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Abstract

Background: Substantial progress has been made towards unraveling the genetic architecture of 

multiple sclerosis (MS) within populations of European ancestry, but few genetic studies have 

focused on Hispanic and African American populations within the United States.

Objective: We sought to test the relevance of common European MS risk variants outside of the 

Major Histocompatibility Complex (n=200) within these populations.

Methods: Genotype data were available on 2652 Hispanics (1298 with MS, 1354 controls) and 

2435 African Americans (1298 with MS, 1137 controls). We conducted single variant, pathway, 

and cumulative genetic risk score analyses.

Results: We found less replication than statistical power suggested, particularly among African 

Americans. This could be due to limited correlation between the tested and causal variants within 

the sample; or alternatively could indicate allelic and locus heterogeneity. Differences were 

observed between pathways enriched among the replicating versus all 200 variants. Although 

these differences should be examined in larger samples, a potential role exists for gene-

environment or gene-gene interactions which alter phenotype differentially across racial and ethnic 

groups. Cumulative genetic risk scores were associated with MS within each study sample but 

showed limited diagnostic capability.

Conclusion: These findings provide a framework for fine-mapping efforts in multi-ethnic 

populations of MS.

Keywords

multiple sclerosis; multi-ethnic; genetics; admixture; allelic heterogeneity; locus heterogeneity; 
risk score; pathway analysis

Introduction

Multiple sclerosis (MS [MIM: 126200]) is a chronic neurodegenerative disease, 

characterized by the presence of inflammatory demyelinating lesions in the central nervous 

system.1 Through genome-wide association studies and meta-analyses,2–5 substantial 

progress has been made towards unraveling the genetic architecture of MS within 

populations of European ancestry, to date explaining ~39% of the narrow-sense heritability 

(19.2%; 95% CI: 18.5-19.8%).2

Few genetic studies of MS have been conducted in Hispanics and African Americans6 

although they represent a sizeable proportion of the United States (US) population (~16% 

and ~12%, respectively).7 These few studies, particularly those in select Hispanic sub-

populations, primarily focus on HLA alleles within the Major Histocompatibility Complex 

(MHC).8–10 Despite the value of minority inclusion for examining population differences, 
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providing insight into health disparities, understanding biology, and improving care; these 

exclusions persist across a variety of disease phenotypes.11 Only 19% of published genome-

wide studies reported on non-European populations in 2016.11, 12 Further, there exists a 

long-held belief that prevalence of MS is lower in these populations compared to 

populations of European ancestry. However, epidemiological evidence suggests that 

prevalence may be higher than previously indicated13–15 and vary considerably by 

geographical region.16, 17

As compared to Europeans, African Americans often exhibit greater disease severity18 and 

Hispanics more often present with optic neuritis, commonly at an earlier age; although 

geographical location and genetic admixture play a role in differences observed across 

Hispanic sub-populations.19–21 The disease heterogeneity seen between and among these 

populations implies that their study is essential to understanding mechanisms underlying MS 

genetics for all people. Moreover, genetic admixture observed in Hispanics and African 

Americans provides unique insight into allelic and locus heterogeneity. Smaller linkage 

disequilibrium (LD) blocks are observed when compared to ancestral Europeans, given their 

African ancestral component, and the greater degree of recombination observed due to 

ancestral lineage.22

Our objective is to examine Hispanics and African Americans for relevance and diagnostic 

accuracy of the 200 independent non-MHC variants,2 spanning 156 loci of 2-Megabases 

(Mb) each, which are associated with MS risk in European populations.

Materials and methods

Participants and Genotyping

2995 self-reported Hispanics (1558 with MS, 1437 controls) and 2630 self-reported African 

Americans (1427 with MS, 1203 controls) were ascertained from seven US participating 

institutions (Appendix) as part of the Alliance for Research in Hispanic MS (ARHMS) 

(www.arhms.org). A further 464 European samples from the Centre d’Esclerosi Múltiple de 

Catalunya (Cemcat) in Barcelona, Spain (232 with MS and 232 controls) were provided. 

The Institutional Review Boards at each institution approved this study, and all participants 

provided written informed consent prior to participation. SNP genotyping was conducted 

using the MS Chip, an Illumina Infinium custom genotyping array. Participants and variants 

were excluded using standard criteria (Appendix). In total, 2784 Hispanics (1398 with MS, 

1386 controls), 2460 African Americans (1305 with MS, 1155 controls), and 406 Spaniards 

(198 with MS, 208 controls) remained.

Global ancestry computation

To assess global ancestry, we used ADMIXTURE23 and reference data from native 

populations of the Americas within the Human Genome Diversity Project (HGDP)24 and 

from Europeans and Africans within 1000 Genomes25. We additionally removed individuals 

with ≥99.9% ancestry from any one reference population, resulting in 2652 Hispanics (1298 

with MS, 1354 controls) and 2435 African Americans (1298 with MS, 1137 controls) 

(Appendix, Table 1, S1 Table).
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Association analysis: MS risk

Association between MS status and the 200 MS single nucleotide polymorphisms (SNPs) 

was assessed using logistic regression in the Hispanic and African American study samples 

separately, adjusting for global European and Native American ancestry to control for 

differences within and across ascertainment sites. Sensitivity analyses were conducted to 

further assess the effect of population stratification, by removal of individuals with ancestral 

extremes (Appendix). An inverse-variance meta-analysis of the Hispanic and African 

American study samples, under a random effects model, was performed using PLINK. In the 

homogeneous Spanish sample, we adjusted for the first five principal components 

(Appendix). SNP was modeled additively as 0, 1, or 2 copies of the risk allele. Replication 

was defined as marginal one-sided p ≤ 0.05. Correlation of the observed risk allele frequency 

difference with Europeans and replication status (0 = no replication, 1 = replication) was 

examined with Pearson correlation coefficients using R v3.0.2. Quanto v1.2.4 was used to 

determine if observations were consistent with power (Appendix).

To determine if marginal associations within the same 2-Mb locus were independent, as they 

were in Europeans,2 forward stepwise conditional logistic regression was performed. At 

each of the 156 loci, the most significant SNP having a one-sided p ≤ 0.05 was identified 

and included as a covariate. The association analysis was then repeated for the remaining 

SNPs within the locus, until no more SNPs were added.

Networks and pathways

SNPs were mapped to genes using three parallel approaches (Appendix). StringDB26 was 

used to construct a network of the variants which replicated in both study populations. We 

allowed the addition of up to 10 connecting genes (Appendix) in order to build the network. 

We additionally used StringDB to compute the enrichment of Gene Ontology (GO) 

Biological processes among the gene sets represented by all 200 variants as compared to 

those which replicated, on a background of all genes in the human genome.

Risk score analysis

Cumulative genetic risk scores were computed in three ways for each study sample in 

addition to 1000 Genomes populations (Appendix). We further computed the genetic risk 

scores for 1811 European individuals with MS and 477 control samples available from 

UCSF which were included in the original European analysis performed by the International 

Multiple Sclerosis Genetics Consortium (IMSGC).2

The first method utilized a weighted sum of previously published risk alleles from the 15 

variants which replicated in both admixed study samples and demonstrated homogeneity of 

effect (heterogeneity p > 0.05) across populations. Weights were extracted as effect sizes 

from the published European study.2 The remaining two methods incorporated all 194 

independent variants (Appendix); first as a weighted sum and then as an unweighted sum of 

risk alleles. Scores were compared utilizing two-sample t-tests with R v3.0.2. Receiver 

Operating Characteristic (ROC) curves and area under the curve (AUC) were generated to 

assess utility of the risk score for MS prediction.
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To further assess the inherent disease risk within our study samples, we used logistic 

regression models, adjusting for global ancestry, to compute the odds of disease for 

individuals in the 0-5th, 6-10th, 11-25th, 75-89th, 90-94th, and 95-100th percentile of each of 

the two distributions compared to individuals within the interquartile range (IQR).

Results

Distribution of ancestry

On average, our Hispanics are 74% European, 15% Native American, and 11% African; 

while African Americans are 20% European, 2% Native American, and 78% African. 

Similar distributions are seen between individuals with MS and controls (Fig 1). Site-

specific differences are observed along a geographical cline for the Hispanic study sample, 

in part due to waves of immigration and forced relocations of native populations.27 In 

contrast, site-specific differences are minimal for the African Americans (S1 Table, S1–S4 

Figs).

SNP associations: MS risk

152 of 200 (76%) and 136 of 200 (68%) SNPs show directional consistency with the 

European risk allele in Hispanics (one-sided binomial p = 4.37 x 10−14) and African 

Americans (p = 1.95 x 10−07) respectively. In Hispanics with ≥80% European ancestry (462 

with MS and 736 controls), directional consistency increases to 79%. African Americans 

show a greater risk allele frequency difference with Europeans (mean absolute frequency 

difference = 0.14, SD = 0.11) than Hispanics (mean absolute frequency difference = 0.04, 

SD = 0.03).

In total, 16 of 200 SNPs show marginal replication (one-sided p ≤ 0.05) in both the Hispanic 

and African American study sample, 57 in only the Hispanic study sample, and 28 in only 

the African American study sample (S2 Table). Beyond adjustment for global ancestry, 

population stratification did not substantially affect our association results (S9 Table, 

Appendix). While we do not see correlation between replication status and absolute 

frequency difference in African Americans (r = −0.07, p = 2.94 x 10−01) or Hispanics (r = 

0.07, p = 3.14 x 10−01); we do see correlation with relative frequency difference in both 

African Americans (r = 0.16, p = 2.40 x 10−02) and Hispanics (r = 0.20, p = 4.84 x 10−03); 

where more replication is seen when the European risk allele frequency is greater than the 

study population frequency than vice versa (S5 and S6 Figs).

We see no statistically significant evidence for heterogeneity of effect size after correction 

for multiple testing (Bonferroni threshold = 2.50 x 10−04). Nominal evidence (p ≤ 0.05, S2 

Table) is observed at one variant that replicates in both study samples: intronic rs4545915 

within MALT1 paracaspase (MALT1) at 18q21.32: published2 European OR = 1.09, 

Hispanic OR = 1.29, and African American OR = 1.18. Nominal evidence for heterogeneity 

of effect size is additionally seen for five variants which replicate only in Hispanics (S2 

Table) and for one variant which replicates only in African Americans (intergenic 

rs11740512 at 5p13.1: published European OR = 1.15, African American OR = 1.29). 

rs11740512 was mapped to PTGER4 through regulatory networks. Five SNPs show 
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significance (two-sided p ≤ 0.10), but with opposite direction of effect than Europeans. No 

association (one-sided p > 0.05) is indicated for the remaining 94 SNPs; although seven of 

the 94 reach marginal significance (one-sided p ≤ 0.05) in the meta-analysis (S2 Table).

The average power across the 200 variants is 42% in Hispanics (46% in replicating, 39% in 

non-replicating variants), 36% in African Americans (39% in replicating, 35% in non-

replicating variants), and 14% in Spaniards (15% in replicating, 14% in non-replicating 

variants). We observe fewer independent marginal associations than would be expected 

based on power in African Americans (observe 41, expect 69 with 95% CI: 57-82). In 

Hispanics and Spaniards, we respectively observe fewer (observe 70, expect 80 with 95% 

CI: 67-93) and greater (observe 32, expect 28 with 95% CI: 19-38) independent marginal 

associations than expected; however our observations fall within the 95% CI for expected 

associations (S2 Table, S4 Table, Appendix).

Independence of associations within loci

64 of 156 loci (42%) in Hispanics and 39 of 156 loci (25%) in African Americans have at 

least one variant which replicates with one-sided p ≤ 0.05; with five (S5 Table) and two (S6 

Table) of the loci which indicated multiple independent effects in Europeans2 also indicating 

multiple statistically independent effects following conditional modeling. These results 

provide evidence for within population allelic heterogeneity.

There are four independent effects at the 1p22.1 locus in Europeans;2 however, we see two 

of those effects (rs9887787 and rs58394161) in Hispanics and one (rs58394161) in African 

Americans. The primary European effect (rs11577426) shows no association in either 

admixed study sample, although this could be due to limited power for detection (S2 Table).

Pathway analysis

Among the genes mapped to variants (S7 Table) which replicate in both admixed study 

samples, pathway analysis highlights the role of ‘regulation of T cell differentiation’ (False 

Discovery Rate (FDR) p = 1.69 x 10−07) and ‘positive regulation of cytokine production’ 

(FDR p = 2.39 x 10−06) (Fig 2, S8 Table).

When considering the pathways enriched among genes mapping to all 200 variants; ‘cell 

activation’, ‘positive regulation of RNA metabolic process’, ‘cellular response to cytokine 

stimulus’, ‘response to cytokine’, ‘positive regulation of transcription’, and ‘positive 

regulation of RNA biosynthetic process’ all show FDR p < 1.00 x 10−07 (S8 Table). All but 

‘positive regulation of RNA metabolic process’ are also enriched (p < 0.05) among genes 

mapping to variants which replicate in either the Hispanic or African American study 

sample. Several other pathways show enrichment (FDR p < 1.00 x 10−05) among genes 

mapping to all 200 variants but not the replicating variant subset (FDR p > 0.05); including 

‘positive regulation of nucleobase-containing compound metabolic process’, ‘multi-

organism process’, positive regulation of lymphocyte activation’, ‘positive regulation of 

cellular metabolic process’, ‘regulation of homotypic cell-cell adhesion’, ‘positive regulation 

of macromolecule metabolic process’, ‘regulation of response to stimulus’, and ‘leukocyte 

cell-cell adhesion’. Yet, we find no difference in power to detect association for variants 

within and outside of each of these pathways (two-sample t-test p > 0.05 for each pathway).
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Risk score results

All three cumulative genetic risk scores show association with MS disease status in all study 

samples; with significance of association boosted using the 194-variant scores over the 15-

variant scores in all but African Americans. For the 15-variant score, a cline is seen in the 

geographical distribution of the risk score with 1000G Africans (AFR) demonstrating the 

lowest scores, followed by Asians (ASIA), Americans (AMR), and Europeans (EUR) with 

the highest (Fig 3A). With the 194-variant unweighted (Fig 3B) and weighted risk scores 

(Fig 3C), 1000 Genomes AFR now demonstrate the highest scores, followed by populations 

of EUR, AMR, and ASIA with the lowest.

None of the risk scores provide perfect diagnostic MS capability (AUC = 1) (Figs 4A–4C). 

The AUC of the European subset2 and Hispanics increases from the 15-variant to the 194-

variant risk scores, signifying better predicting capability when using all 194 variants. 

However, the African American AUC decreases or remains unchanged from the 15-variant 

to the 194-variant risk scores, signifying no improvement in predictive capability when 

using all 194 variants.

Hispanics and African Americans in the 95th percentile of the 15-variant weighted risk score 

distribution have odds of 2.17 (95% CI: 1.48-3.19) and 2.14 (95% CI: 1.42-3.22) 

respectively of developing MS as compared to individuals in the IQR. The odds of 

developing MS for those in the 95th percentile increases using the 194-variant risk scores in 

Hispanics (2.69 unweighted, 2.67 weighted) but decreases in African Americans (1.61 

unweighted, 1.78 weighted). These data provide further evidence for reduction in diagnostic 

capability in African Americans, specifically when utilizing all 194 variants (Table 2).

Discussion

MS genetic discoveries in populations of European ancestry now include 200 autosomal 

non-MHC variants, 32 variants within the extended MHC, and one X-chromosome variant.2 

Our primary objective was to test the relevance of the 200 MS non-MHC risk variants within 

US minority populations of Hispanics and African Americans. While both admixed study 

samples suggest an over-representation of European risk alleles among individuals with MS, 

we in fact see less replication than would be anticipated within African Americans. Since the 

200 analyzed SNPs are unlikely to be causal and instead tag the underlying variation in 

European populations, the smaller LD blocks observed in African Americans could result in 

less correlation between the analyzed and causal variants, inherently reducing power for 

detection. Alternatively, limited replication could indicate that not all MS risk SNPs 

discovered in European populations are relevant, possibly due to locus heterogeneity or 

gene-environment interactions. Further, the effect sizes which are relevant for MS may be 

lower than those observed in Europeans for a subset of variants. This could be due to allelic 

heterogeneity or differing LD structure. The ‘Winner’s Curse’ could also explain our 

observations; by which the observed European effect sizes are inflated due to thresholding, 

or only reporting associations meeting a specified statistical threshold. This can result in 

preferential selection of effects which may be overestimated due to noise. Nonetheless, we 

expect this to play a minimal role due to the robustness of the multi-stage European study 

design2 which resulted in narrow confidence intervals for genome-wide associations.
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We see nominal evidence heterogeneity of effect size for several replicating variants, 

warranting further investigation in larger samples. These include an intronic SNP in 

MALT1. MALT1 is a component of the CARMA1-BCL10-MALT1 signalosome and 

encodes a caspase-like protease that influences BCL10-induced activation of NF-kappaB, 

which is essential for lymphocyte activation. Pharmacological studies have indicated that 

inhibition of MALT1 protease activity attenuates experimental autoimmune 

encephalomyelitis in mice,28 and has been suggested as a rational drug target for 

immunomodulation.29 MALT1 contains VDR-binding peaks and VDRE motifs for 

inflammatory dendritic cells,30 suggesting that vitamin D exposure and absorption, likely to 

be influenced by race/ethnicity,31 may influence expression.32 PTGER4, showing 

heterogeneity between Europeans and African Americans, is a receptor for prostaglandin E2 
(PGE2). PGE2 production may be regulated in part by vitamin D3 metabolites,33 and 

vitamin D absorption may be decreased among individuals with higher skin pigmentation.31 

These results are compatible with reports that levels of 25-hydroxyvitamin D are positively 

correlated with European ancestry and are lower in African Americans with MS than 

controls.34 These heterogeneous effects, while nominal, illustrate potential interactions 

between gene and environment which may occur to influence the effect of a variant on MS 

risk.

We note several pathways which appear to be enriched for MS in more than one population 

(i.e. Europeans and at least one of our admixed populations) and several which are only 

enriched in Europeans. For instance, the pathway involving positive regulation of RNA 

metabolic process was highly enriched among genes which mapped to all 200 variants, but 

did not show even nominal enrichment among genes which mapped to variants replicating in 

at least one population. This could indicate that this pathway is most relevant for the 

etiology of MS in populations of European ancestry. This phenomenon of a race/ethnic 

effect on assorted metabolic processes has been well studied in pharmacokinetics.35 We 

present here evidence that further study of the influence of metabolic processes on disease 

risk and progression, inclusive of MS, may be warranted and provide insight which may be 

relevant for treatment. While these findings should be followed-up in larger samples; gene-

environment or gene-gene interactions may exist which alter disease phenotype differentially 

across race and ethnic groups.

We find that cumulative genetic risk scores are associated with MS disease status in all study 

samples. The 15-variant risk score shows limited diagnostic accuracy and limited variability 

across populations (AUC from 0.56 to 0.60). Accuracy improves minimally for the 194-

variant risk scores in Europeans (AUC = 0.70) and Hispanics (AUC = 0.67) but remains 

relatively unchanged for African Americans; providing additional evidence that not all 

variants associated with MS risk in European populations may be relevant in this US 

minority population. However, this could again be due to limited LD between the analyzed 

and causal variant in our African American population; where the true causal variant may be 

relevant. Both affected and unaffected African Americans have a dramatic increase in score 

from 15 to 194 variants, even above that of Europeans with MS; illustrating an inherent bias. 

Theoretical risk may increase due to increased ‘risk’ allele frequency, while no further 

knowledge is gained regarding disease status. The similarities observed between the 194-
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unweighted and weighted risk scores indicates that while both methods present some level 

of bias (assuming equal or imprecise weights), the results remain robust.

While diagnostic accuracy is currently limited in all study populations, these data provide a 

wealth of knowledge that can be used to efficiently and accurately fine-map the published 

MS loci. For variants which replicate in both admixed study samples, the true causal variant 

is most likely tagged by the associated variant in Europeans, Hispanics, and African 

Americans. Likewise, for variants which replicate in only one admixed study sample, the 

causal variant would only be tagged by the associated variant in Europeans and the 

replicating population. While we do not currently have evidence to suggest association in the 

non-replicating population; we acknowledge that if the lack of association is due to limited 

LD between the analyzed and causal variant, fine-mapping in this population may be ideal. 

It may result in a smaller credible interval, meaning that the genetic distance in which the 

causal variant is contained with high probability may be smaller in this population than in 

another. For variants which show significant yet opposite direction of effects in an admixed 

study sample, we must consider causal variants that are in LD in either Europeans or the 

relevant minority population, given this evidence for variation in LD structure. For instance, 

we observe a protective effect in Hispanics of the European risk allele for rs767455 in 

TNFRSF1A (a locus was previously fine-mapped to rs1800693, with a posterior probability 

of 0.69 in Europeans).5

These findings represent the most comprehensive study of established common genetic risk 

alleles for MS in Hispanics and African Americans. Novel insight is provided into the 

relevance of previously published MS risk variants for US minority populations. Overall, 

these findings provide a framework for future fine-mapping efforts in multi-ethnic 

populations of MS. Our results are limited by a lack of genome-wide array data which 

would allow for incorporation of local ancestry into all analyses. The lack of fine-mapping 

content also limits our ability to translate association into causality, although future efforts 

will be focused on this work. In summary, this work highlights the importance of diversity in 

genomic studies to both to uncover effective therapies for all individuals burdened with 

disease and provide a path towards prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Global ancestry proportions for Hispanic and African American case-control samples.
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Fig 2. Gene-network for genes mapped to 16 variants which replicated in both Hispanics and 
African Americans.
Blue fill indicates genes which are part of the Positive Regulation of Cytokine Production 

pathway, and red fill indicates genes which are part of the Regulation of T Cell 

Differentiation pathway as defined by GO Biological processes. Border colors denote the 

mode of gene-mapping: green (regulatory), blue (exonic), aqua (regulatory+exonic), red 

(eQTL PBMC), tan (regulatory+eQTL PBMC). No border color indicates the gene was a 

link added by StringDB.
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Fig 3. Distribution of the cumulative genetic risk score across populations.
(A) 15-variant weighted risk score, (B) 194-variant unweighted risk score, and (C) 194-

variant weighted risk score. P-values indicate the results of a two-sample t-test between 

adjacent populations. AFR = 1000G Africans (ACB, ASW, LWK, and YRI), AA Control = 

African American controls, AA Case = African American MS cases, ASIA = 1000G Asians 

(CHB, CHD, and JPT), AMR = 1000G Americans (CLM, MXL, PEL, PUR), HISP Control 

= Hispanic controls, HISP Case = Hispanic MS cases, EUR = 1000G Europeans (CEU, FIN, 
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GBR, IBS, and TSI), EUR Control = UCSF European controls, EUR Case = UCSF 

European MS cases, BAR Control = Spanish controls, and BAR Case = Spanish MS cases.
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Fig 4. Receiver Operating Characteristic curves for the cumulative genetic risk score.
(A) 15-variant weighted risk score and (B) 194-variant unweighted risk score, and (C) 194-

variant weighted risk score. Computed for each population with: Europeans = 1811 UCSF 

MS Cases and 477 UCSF Controls, Hispanics = 1298 MS Cases and 1354 Controls, and 

African Americans = 1298 MS Cases and 1137 Controls.
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Table 1.

Sample distribution.

Site Hispanic African American

MS Case Control MS Case Control

N (%) N (%)

University of Miami (UM) 539 (42)
1131 (84)

a 49 (4) 378 (33)

University of California, San Francisco (UCSF) 156 (12)
149 (11)

a 1001 (77) 600 (53)

University of Southern California (USC) 195 (15) 0 (0) 0 (0) 0 (0)

Caribbean Neurological Center, Puerto Rico (PR) 316 (24) 6 (0) 0 (0) 0 (0)

Brigham and Women’s Hospital (BWH) / Johns Hopkins (JHU) 92 (7) 68 (5) 169 (13) 5 (0)

Vanderbilt University (VU) 0 (0) 0 (0) 79 (6) 154 (14)

Total 1298 1354 1298 1137

Global Admixture % %

European 71 76 20 19

African 11 11 78 79

Native American 18 13 2 2

a
41 and 89 controls from UM and UCSF respectively are Puerto Rican in heritage, genotyped to provide an ancestral balance to the Puerto Rican 

cases ascertained from the Caribbean Neurological Center. All MS cases from UM were recruited through the MS Registry, while the majority 
(95%) of UM Hispanic controls were recruited from the Miami Cardiovascular Registry (MCR). African American controls from UM were 
recruited as controls from collections initiated for study of Alzheimer’s disease.
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Table 2.

MS association by risk score percentile.

Percentile 15 Replicating Variants - Weighted

Hispanics African Americans Europeans
a

OR (L95-U95) P OR (L95-U95) P OR (L95-U95) P

0-5 0.43 (0.29-0.64) 2.72 x 10−05 0.43 (0.29-0.64) 2.89 x 10−05 0.68 (0.44-1.05) 8.13 x 10−02

6-10 0.61 (0.42-0.89) 1.01 x 10−02 0.62 (0.42-0.90) 1.25 x10−02 0.70 (0.45-1.09) 1.14 x 10−01

11-25 0.74 (0.59-0.93) 1.10 x 10−02 0.76 (0.60-0.97) 2.43 x 10−02 0.73 (0.55-0.96) 2.57 x 10−02

75-89 1.27 (1.01-1.60) 3.90 x 10−02 1.45 (1.14-1.84) 2.65 x 10−03 1.11 (0.82-1.52) 5.00 x 10−01

90-94 1.38 (0.96-1.98) 8.52 x 10−02 1.39 (0.95-2.04) 9.17 x 10−02 1.25 (0.75-2.09) 3.92 x 10−01

95-100 2.17 (1.48-3.19) 7.26 x 10−05 2.14 (1.42-3.22) 2.80 x 10−04 1.44 (0.85-2.46) 1.79 x 10−01

194 Independent Variants - Unweighted

0-5 0.25 (0.16-0.37) 8.27 x 10−11 0.37 (0.25-0.53) 9.09 x 10−08 0.19 (0.13-0.28) <2.00 x 10−16

6-10 0.35 (0.23-0.53) 6.84 x 10−07 0.58 (0.40-0.85) 4.64 x 10−03 0.24 (0.16-0.37) 2.54 x 10−11

11-25 0.50 (0.39-0.63) 2.64 x 10−09 0.63 (0.50-0.79) 4.79 x 10−05 0.47 (0.36-0.61) 1.20 x 10−08

75-89 1.77 (1.40-2.25) 2.07 x 10−06 1.36 (1.06-1.74) 1.59 x 10−02 1.74 (1.18-2.55) 4.90 x 10−03

90-94 3.10 (2.07-4.63) 3.42 x 10−08 1.06 (0.73-1.54) 7.59 x 10−01 3.61 (1.66-7.86) 1.23 x 10−03

95-100 2.69 (1.85-3.92) 2.14 x 10−07 1.61 (1.12-2.32) 1.09 x 10−02 5.14 (2.07-12.7) 4.13 x 10−04

194 Independent Variants - Weighted

0-5 0.17 (0.11-0.29) 1.16 x 10−11 0.39 (0.26-0.58) 3.08 x 10−06 0.19 (0.13-0.28) <2.00 x 10−16

6-10 0.40 (0.27-0.60) 8.40 x 10−06 0.56 (0.38-0.82) 2.66 x 10−03 0.28 (0.19-0.42) 6.77 x 10−10

11-25 0.55 (0.43-0.69) 6.47 x 10−07 0.56 (0.44-0.71) 1.62 x 10−06 0.48 (0.36-0.63) 1.01 x 10−07

75-89 2.08 (1.64-2.63) 1.49 x 10−09 1.23 (0.97-1.56) 8.83 x 10−02 1.84 (1.27-2.67) 1.37 x 10−03

90-94 3.01 (2.01-4.49) 7.58 x 10−08 1.51 (1.02-2.23) 3.81 x 10−02 4.00 (1.73-9.23) 1.15 x 10−03

95-100 2.67 (1.80-3.95) 9.73 x 10−07 1.78 (1.20-2.66) 4.56 x 10−03 4.89 (1.97-12.1) 6.19 x 10−04

a
Europeans analyzed are the 1811 European individuals with MS and 477 control samples from UCSF

OR = Odds Ratio, L95 = lower 95% confidence bound, U95 = upper 95% confidence bound
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