we interrogated the association of susceptibility 
variants with longitudinal disability. Individually, none of the variants 
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were associated with these outcomes after adjusting for the number 
tested (Extended Data Fig. 9a–c and Supplementary Table 22). Further-
more, none showed consistent nominal association (P < 0.05) across 
outcomes (Extended Data Fig. 9d). Comparing individuals in the high-
est PGSMS quartile to those in the lowest, we detected no differences in 
their longitudinal outcomes (Extended Data Fig. 10). In short, we found 
no evidence that susceptibility variants are meaningfully associated 
with outcome of the disease.

Discussion
In this GWAS, which included more than 22,000 people with MS, we 
have identified the first, to our knowledge, genome-wide significant 
modifier of long-term outcome in MS, and have thereby identified 
valuable potential targets for drug discovery12. The lead variant and 
an additional suggestive association replicated and showed concord-
ant effects in a range of MS-specific longitudinal outcomes across 
tens of thousands of patient visits, probably reflecting progressive 

mechanisms (Supplementary Note). Both severity variants had a clini-
cally meaningful association with time to needing a walking aid, with the 
median interval from onset shortened by 3.7 years for homozygous risk 
allele carriers of the DYSF–ZNF638 variant (rs10191329) and 3.3 years for 
risk allele carriers of the DNM3–PIGC variant (rs149097173). Although 
not comparable in terms of probable mechanism, the magnitude of 
this effect matches that of treatment with a disease-modifying agent 
such as beta-interferon35. Besides these clinical differences, homozy-
gous rs10191329 risk allele carriers also demonstrated more severe 
MS-specific brainstem and cortical pathology, which result in axonal 
and neuronal degeneration, respectively and drive progression18,19. 
Furthermore, we show that genetic susceptibility burden has little 
influence on cross-sectional and longitudinal outcomes outside of its 
effect on age at onset. Mendelian randomization analyses also provide 
evidence for smoking and educational attainment as potential modifi-
able risk factors for MS progression.

Our findings demonstrate that at least 13% of the variance in long- 
term MS severity can be attributed to common and low-frequency 
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represents non-significant results. RAPS, robust adjusted profile score; WM, 
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observational analyses of two MS cohorts (n = 2,878 and 5,228) demonstrated 
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EIMS, Epidemiological Investigation of MS; GEMS, Genes and Environment in 
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transformed.
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single nucleotide variation, explaining some of the considerable vari-
ability in MS outcome. Notably, this heritability was enriched in the 
brain and spinal cord, in marked contrast to the immune signal seen 
for MS susceptibility. Although divergent genetic determinants of 
susceptibility and progression have been noted in other conditions8,9,36, 
the observation of distinct tissue enrichment is, to our knowledge, 
unique to MS. This result has potentially significant clinical implica-
tions. A persistent challenge in understanding MS progression has 
been determining the relative contributions of inflammatory activity 
(including CNS-compartmentalized immune responses) and neuro-
degeneration4. Here, we show that variation in genes preferentially 
expressed within the CNS are associated with MS severity. Moreover, 
the prioritized MS severity genes displayed shared cell type specificity 
in oligodendrocyte lineage cells. This implicates neuronal and glial 
mechanisms as key determinants of MS progression and, together with 
our exploratory genomics-driven drug discovery analyses, provides 
genetic evidence to support the search for new therapeutic targets 
focused on neuroprotection and brain repair. It may also partly explain 
why immunosuppressive therapies have so far had little or no effect 
on disability accumulation in progressive MS trials4. Our observations 
are also in concordance with the proposed enhanced penetrance of 
monogenic causes of neurological disease reported to result from 
comorbidity with MS37,38.

Our gene prioritization analyses implicated four biologically 
plausible genes at the identified loci, including ZNF638 upstream of 
rs10191329. ZNF638 encodes the DNA-binding zinc-finger protein 638, 
which mediates transcriptional repression of unintegrated retroviral 
DNA through recruitment of the human silencing hub (HUSH) complex 
and the histone methyltransferase SETDB1 (ref. 23). The same chro-
matin repressors are involved in epigenetic silencing of endogenous 
retroviruses39. Several exogenous and endogenous viruses have been 
considered in MS pathogenesis, with the most compelling evidence 
implicating, respectively, Epstein–Barr virus40 (EBV) and human 
endogenous retrovirus type-W41 (HERV-W). The possibility of ZNF638 
silencing EBV or HERV-W could have therapeutic implications in MS, 
as demonstrated by the ongoing development of EBV T-cell therapy 
(NCT03283826) and HERV-W envelope protein-binding monoclonal 
antibody42. Furthermore, convergent evidence supports a role, still 
to be determined, for ZNF638 in the CNS, including in the context 
of MS. The gene is highly expressed in the brain, particularly in oli-
godendrocytes and their precursor cells, and has been implicated 
in large-scale genetic studies of intelligence and general cognitive  
ability43. In single-nucleus RNA sequencing from brain white matter 
areas in patients with MS and controls, ZNF638 was preferentially 
expressed in an oligodendrocyte cluster with a predicted actively 
myelinating phenotype26. Moreover, cell expression of ZNF638 was 
proportionally enriched in control brain tissue and chronic inactive 
MS lesions compared to other MS lesions26.

DYSF, the nearest gene to rs10191329, encodes dysferlin, a type II 
transmembrane protein. Although widely expressed, its functions 
are mainly characterized in skeletal muscle where it participates in 
calcium-mediated membrane repair and regeneration22. Recessive 
pathogenic variants lead to muscular dystrophies (OMIM 254130, 
253601 and 606768). DYSF is also specifically expressed in oligoden-
drocytes and excitatory neurons, and the protein has been found to 
accumulate in amyloid β-containing extracellular neuritic plaques, in 
proportion to Alzheimer disease severity44. Although its role in the CNS 
has yet to be determined, participation in membrane maintenance of 
neurons or glia could influence neuronal and axonal survival (such as 
in response to axonal injury33) or subsequent remyelination.

The suggestive variant rs149097173 is located in intron 20 of DNM3, 
which encodes dynamin-3 and mediates synaptic vesicle endocytosis. 
As with other prioritized genes, expression is preferentially in oligoden-
drocytes lineage cells and neurons. Notably, the paralogue dynamin-2 
participates in membrane repair by wound-induced endocytosis in 

skeletal muscle45, which may point to a convergence of mechanisms 
with DYSF. Variant rs149097173 is also intronic to PIGC, mutations in 
which can lead to intellectual disability and epilepsy25.

Our Mendelian randomization results do not support a potential 
causal role for serum 25-hydroxyvitamin D level or BMI on MS severity. 
This agrees with the inconclusive results of randomized trials of vitamin 
D supplementation in MS46 and a recent prospective study that found 
no association between BMI and clinical disability47. By contrast, our 
results provide evidence for a potential causal effect of smoking on 
worsening disability, in line with strong observational evidence of faster 
disability progression in smokers that reverses following cessation48. 
Furthermore, a few observational studies have documented an inverse 
association between educational attainment and subsequent MS dis-
ability31 as well as retinal neurodegeneration49. In accordance with 
these data, we have found genetic support for educational attainment 
having a potential causal effect on reducing long-term MS severity. 
The effect size was substantial, with 4 years of additional education 
(equivalent to an undergraduate degree) predicted to reduce disability 
rank by a quintile. Similar protective effects of education have been 
observed in Alzheimer disease and frontotemporal dementia50,51, indi-
cating some commonality with other neurodegenerative conditions. 
Genetic determinants of education may partly operate through indirect 
familial influences and socioeconomic factors34. The persistence of this 
association following adjustment for smoking and income may sug-
gest direct biological effects. These findings would be consistent with 
education promoting neurocognitive reserve51, increasing resilience 
to neuronal degeneration resulting from MS injury and ageing. This is 
further supported by negative genetic correlations with cognitive traits 
and ageing, a factor previously implicated in MS progression immu-
nology and neurobiology33. We caution that neurocognitive reserve 
is a complex construct that is operationalized using proxies such as 
education, but it cannot be directly measured51. We have not tested the 
robustness of these findings to alternative measures of educational 
attainment (for example, on a continuous scale) or additional proxies 
of neurocognitive reserve.

We acknowledge several limitations. Despite its widespread use and 
regulatory precedent, the EDSS has several shortcomings, including 
its non-linear ordinal nature, variability between raters, overemphasis 
on ambulation and inadequate capture of cognitive impairment52. 
In the survival analyses, events could only be observed at clinic vis-
its and not in real time. This may bias survival time estimates from 
clinical settings, where follow-up intervals can vary. The Mendelian 
randomization analysis assumes linearity and may not be applicable 
to individuals at the extremes of trait distributions, including for vita-
min D and BMI. Also, collider bias may occur when considering risk 
factors affecting both disease onset and progression. Although the 
Mendelian randomization sensitivity analyses did not find evidence 
of horizontal pleiotropy, it can only be tested indirectly and violation 
of this instrumental variable assumption cannot be entirely excluded. 
Educational attainment and smoking are complex traits influenced by 
both genetic and environmental factors, and genetic predisposition 
may not have the same biological consequences as environmental 
changes (through policy), such that the predicted effect may not be 
realized. To gain a deeper understanding of the pathways underlying 
the relationship between education and MS severity, future studies 
should consider a broader range of social determinants (for example, 
neighbourhood environments, work exposures, pollution and patterns 
of healthcare utilization).

In conclusion, this study presents robust evidence for a role of 
genetic variation in MS progression. MS has undergone a therapeu-
tic revolution in the past few decades, with the emergence of ever 
more effective immune therapies that reduce and even halt relapses. 
Despite this, treatment of progression remains an unmet need. We 
have identified genetic loci associated with disability in MS, providing 
new directions for functional characterization and drug development 
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targeted on the neurodegenerative component of the disease. Suc-
cessful unravelling of the genetic basis for disease susceptibility has 
implicated dysregulation across immune cells as a driver of MS onset. 
Our findings identify CNS resilience and reserve as probable deter-
minants of MS progression, and may have broader implications for  
neurodegeneration.
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Methods

GWAS study participants and outcome
The discovery population consisted of patients with MS recruited 
through 21 centres from North America, Europe and Australia. A total 
of 15,072 patients were genotyped on a common platform (Illumina 
Global Screening Array) in five cohorts. Samples from patients with 
longer disease duration, older age and availability of longitudinal out-
come measures were preferentially submitted for genotyping. A primary 
progressive onset was reported in 8.6% of patients with a documented 
disease phenotype. Supplementary Tables 1 and 2 respectively describe 
the case counts per centre and additional demographic characteristics. 
The replication population consisted of a combination of already geno-
typed patients with MS and controls with available clinical information 
assembled through 9 European centers and genotyped on various Illu-
mina arrays, resulting in 17 cohorts (Supplementary Table 3). Cases with 
European ancestry that passed sample quality control and had at least 
one disability measure were included in the analysis (Supplementary 
Fig. 1). All participants gave written informed consent in accordance 
with approval from the relevant local ethical committees or institutional 
review boards (Supplementary Note). Patients with MS were ascertained 
and diagnosed by a neurologist locally according to established criteria. 
Neurological disability was measured using the EDSS53, an ordinal scale 
which incorporates a range of neurological functions relevant to MS. 
EDSS was scored by neurologist assessment in all but 1,040 cases (4.6%), 
where it was approximated via questionnaire. For each individual, the 
last recorded EDSS was converted to an ARMSS score by ranking dis-
ability against participants with the same age (±2 years) from the same 
cohort and from an additional 26,058 patients with MS13.

Quality control and imputation
For each cohort, we performed individual- and variant-level quality 
control, after which cohorts were merged into strata based on genotyp-
ing platform and submitted to additional stratum-level quality control 
(Supplementary Note). Sample overlap across strata and between the 
discovery and replication populations was assessed, and duplicates 
removed. Imputation to the Haplotype Reference Consortium panel 
(release 1.1)54 was performed using Minimac4 (v1.0.2)55. The resulting 
variant counts and imputation quality metrics are described in Sup-
plementary Table 4 and Supplementary Fig. 2, respectively.

GWAS and replication
To identify genetic variants associated with MS severity, we performed 
a linear regression model implemented in fastGWA56 using genotype 
dosages. We applied a rank-based inverse-normal transformation to the 
ARMSS scores and fit as covariates in the model age, sex, date of birth, 
EDSS source (neurologist assessment versus questionnaire), centre, 
genotyping batch, and the first ten principal components. Results 
were unchanged when using a LMM or untransformed ARMSS scores  
(Supplementary Table 23). Disease-modifying therapy was not included 
as it is not a confounder (that is, does not influence genotype) and may 
instead introduce collider bias57. A variable is described as a collider 
when it is directly affected by both the exposure and the outcome of 
interest (genetic variants and disease severity in our case), or some 
unmeasured variables that also influence the outcome (for example, 
comorbidities)58. Conditioning on a collider or its descendants can 
introduce bias in either direction (spurious associations or false nega-
tives). To assess any residual confounding due to population stratifica-
tion or cryptic relatedness, we calculated the genomic inflation factor 
and LDSC intercept using HapMap3 variants and linkage disequilibrium 
scores from 1000 Genomes phase 3 (ref. 59). Conditional and joint 
analysis60 was performed to identify potential secondary association 
signals. Lead variants with association P ≤ 5 × 10−8 were considered 
genome-wide significant and were tested in the replication population, 
together with those with suggestive association P ≤ 5 × 10−6.

As above, linear regression of ARMSS scores was performed in the rep-
lication population using the same covariates. Individual-level imputed 
genotypes were merged across strata prior to joint analysis. Principal 
components were calculated on a set of hard-called high-quality (impu-
tation R2 ≥ 0.9, genotype missingness < 0.01, MAF > 0.05) and linkage 
disequilibrium-pruned genotypes. To examine for heterogeneity, we 
recalculated the association between lead variants and MS severity in 
the replication stratified by centre (n = 9) and computed Q-statistics 
and I2 tests. Association statistics from the discovery and replication 
were combined using fixed-effects meta-analysis. Finally, we examined 
the association of the two replicated severity variants (rs10191329 
and rs149097173) in self-identified African-American (n = 1,407) and 
Latinx and/or Hispanic (n = 1,718) participants with MS with an available 
disability measure, recruited by the Alliance for Research in Hispanic 
Multiple Sclerosis61. Principal component projections for the retained 
African-American samples overlapped with those from 1000 Genomes 
African populations. LMM analysis was conducted using the same 
covariates as in the GWAS.

Heritability estimation
To estimate SNP-based heritability, we constructed a genomic relation-
ship matrix (GRM) from all variants and used it to remove individuals 
(n = 848) with a coefficient of relationship below 0.025. The resulting 
GRM was used to estimate SNP heritability with restricted maximum 
likelihood (single-component GREML)62. As SNP heritability can be 
sensitive to linkage disequilibrium and allele frequency assumptions63, 
we also fitted a model with ten GRMs (GREML-LDMS) constructed from 
variants assigned to five MAF bins (0.01–0.1, 0.1–0.2, 0.2–0.3, 0.3–0.4 
and 0.4–0.5), each divided into two by the median linkage disequi-
librium score in each bin. To calculate linkage disequilibrium scores, 
variants were first hard-called (PLINK2 –hard-call-threshold 0.1) then 
filtered for missingness < 0.05, MAF > 0.01 and Hardy–Weinberg equi-
librium P > 10−6. Heritability analyses were adjusted for the same set of 
covariates as the GWAS.

Heritability enrichment analyses
We used stratified LDSC (version 1.0.1) to calculate SNP-based herit-
ability enrichment for 53 functional categories (baseline model version 
1.2)14. Next, we assessed the SNP-based heritability associated with 
different tissues by applying stratified LDSC to our GWAS summary 
statistics using a gene expression dataset consisting of 205 tissues and 
cell types (as provided in the LDSC software)15. Tissues and cell types 
were grouped into nine categories for visualization (Supplementary 
Tables 7 and 8). The same analysis was repeated with the summary 
statistics from the discovery phase of our previous GWAS meta-analysis 
of MS susceptibility3 to compare the enrichment patterns. We applied 
FDR correction for multiple testing within each enrichment analysis, 
and FDR-corrected P < 0.05 were considered statistically significant. 
Summary statistics were filtered for variants in HapMap3, with an impu-
tation R2 ≥ 0.9, and outside of the MHC region prior to analysis. We also 
extended this framework to human CNS cell types from single-nucleus 
RNA-sequencing studies64–66 (Supplementary Note and Supplementary 
Fig. 10).

Analysis of longitudinal outcomes
We identified a subset of 8,325 patients with MS from our study popula-
tion with a minimum of 3 visits separated by at least 6 months (5,565 
from the discovery cohort and 2,760 from the replication cohort). 
These patients contributed a total of 56,966 visits, of which 54,113 (95%) 
occurred within 13.9 years of follow-up from the first study visit (mean 
5.2 years). To assess the influence of MS severity variants on the rate of 
disability progression, we constructed a generalized LMM with serial 
EDSS scores as the dependent variable. The primary predictor was the 
interaction term between genotype (dosage or carrier status) and time 
in the study (years), with individuals and centers as random terms. 



Subject-level fixed covariates were sex, age at onset and study entry, 
date of birth, and the first ten principal components. This analysis 
was performed using penalized quasi-likelihood estimation as imple-
mented in the glmmPQL function from the MASS package (version 
7.3-54) in R to address the non-normal distribution of EDSS.

In addition, two key MS-specific disability outcomes were examined 
in survival analyses. First, we estimated the influence of MS severity 
variants on time to a clinically meaningful increase in neurological 
disability. Similar to MS clinical trials67, worsening was defined as an 
increase in EDSS by 1.0 if the baseline score was <5.5 and by 0.5 if the 
baseline was ≥5.5. To increase specificity, the endpoint also required this 
EDSS increase to be maintained on a subsequent visit and for at least 24 
weeks. Second, we examined the influence of genotype on time (from 
disease onset) to reaching EDSS 6.0 (defined as requiring unilateral 
assistance to walk more than 100 m). A sensitivity analysis also evalu-
ated the time to sustained EDSS 6.0, requiring subsequent scores to 
remain at or above 6.0 until censoring. Following left-censoring, 7,695 
patients and 51,189 study visits remained, extending to 28.3 years from 
disease onset. Cox proportional hazards analyses were carried out using 
the coxph function in the survival package (version 3.2-11) in R, with 
Efron approximation for tie handling. Sex, age at onset, date of birth, 
centre, genotyping platform and the first ten principal components 
were included as covariates. Adjustment for baseline EDSS was included 
in the 24-week confirmed disability worsening analysis to account 
for the non-linear nature of this scale; this was not applicable for the 
time to EDSS 6.0 analysis. The proportional hazards assumption was 
examined by inspection of scaled Schoenfeld residuals. Hazard ratios 
were calculated using dosages for rs10191329 and carrier status for 
rs149097173 given its low frequency. P values <0.0083 were considered 
significant following Bonferroni correction for the number of variants 
and outcomes tested. Sensitivity analysis found no evidence of bias 
introduced by including participants who partially overlapped with 
the ARMSS score-based GWAS (Supplementary Note).

Fine-mapping
For each lead variant, effect estimates on MS severity in a 250-kb region 
centered on the variant were extracted. A variant correlation matrix 
was computed with LDstore2 (version 2.0)68 from the same genotype 
dosage used to generate the GWAS summary statistics. Fine-mapping 
with shotgun stochastic search was performed using FINEMAP (version 
1.4)16 with equal prior probabilities.

MS autopsy cohort and associations with neuropathology
Following informed consent, brain donors with pathologically con-
firmed MS recruited to the Netherlands Brain Bank since 1990 were 
clinically and pathologically characterized (Supplementary Table 11). 
Autopsy procedures were approved by the Ethical Committee of the 
VU University Medical Center in Amsterdam, the Netherlands. As 
previously described69, blocks were dissected at standardized CNS 
locations (including the brainstem), with additional blocks targeted 
to MS lesions using macroscopic and post-mortem MRI assessment.  
Sections were double-immunostained for proteolipid protein and 
human leukocyte antigen. For each individual, a brainstem lesion count 
was quantified using one section per standardized block. Areas of corti-
cal grey matter demyelination were identified and classified by location 
(subpial, intracortical, leukocortical and pancortical). These lesion 
locations were selected based on their recognized importance to MS 
pathophysiology69,70 and their count frequency. DNA was extracted 
from whole blood or frozen cerebellar tissue, or when neither were 
available from formalin-fixed paraffin-embedded cerebellar tissue. 
Genotyping for rs10191329 was performed using the KASP genotyping 
platform (LGC Genomics). Pathological characterization was under-
taken blind to genotype status. Differences in brainstem lesion load 
and rate of cortical lesions between genotype groups were examined 
using quasi-Poisson regression adjusted for sex, age at onset and initial 

disease course. To account for a variable number of supratentorial 
blocks sampled between individuals, cortical lesions were considered 
as a rate by adding the number of tissue blocks with visible cortex as 
an offset. Individuals with missing dependent variables or covariates 
were excluded. P values less than 0.025 were considered significant 
(adjusting for 2 pathological variables).

Gene prioritization
To prioritize putative causal genes, we applied a combination of func-
tional and non-functional strategies: (1) the closest gene(s), defined 
as genes with overlapping bodies or closest transcription start site; 
(2) genes that overlap with a genomic range of 200 kb centred around 
the variant; (3) genes with missense or loss of function coding variants 
in linkage disequilibrium (r2 > 0.6) with the lead variant; (4) genes with 
fine-mapped (PIP > 0.1) cis-eQTL or splicing QTL in linkage disequilib-
rium (r2 > 0.6) with the lead variant; (5) genes prioritized by Open Targets 
Genetics using a V2G71 threshold of 0.5; (6) genes prioritized by the 
cS2G strategy20; (7) genes whose imputed expression is associated with 
MS severity72. We retrieved fine-mapped QTLs from GTEx73 (version 8)  
and the eQTL Catalogue74. The V2G aggregates weighted evidence from 
variant functional prediction, colocalization with molecular QTLs, 
chromatic interaction and gene distance. The cS2G strategy consists of 
seven components, with gene assignments most often driven by a single  
feature. The association between MS severity and predicted gene expres-
sion in a ±1 megabase window around each lead variant was assessed 
using FUSION72 and an expression reference panel of the dorsolateral 
prefrontal cortex from 452 CommonMind Consortium participants. 
A Bonferroni-corrected significance level was set using the number 
of local genes present in the reference panel (Bonferroni-corrected  
P < 0.05/6 or 8.3 × 10−3; ZNF638, MPHOSPH10, TGFA, CYP26B1, VAMP4, 
TNFSF18). Moreover, we evaluated the influence of MS severity vari-
ants on brain dorsolateral prefrontal cortex methylation based on 543  
individuals from ROSMAP21 (Bonferroni-corrected P < 5 × 10−9).

Associations with other traits
To investigate the effects of the MS severity variants on previously 
reported phenotypes, we retrieved phenome-wide associations in 
the Open Target Genetics portal75 obtained from the GWAS Catalog, 
UK Biobank and FinnGen. We also calculated genome-wide genetic 
correlations between MS severity and 17 neurological, psychiatric, 
autoimmune, cognitive and ageing phenotypes (Supplementary 
Table 17) using cross-trait LDSC76. Since we expect no sample overlap 
with our within-case GWAS, the LDSC intercept was constrained on 
the assumption of no shared population stratification. Benjamini–
Hochberg-adjusted P values below 0.05 were considered significant.

Gene expression profiles
Gene expression values in human tissues for the prioritized genes at the 
two MS severity loci were obtained from GTEx73 (version 8). Cell type 
expression profiles for the same genes were evaluated using single-cell 
RNA-sequencing data in 76 cell types from the Human Protein Atlas77. 
We examined genes for cell type specificity, defined as expression that 
is at least fourfold higher in a cell type compared to the mean of all 
others (cell-type enhanced)77. Since PIGC expression in brain neuronal 
and glial cell types was missing, we obtained it from a study of four 
patients with progressive MS and five non-neurological controls with 
single nuclear RNA expression in white matter tissues26.

Mendelian randomization
We applied Mendelian randomization analysis to investigate the 
effects of four exposures with robust genetic associations and strong 
prior evidence of association with MS severity. In the case of BMI and 
25-hydroxyvitamin D, previous Mendelian randomization studies addi-
tionally provided support for a causal role in the development of MS78. 
A description of the GWAS used to proxy the exposures is provided in 
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Supplementary Table 18. For each of these, variants were selected at 
two different association thresholds (P < 5 × 10−8 and P < 5 × 10−5), as in 
previous studies36, and linkage disequilibrium was clumped (r2 < 0.001) 
to ensure independence. Palindromic variants were excluded. For vari-
ants absent from our MS severity GWAS, we selected a strong linkage 
disequilibrium proxy (r2 > 0.8) when possible. The variants included 
were examined for instrument strength79 (mean F-statistic > 10; Sup-
plementary Table 18).

The main analysis was performed using the IVW Mendelian rand-
omization approach with a random-effects model. We also tested for 
heterogeneity across the genetic variants as a potential indicator of 
horizontal pleiotropy, using the Cochran’s Q-statistic and Mendelian 
randomization–pleiotropy residual sum and outlier (PRESSO) global 
test80,81. To further examine the assumption of no horizontal pleiotropy, 
we applied four additional Mendelian randomization methods: robust 
adjusted profile score, weighted median, MR-PRESSO, and MR-Egger 
regression (reviewed in ref. 81). Consistent results across these meth-
ods reduce the likelihood of bias. For the MR-Egger regression, we 
focused on the intercept as a test for unbalanced pleiotropy given that 
the association estimate is considerably underpowered82, although 
beta-coefficients are reported in Supplementary Table 19. Multivari-
able Mendelian randomization was also conducted to determine the 
effect of education adjusted for smoking on MS severity.

To determine the direction of effect, we also conducted a reverse 
analysis examining the effect of genetic liability to MS severity on each 
of the traits considered. Because there was only one genome-wide 
significant variant, the reverse analysis was only performed using the 
instrument selection threshold of P < 5 × 10−5. Finally, to provide an 
interpretable estimate of the effect size of education on MS severity, we 
repeated the educational attainment Mendelian randomization analysis 
using a GWAS of untransformed ARMSS scores. Analysis was conducted 
using the MendelianRandomization and TwoSampleMR R packages.

Education and smoking PGSs
We constructed PGSs using linkage disequilibrium clumped (r2 < 0.001) 
genome-wide significant variants (P < 5 × 10−8) associated with educa-
tional attainment34 and lifetime smoking index, a measure capturing 
smoking initiation (that is, ever and never smokers) and, among ever 
smokers, also accounts for smoking intensity, duration and cessation83. 
For educational attainment, associations from the full meta-analysis 
including 23andMe samples (n = 3,037,499) were considered. Each PGS 
was regressed on ARMSS scores adjusting for age, sex, center, batch, 
date of birth, EDSS source, initial disease course, age at onset and the 
first ten principal components. To test for independence between 
education and smoking, we repeated the regression analysis including 
both PGSs and their interaction.

Observational analysis of educational attainment
The association between educational attainment and long-term MS 
disability was assessed in two independent population-based Swedish 
cohorts, the EIMS and GEMS studies. Cohort and variable descrip-
tions are reported in the Supplementary Note. In each cohort, linear 
regression analyses assessed the association between recorded years 
of education (Supplementary Table 24) and MS severity adjusting for 
age, sex, date of birth, initial disease course and age at onset. We also 
examined whether the observed association was dependent on smok-
ing status or income level by adding them to the model separately and 
then together, allowing for interaction with years of education.

MS susceptibility variants
To compare the genetic architecture of MS susceptibility and severity, 
we calculated the genome-wide genetic correlation excluding the MHC 
region using bivariate LDSC with unconstrained intercept (version 
1.0.1)59. A free intercept was modelled to allow for sample overlap. We 
then focused our analyses on the 232 autosomal MS susceptibility 

associations we previously reported3. For non-MHC variants, we 
included the association statistics from the joint analysis and labelled 
them using the discovery variant (‘SNP discovery’). We excluded vari-
ants that were palindromic (n = 1), missing from the current study (n = 1) 
or with a joint P > 5 × 10−8 (n = 2). For MHC associations, we included 
those reported as non-palindromic single nucleotide variants (as 
opposed to HLA alleles) and added rs3135388 to tag HLA-DRB1*15:01 
(ref. 84). In total, 209 variants (197 non-MHC and 12 MHC) were exam-
ined (Supplementary Table 22). A two-sided exact binomial test was 
used to assess concordance of direction of effect on MS susceptibility 
and severity. The same variants were tested for association with longi-
tudinal outcomes using a Bonferroni-corrected significance threshold 
(Bonferroni-corrected P < 0.05/(209 × 3) or 8.0 × 10−5) and evaluated 
for concordance of nominal association (P < 0.05) across four disability 
outcomes (ARMSS score, 24-week confirmed disability worsening, time 
to EDSS 6.0 and rate of EDSS change).

To determine the aggregate effect of MS susceptibility on disability 
outcomes, we constructed a PGS (PGSMS) using 178 variants retained 
following linkage disequilibrium clumping (r2 < 0.01) of the 209 sus-
ceptibility associations. Variants were weighted by the natural log of 
their joint odds ratio. We then regressed the ARMSS scores on PGSMS 
adjusting for the same covariates as in the GWAS. We also regressed the 
phenotype on the covariates alone and measured the difference in R2 
with and without PGSMS, reported as the incremental R2. We performed 
similar analyses using age at onset, as well as ARMSS scores adjusted for 
age at onset. Next, we compared individuals in the highest and lower 
quartile of PGSMS based on the same survival and LMM analyses as previ-
ously described for the MS severity variants.

Software
The following software packages were used for data analyses: R version 
4.0.5 (https://www.r-project.org/) with additional packages ms.sev ver-
sion 1.0.4, aberrant version 1.0, survminer version 0.4.9, survival version 
3.2-11, metafor version 3.0-2, MASS version 7.3-54, lme4 version 1.1-27.1, 
lmerTest version 3.1-3, bootpredictlme4 version 0.1, gwasglue version 
0.0.0.9000, MendelianRandomization version 0.5.1, TwoSampleMR 
version 0.5.6, mr.raps version 0.4, MR-PRESSO version 1.0, data.table 
version 1.14.0, tidyverse version 1.3.1, ggplot2 version 3.3.5, ggpubr 
version 0.4.0, ggvenn version 0.1.9, scattermore version 0.7; bcftools 
version 1.12 (https://samtools.github.io/bcftools/), EAGLE version 2.4.1 
(https://alkesgroup.broadinstitute.org/Eagle/), EIGENSOFT version 
6.1.4 (https://github.com/DreichLab/EIG), FINEMAP version 1.4 and 
LDstore version 2.0 (http://www.christianbenner.com/), FOCUS version 
0.6.10 (https://github.com/bogdanlab/focus), FUSION (https://github.
com/gusevlab/fusion_twas), GCTA version 1.93.2beta (https://yanglab.
westlake.edu.cn/software/gcta/), GenomeStudio version 2.0 (https://
support.illumina.com/downloads/genomestudio-2-0.html), GWAMA 
version 2.2.2 (https://manpages.ubuntu.com/manpages/xenial/man1/
GWAMA.1.html), KING version 2.2.5 (https://www.kingrelatedness.
com/), LDSC version 1.0.1 (https://github.com/bulik/ldsc), Minimac4 
version 1.0.2 (https://genome.sph.umich.edu/wiki/Minimac4), PLINK 
version 1.90beta (https://www.cog-genomics.org/plink/1.9/) and ver-
sion 2.00 (https://www.cog-genomics.org/plink/2.0/), PRSice-2 version 
2.3.3 (https://github.com/choishingwan/PRSice), qctool version 2.0.6 
(https://www.well.ox.ac.uk/~gav/qctool_v2/) and Trans-Phar (https://
github.com/konumat/Trans-Phar).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The GWAS summary statistics generated in this study can be accessed 
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website (https://imsgc.net/). Individual-level genetic and pheno-
type data are deposited in the European Genome-phenome Archive 
for European centers (accession number EGAS00001007162) and 
in dbGAP (accession number phs002929.v1.p1) for other centres. 
Access restrictions are detailed in the Supplementary Note. Swedish 
participant metadata is available on Figshare (https://doi.org/10.6084/
m9.figshare.22551355.v1) and access to genotype data can be requested 
by contacting the senior principal investigator at the Karolinska Insti-
tutet (currently ingrid.kockum@ki.se) and signing the required legal 
agreement regarding data sharing. Gene expression profiles of human 
tissues used in this study can be downloaded from the GTEx Portal v8 
(https://gtexportal.org/home/datasets). The single-cell type expres-
sion profiles in human tissues can be downloaded from the Human 
Protein Atlas (https://www.proteinatlas.org/about/download). 
Additional CNS single-nucleus RNA expression and cell-type annota-
tion data were obtained from the Gene Expression Omnibus under 
accession numbers GSE71585, GSE97942, GSE118257, and GSE180759. 
We used publicly available data from the eQTL Catalogue release 4 
(https://www.ebi.ac.uk/eqtl/Data_access/), the LDSC GitHub reposi-
tory (https://github.com/bulik/ldsc/) and the Gonçalo Castelo-Branco 
Group (https://ki.se/en/mbb/oligointernode/). Detailed information 
on the GWAS summary statistics used in the Mendelian randomization 
analysis is provided in Supplementary Table 18. The GRCh37 refer-
ence genome used for mapping was obtained from the 1000 Genomes 
Project (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/ 
reference/).
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Extended Data Fig. 1 | Demographic characteristics by population and 
center. a, Discovery population (n = 12,584). b, Replication population 
(n = 9,805). Bars represent the proportion of patients in each category. Centers 
are ordered as in the box plot legend (bottom right subpanel). Box plots show 
median, first, and third quartiles; whiskers represent the smallest and largest 

values within 1.5-times the interquartile range; outliers are depicted as dots. 
The countries corresponding to the abbreviations in the box plot legend are 
shown in Supplementary Table 1. ARMSS, age-related multiple sclerosis 
severity; EDSS, expanded disability status scale; Primary prog., primary 
progressive; yrs, years.
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Extended Data Fig. 2 | Principal component analysis of the discovery and 
replication populations. MS cases were recruited from 13 countries for the 
discovery (a) and 8 for the replication (b). After removing population outliers, 
all remaining cases were of European ancestry. The first two principal 
components respectively captured the north-to-south and east-to-west 
gradients of European genetic structure. US and Canadian participants 
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the predominantly US subcluster located at the bottom right of the discovery 
population (a). The scree plots for our principal component analysis in the 
discovery (c) and replication (d) populations confirm that the first few principal 
components capture most of the variance attributable to the minimal population 
structure remaining after quality control.
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Extended Data Fig. 4 | Association of rs149097173 with longitudinal 
disability outcomes. a, Adjusted mean EDSS scores over time by carrier status 
for rs149097173 predicted from LMM analysis. Shaded ribbons indicate the 
standard error of the mean over time; P value from LMM. b, Covariate-adjusted 
cumulative incidence of 24-week confirmed disability worsening for the same 
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a walking aid; carriers had a 2.2-year shorter median time to require a walking 
aid. HR and two-sided P values were obtained from Cox proportional hazards 
models using imputed allele dosage (b–c; Methods). Results were not significant 
after adjusting for multiple testing across two variants (see Fig. 3 for rs10191329 
associations) and three outcomes (P < 0.05/6), although the latter are not 
expected to be independent. CI, confidence interval; HR, hazard ratio.
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Extended Data Fig. 5 | Tissue expression for nominated MS severity genes. 
Gene expression profiles were obtained from GTEx73 (version 8). Transcripts 
were collapsed to the gene level and expressed in natural log-transformed 
transcript per million (TPM) units. DYSF, ZNF638, DNM3 and PIGC are expressed 

in the brain. Box plots show median, first, and third quartiles; whiskers 
represent the smallest and largest values within 1.5-times the interquartile 
range; outliers are depicted as dots. Bold x-axis labels identify CNS tissues. 
Colors represent tissue types as defined in GTEx.
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Extended Data Fig. 6 | Cell type expression profiles for nominated MS 
severity genes. Single-cell RNA sequencing data from 25 human tissues and 
peripheral blood mononuclear cells were obtained from the Human Protein 
Atlas77. Transcript expression levels were summarized per gene and reported  
as average normalized transcripts per million (nTPM) in 76 cell types. Asterisks 
mark cell type specificity for the gene, defined as at least fourfold higher 

expression in a cell type compared to the mean of others. We note that three of 
the genes show specificity for oligodendrocyte lineage cells. PIGC expression 
in brain neuronal and glial cells, missing here, is demonstrated in Extended 
Data Fig. 8. Colors represent cell type categories; bold x-axis labels identify 
neuronal and glial cell categories.
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Extended Data Fig. 7 | Cell type expression for PIGC in brain white matter 
tissue. Single nuclear RNA expression from 4 progressive MS patients and  
5 non-neurological controls26 confirms PIGC expression in neuronal and glial 

cells including oligodendrocyte lineage cells. COPs, committed 
oligodendrocyte precursors; ImOLGs, immune oligodendroglia; Oligo, 
oligodendrocyte; OPCs, oligodendrocyte precursor cells; Vasc, vascular.
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Extended Data Fig. 8 | Genetic correlations with MS severity. Shared  
genetic contribution obtained from cross-trait LDSC. Colors correspond to 
genetic correlation (rg) estimates (blue, negative; red, positive). An asterisk 
indicates a correlation that is significantly different from zero, based on 

two-sided P values calculated using LDSC (*FDR < 0.05, **FDR < 0.01). Full 
results are in Supplementary Table 17. Aging-GIP1 was constructed using 
principal component analysis to capture GWASs of healthspan, father lifespan, 
mother lifespan, longevity, frailty, and self-rated health85.
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Extended Data Fig. 9 | Association of individual MS susceptibility variants 
(n = 209) with longitudinal disability outcomes. a, Distribution of P values 
from adjusted LMM analysis of EDSS change across all study visits. Distribution 
of two-sided P values from adjusted Cox proportional hazards analyses of  
(b) time to 24-week confirmed disability worsening and (c) time to require a 
walking aid. The dashed orange line represents the Bonferroni-corrected 
significance threshold adjusted for the number of susceptibility variants.  
d, Venn diagram of nominal associations (Punadjusted < 0.05) between individual 

MS susceptibility variants and all disability outcomes considered; no variant 
showed consistent association across three or more outcomes. The labels in 
this panel correspond to the following outcomes: ARMSS, association with 
ARMSS scores following rank-based inverse normal transformation; Disability 
worsening, time to 24-week confirmed disability worsening; Walking aid, time 
to require a walking aid (EDSS 6.0); EDSS rate, rate of EDSS change across all 
study visits.
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Extended Data Fig. 10 | MS susceptibility PGS and longitudinal disability 
outcomes. a, Adjusted mean EDSS scores over time by PGS quartile predicted 
from LMM analysis. Shaded ribbons indicate the standard error of the mean 
over time; P value from LMM. b, Covariate-adjusted cumulative incidence of 
24-week confirmed disability worsening comparing individuals in the highest 

versus those in the lowest quartile of MS susceptibility PGS. c, Covariate-adjusted 
cumulative incidence of requiring a walking aid for the same groups of 
individuals. HR and two-sided P values were obtained from Cox proportional 
hazards models using imputed allele dosage (b–c; Methods). Across all analyses, 
the MS susceptibility PGS had no influence on longitudinal outcomes.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used to collect the data.

Data analysis The following software packages were used for data analyses: R version 4.0.5 (https://www.r-project.org/) with additional packages ms.sev 
version 1.0.4, aberrant version 1.0, survminer version 0.4.9, survival version 3.2-11, metafor version 3.0-2, MASS version 7.3-54, lme4 version 
1.1-27.1, lmerTest version 3.1-3, bootpredictlme4 version 0.1, gwasglue version 0.0.0.9000, MendelianRandomization version 0.5.1, 
TwoSampleMR version 0.5.6, mr.raps version 0.4, MRPRESSO version 1.0, data.table version 1.14.0, tidyverse version 1.3.1, ggplot2 version 
3.3.5, ggpubr version 0.4.0, ggvenn version 0.1.9, scattermore version 0.7; bcftools version 1.12 (https://samtools.github.io/bcftools/), EAGLE 
version 2.4.1 (https://alkesgroup.broadinstitute.org/Eagle/), EIGENSOFT version 6.1.4 (https://github.com/DreichLab/EIG), FINEMAP version 
1.4 and LDstore version 2.0 (http://www.christianbenner.com/), FOCUS version 0.6.10 (https://github.com/bogdanlab/focus), FUSION 
(https://github.com/gusevlab/fusion_twas), GCTA version 1.93.2beta (https://yanglab.westlake.edu.cn/software/gcta/), GenomeStudio 
version 2.0 (https://support.illumina.com/downloads/genomestudio-2-0.html), GWAMA version 2.2.2 (https://manpages.ubuntu.com/
manpages/xenial/man1/GWAMA.1.html), KING version 2.2.5 (https://www.kingrelatedness.com/), LDSC version 1.0.1 (https://github.com/
bulik/ldsc), Minimac4 version 1.0.2 (https://genome.sph.umich.edu/wiki/Minimac4), PLINK version 1.90beta (https://www.cog-genomics.org/
plink/1.9/) and version 2.00 (https://www.cog-genomics.org/plink/2.0/), PRSice-2 version 2.3.3 (https://github.com/choishingwan/PRSice), 
qctool version 2.0.6 (https://www.well.ox.ac.uk/~gav/qctool_v2/), Trans-Phar (https://github.com/konumat/Trans-Phar).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The GWAS summary statistics generated in this study can be accessed through the International Multiple Sclerosis Genetics Consortium website (https://
imsgc.net/). Individual-level genetic and phenotype data are deposited in the European Genome-phenome Archive for European centers (dataset accessions in 
Supplementary Note), and in dbGAP (accession number phs002929.v1.p1) for other centers. Access restrictions are detailed in the Supplementary Note. Swedish 
participant metadata is available on Figshare (https://doi.org/10.6084/m9.figshare.22551355.v1) and access to genotype data can be requested by contacting the 
senior principal investigator at the Karolinska Institutet (currently ingrid.kockum@ki.se) and signing the required legal agreement regarding data sharing. Gene 
expression profiles of human tissues used in this study can be downloaded from the GTEx Portal v8 (https://gtexportal.org/home/datasets). The single-cell type 
expression profiles in human tissues can be downloaded from the Human Protein Atlas (https://www.proteinatlas.org/about/download). Additional CNS single-
nucleus RNA expression and cell-type annotation data were obtained from the Gene Expression Omnibus under accession numbers GSE71585, GSE97942, 
GSE118257, and GSE180759. We used publicly available data from the eQTL Catalogue release 4 (https://www.ebi.ac.uk/eqtl/Data_access/), the LDSC GitHub 
repository (https://github.com/bulik/ldsc/), the Gonçalo Castelo-Branco Group (https://ki.se/en/mbb/oligointernode/). Detailed information on the GWAS summary 
statistics used in the Mendelian randomization analysis is provided in Supplementary Table 19. The GRCh37 reference genome used for mapping was obtained from 
the 1000 Genomes Project (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/).

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender We considered sex as a covariate in our genome-wide association study, as male sex has been associated with higher 
multiple sclerosis (MS) disease severity in observational studies. The discovery population included 9,023 (71.7%) females 
and 3,561 males. The replication population included 7,045 (71.9%) females and 2,760 males. This ratio between females 
and males is consistent with the well-recognized sexual dimorphism observed in MS. Sex was assigned based on genotype 
(chromosome X F estimate) and compared with self-reported sex. Samples with a discordance between genotype-
determined and self-reported sex were excluded from analysis, as they may indicate sample mislabeling. Individual-level data 
deposited in the European Genome-phenome Archive and dbGaP includes sex. Gender was not collected and not considered 
in the analysis.

Population characteristics For the discovery population, mean (standard deviation) age at the last Expanded Disability Status Scale (EDSS) score was 
51.7 (11.8) years. Age at multiple sclerosis clinical onset was 33.6 (10.2) years and disease duration was 18.2 (10.6) years. 
Patients with a primary progressive disease course represented 8.6% of participants. Corresponding characteristics for the 
replication population are as follows: age at last EDSSS score 47.2 (12.4) years, age at clinical onset 32.5 (10.3) years, disease 
duration 15.8 (10.8) years, primary progressive disease course 6.4%. Additional population characteristics are provided in 
Supplementary Table 2 and Extended Data Fig. 1. All samples in the main GWAS were of European ancestry based on genetic 
principal component analysis.

Recruitment Participants with multiple sclerosis were ascertained and diagnosed by a neurologist locally according to established criteria. 
Participants were recruited at University-affiliated centers that are part of the International Multiple Sclerosis Genetics 
Consortium and the MultipleMS Consortium. For the discovery population, samples from patients with longer disease 
duration, older age, and availability of longitudinal outcome measures were preferentially submitted for genotyping. For the 
replication population, all previously genotyped MS patients available to the MultipleMS Consortium were included. Patients 
followed at tertiary specialized centers may have more severe or complex conditions or different demographic or 
socioeconomic characteristics than those in the community, which may affect the generalizability of our findings.

Ethics oversight All participants gave written informed consent in accordance with approval from the relevant local ethical committees or 
institutional review boards. A list of the ethical committees and institutional review boards from the relevant organizations 
and institutions that approved the study protocol for the GWAS study is provided in the Supplementary Note and copied 
below. A copy of the consent forms are available from the corresponding authors upon request. Autopsy procedures were 
approved by the Ethical Committee of the VU University Medical Center in Amsterdam, the Netherlands. 
 
The ethical committees or institutional review boards of the following organizations approved the study: University of Graz 
Ethics Committee (Austria), Royal Melbourne Hospital Human Research Ethics Committee (Australia), Hunter New England 
Local Health District Research Ethics & Governance Office (Australia), Sir Charles Gairdner Group Human Research Ethics 
Committee (Australia), University of Tasmania Office of Research Services (Australia), University of Leuven Ethics Committee 
(Belgium), University of Calgary Conjoint Health Research Ethics Board (Canada), Scientific Ethics Committees for the Capital 
Region and the Municipalities of Copenhagen and Frederiksberg (Denmark), University of Mainz Ethics Committee 
(Germany), Technical University of Munich Ethics Committee (Germany), University Hospital of Larissa Local Ethics 
Committee (Greece), University of Piemonte Novara Ethics Committee (Italy), San Raffaele Hospital (IRCCS) Ethics Committee 
(Italy), Erasmus University Rotterdam Ethics Committee (Netherlands), Regional Committee for Medical Research Ethics 
(Norway), Clinical Research Ethics Committee of the Hospital Clinic of Barcelona (Spain), Vall D'Hebron University Hospital 
Research Ethics Committee (Spain), Karolinska Institutet Ethical Assurances (Sweden), Thames Valley Multi Centre Research 
Ethics Committee (UK), Brigham and Women’s Hospital Partners Human Research Committee (USA), University of California 
San Francisco Committee on Human Research (USA), University of California at Berkeley Committee for protection of Human 
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Subjects (USA), and University of Miami Human Subject Research Office (USA).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size was determined by the availability of cohorts of multiple sclerosis cases with genotype data and appropriate clinical severity 
measures. We did not pre-specify a sample size given the hitherto unknown genetic architecture of multiple sclerosis severity and the broad 
distribution of allele frequencies and effect sizes encountered in genome-wide association studies. A flow diagram depicting the starting 
sample counts based on availability and final number analyzed following exclusions is provided in the Extended Data Fig. 1.

Data exclusions Pre-specified exclusion criteria for the discovery population included patients that develop marked disability early in disease course as a result 
of multiple relapses; patients left with marked disability as a result of one (or a limited number) of critically placed lesions; patients where co-
morbidity contributes substantially to the observed disability. 
 
Exclusions as part of sample and variant quality control are detailed in the Methods and Supplementary Note. Multiple sclerosis cases with 
missing disability measures were also excluded.

Replication Replication of variant associations was tested in an independent cohort of 9,805 multiple sclerosis cases. The genome-wide significant locus 
associated with multiple sclerosis in the discovery phase successfully replicated.

Randomization No randomization was performed because there was no allocation of samples to experimental groups.

Blinding Neither patients nor investigators were aware of the patient's genotype at recruitment or assessment of multiple sclerosis severity.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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