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Multiple sclerosis (MS) is characterized as an immune-mediated central nervous system disease 
marked by chronic inflammation, demyelination, and progressive neurodegeneration. In this study, we 
evaluated the contribution of low-frequency and rare genetic variants to MS susceptibility within one 
of the largest family-based MS cohorts to date, comprising 215 individuals from 59 Turkish multiplex 
MS families. Whole exome sequencing was conducted on all samples including affected and unaffected 
members, followed by investigation of the effect of well-established human leukocyte antigen loci 
for MS on the elevated MS risk observed in our families. Subsequently, a gene-based burden analysis 
was performed on candidate genes identified through both our segregation analysis and existing 
literature. To prioritize the genes and pathways that are potentially associated with MS, a segregation-
based analysis of the variants was conducted and complemented by gene-based pathway enrichment 
analysis. Our results highlighted the significance of the extracellular matrix in MS pathogenesis, 
as we identified laminin-related genes including LAMA5 and LAMB1 from both the segregation 
analysis and gene-based burden test. Hemidesmosome assembly emerged as a key pathway in our 
analysis, primarily driven by the identification of DST and PLEC as significant genes in the gene-based 
segregation analysis. Finally, we identified two rare coding variants passing our allele frequency and 
deleteriousness score-based filters, rs41266745 (C> T) in the CD109 gene with CADD phred score 24 and 
rs143093165 (T> G) in the ITPR1 gene with CADD phred score 22 and LOEUF 0.325, segregating within 
more than one family. Overall, this is one of the first and largest family-based MS studies from Turkey 
that features a unique cohort from an admixed population that enabled the detection of novel low-
frequency and rare variants associated with MS. The findings from this study offer valuable insights 
that could guide future research aimed at further exploring and understanding the factors contributing 
to MS risk.
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Multiple sclerosis (MS) is an immune-mediated disease of the central nervous system characterized by chronic 
inflammation, demyelination, and progressive neurodegeneration. Even though the exact cause of MS is still 
unknown, studies over the years have shown that both genetic and environmental factors contribute to disease 
susceptibility and progression. Many different loci contribute to MS susceptibility and a large genome-wide 
association study (GWAS) performed by the International Multiple Sclerosis Genetic Consortium (IMSGC) has 
uncovered more than 232 genetic loci including common human leukocyte antigens(HLA) variants1. However, 
these variants lack sufficient explanation for MS susceptibility in other populations2. HLA alleles are well-
recognized as key genetic determinants of MS susceptibility, with common HLA gene variants contributing 
approximately 20-30% to the overall heritability of the disease3. The HLA-DRB1*15:01 allele is the most 
significant genetic risk factor, with carriers having over three times the likelihood of developing MS compared 
to non-carriers, contributing to approximately 10.5% of the genetic variance associated with the disease4. Other 
HLA variants, including HLA-DR3, HLA-DR4, and various DQ alleles, also contribute to MS risk, though their 
impact varies across populations, reflecting the genetic diversity in disease risk. The association with HLA-
DRB115:01 is particularly prominent in Northern European populations, whereas different alleles may have 
stronger associations in other ethnic groups5.

Discovered MS loci can only explain about half of disease heritability where a large part of disease heritability 
remains unexplained. One potential source of the missing heritability is the presence of low-frequency and rare 
variants that exhibit moderate to large effect sizes. Standard methods for variant detection lack sufficient power 
to identify associations with rare variants due to their low frequency in the population6.

The most extensive effort to date in detecting low-frequency and rare variants associated with MS involved 
a large-scale meta-analysis conducted by the IMSGC, revealing that coding low-frequency variants account for 
5% of MS heritability3. Individuals with a first-degree relative diagnosed with MS exhibit a markedly elevated 
risk, estimated to be seven times higher than that of the general population, underscoring the substantial genetic 
contribution in familial MS cases7. These analyses reveal that while common variants significantly contribute 
to disease risk, rare functional variants may also play an essential role, particularly in specific familial contexts 
where they might interact with common risk variants8,9.

Family-based genetic association studies can provide an advantage over case-control studies in detecting rare 
variant associations due to enrichment and multiple sampling of rare variants with moderate to large effect sizes 
in families with multiple individuals with the phenotype of interest10. Furthermore, depending on the structure 
of the pedigrees, family-based studies can offer greater robustness against genotyping errors, thereby enhancing 
the overall accuracy of the findings. In addition to using a family-based approach to explore the contribution of 
low-frequency variants to disease risk, analyzing samples from diverse populations holds significant value for 
identifying novel common and rare variant associations, as the majority of association studies in the past have 
predominantly utilized samples of European ancestry. Investigating multi-ethnic and admixed populations is 
particularly crucial for detecting low-frequency variants, as these variants are more recent compared to common 
variants and thus exhibit greater population specificity11.

The past decade, several studies have identified rare, potentially pathogenic genetic variants in patients with 
MS (pwMS) from multi-incident families using whole-exome sequencing (WES)10,12–21. In a study involving 
nine multi-incident MS families, WES revealed novel candidate genes, specifically, genetic variants influencing 
endothelial function, such as those in ICAM1, can affect the transcellular migration of autoreactive T-cells across 
the blood-brain barrier (BBB), contributing to neuroinflammation and subsequent demyelination21. Laminins 
and collagens are essential components of the extracellular matrix (ECM) that play critical roles in the pathology 
of MS, influencing processes such as inflammation, demyelination, and remyelination22.

In this study, we analyzed one of the largest cohorts of multiplex MS families to this date consisting of 59 
multiply affected Turkish families (Turkish Familial MS - TuFAMS Consortium), aiming to discover novel low-
frequency and rare variants (LFRV) associated with MS risk. For this purpose, we first assessed the segregation 
pattern of known HLA variants associated with MS in our families. Then we employed a segregation-based 
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analysis of variants. For the prioritization of variants and genes, metrics such as the Combined Annotation 
Dependent Depletion (CADD) Phred score, probability of loss-of-function intolerance (pLI), and loss-of-
function observed/expected upper bound fraction (LOEUF) were used. Further pathway enrichment analysis 
was utilized using gene-based results derived from the segregation analysis, where variants were collapsed 
into gene units. This approach led us to search for the low likelihood of observing the same variants across 
different families due to their low frequencies. By considering pathways and biological processes, this analysis 
allowed for a broader exploration of disease pathogenesis, providing a more comprehensive understanding of 
the underlying mechanisms rather than solely investigating individual variants or genes. The results show that 
the ECM-related pathways were significantly associated with incompletely segregated genes in multiple sclerosis 
families. Findings from previously conducted large population-based association studies, as well as other family-
based studies, were thoroughly examined and compared with our results to determine whether any previously 
identified MS-associated variants and genes were detected by our analysis.

Results
Exome sequencing of 215 individuals from 59 families, including 138 pwMS and 77 non-MS relatives, resulted 
in 589,587 variants, of which 40% were rare (minor allele frequency (MAF) ≤ 0.01). After stringent filtering, 
including removing common variants, Mendelian inconsistencies, and Hardy-Weinberg equilibrium failures, 
the dataset was refined to 38,851 variants across 14,036 genes. Segregation analysis under autosomal dominant 
and recessive models revealed 12 variants completely segregating with MS in more than two families. Genes 
such as LAMA5 and DST were identified with the highest number of segregating families, and pathway 
enrichment analysis highlighted ECM organization and collagen formation as key processes associated with 
MS. HLA-DRB1*15:01, a well-established MS susceptibility allele, exhibited complete segregation in one family 
and incomplete segregation in five others, supporting complex inheritance patterns within MS families. These 
findings support the involvement of both common and rare variants, particularly in ECM-related pathways, in 
MS pathogenesis (Fig. 1).

Demographic and clinical characteristics of multiple sclerosis patients and non-affected 
family members
The demographic and known clinical characteristics of 138 individuals diagnosed with MS and 77 non-affected 
family members reveal key differences across sex, age, and disease progression. Among affected family members, 
58.69% were female and 41.30% were male, while the non-affected group had a higher proportion of males 
(54.54%). We compared the gender distribution between pwMS and healthy individuals to assess sex-based 
differences in MS susceptibility. Using generalized estimating equation (GEE) to account for familial clustering, 
we found that females had higher odds of MS (OR = 1.68, 95% CI: [1.01, 2.8], p = 4.4e−02). The mean age 
of affected individuals was 40.5 years, with a range of 18 to 69 years, whereas non-affected members have a 
mean age of 47.3 years (17–83 years). The distribution of MS subtypes shows that the majority of patients had 
relapsing-remitting MS (RRMS, 81 cases), followed by secondary progressive MS (SPMS, 17 cases), with smaller 
numbers of radiologically isolated syndrome (RIS), single attack MS (SAMS), primary progressive MS (PPMS), 
and progressive-relapsing MS (PRMS). The average Expanded Disability Status Scale (EDSS) score among 
affected individuals was 2.3, with a broad range of disease severity from minimal to more advanced disability (0 
to 7.5) (Fig. 2). Regarding kinship, 61.17% of affected family members were first-degree relatives, 10.68% were 
second-degree, 12.62% were third-degree, and 15.53% were fourth-degree or more distant relatives (Supp. Table 
S1).

Exome sequencing, quality control, and variant filtering
Exome sequencing (40× mean coverage in the exonic region), quality control, and variant calling produced a 
dataset of 589,587 variants of which approximately 40% were rare (MAF ≤ 0.01), 15% were low frequency( 0.01 
< MAF ≤ 0.05 ) and 45% were common (MAF > 0.05). Removing X and Y chromosome variants, Mendelian 
inconsistencies, variants failing HWE at p < 10−4, and common variants led to a set consisting of 289,024 low-
frequency and rare variants. In silico scoring and annotation tools were used to determine predicted deleterious 
variants which further reduced the number of variants to a final set of 38,851 variants across 14,036 genes. 
Before proceeding to segregation analysis, relatedness within and between families was assessed using kinship-
based inference for GWAS (KING)23. This evaluation aimed to identify both intra-family inconsistencies and 
unreported inter-family relationships. No significant relationship was detected between any two families, as the 
relatedness value exceeded 0.05, suggesting cryptic relatedness as a significant factor.

Segregation patterns of HLA variants and their contribution to MS heritability
Twenty-nine different HLA types were identified in each individual. HLA haplotypes were typed and segregation 
patterns were examined in our families. We investigated HLA alleles with both risk and protective effects in MS.

Complete segregation of HLA-DRB1*15:01 was observed in only one family whereas incomplete segregation 
was observed in five families with both MS and non-MS participants (Table 1). The transmission of HLA-
DRB1*15:01 with MS in our families was tested using transmission disequilibrium test (TDT)24. TDT statistics 
were calculated using our families and we detected an association between HLA-DRB1*15:01 and MS with odds 
ratio (OR) of 4.66 (95% confidence interval [CI]: 1.34–16.24) with combined p-value = 0.01. The strong OR and 
significant p-value indicate an association; however, the potentially low statistical power of the TDT test in our 
family cohort may have increased the risk of type I error, as indicated by the wide CI. We also used mixed-effects 
logistic regression to assess the association between the HLA-DRB1*15:01 haplotype and MS risk, using full 
extent of our dataset and accounting for complex pedigree structures and missing parental data. The haplotype 
was associated with an increased MS risk (OR=2.46, 95% CI: [1.32, 4.57], p-value=4.5e-03). Although the results 
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Fig. 1. Workflow of whole exome sequencing and genetic analysis for multiple sclerosis families. This 
workflow outlines the stepwise approach for identifying and prioritizing genetic variants contributing to MS 
heritability in a cohort of 215 subjects from 59 families (138 MS cases, 77 unaffected). WES was performed, 
followed by HLA haplotyping using HLA-HD and variant calling, yielding 589,587 variants. Subsequent 
filtering removed variants on sex chromosomes and those failing Hardy-Weinberg Equilibrium (HWE), 
reducing the dataset to 510,102 variants. A low-frequency and rare variants (LFRV) filter was applied based 
on Genome Aggregation Database (gnomAD) MAF, and predicted impacts, considering variants with 
potentially deleterious effects. Segregation analyses under complete and incomplete penetrance models were 
conducted alongside burden analysis of genes harboring multiple variants. Enrichment analysis using g:Profiler 
identified significant pathways associated with MS. The results were further filtered based on gene and variant 
segregation patterns.
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point to a possible association, the small sample size means the strength of this finding should be viewed with 
some caution (Fig. 3).

Burden analysis of low-frequency and rare variants
The aggregate burden of LFRVs was evaluated for the associated genes from the literature as well as from our 
segregation analysis, to which we refer as our “discovery” set. Incorporating the kinship matrix and gender as 
covariates in the mixed linear model revealed that the phenotypic variance explained by gender was 0.0388104, 
indicating a minimal contribution. Additionally, no significant differences were observed in OR/Beta values 
at the variant level when gender was included as a covariate. These findings suggest that gender has a limited 
impact on the burden analyses in this study. After the p-value correction for the total number of genes tested 
(α = 0.05/8360 = 5.9e−06), no genes were found to be statistically significant. However, three genes from the 
literature with positive burden statistics (b.stat > 0) showed a different LFRV variant burden between the cases 
and controls for the “damaging” set of variants (p-value < 0.05). Additionally, eight genes were found to show 
a similar LFRV burden for the genes from our segregation filter. Lastly, the burden of LFRVs for the “control” 
variants was examined in these 11 genes. As expected, this analysis did not reveal any significant associations 
for these genes (Table 2).

Identification of variants exhibiting complete segregation across multiple families
The final set of variants was filtered down primarily according to autosomal dominant segregation models based 
on the cohort’s segregation patterns under both incomplete and complete penetrance assumptions. Variants 
segregating completely according to the autosomal dominant model were further assessed to determine if they 

Family IDs Number of family members Segregation consistency Inheritance mode

FMS78 4 4/0 AR

FMS01 7 6/1 AD

FMS08 7 6/1 AD

FMS09 6 5/1 AD

FMS10 5 4/1 AD

FMS115 5 4/1 AD

Table 1. Families with complete or acceptable segregation patterns observed for HLA-DRB1*15:01 (AR: 
autosomal recessive, AD: autosomal dominant). Segregation consistency shows the number of patients 
following the segregation pattern versus inconsistencies.

 

Fig. 2. The demographic landscape of TuFaMS Consortium. (A) Comparison of the proportion of pwMS and 
healthy individuals by gender. The OR calculated using GEE to account for familial clustering. (B) Distribution 
of the number of patients with MS (pwMS) in families. (C) Clinical subtypes of MS in the TuFaMS cohort.
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also segregate fully in more than one family. We also investigated whether these variants were present in the 
families without non-MS samples to validate our findings.

We investigate genes with variants completely segregating for autosomal dominant inheritance mode in our 
families (Table 3). The top genes with the most families carrying at least one variant within a gene and showing 
complete segregation patterns were DST, FBN3 and AHNAK (Full list available in Supp. Table S3).

Gene-based segregation and pathway enrichment analysis
Gene-based analysis was done by collapsing segregating variants to genes and checking the number of families 
with observed segregation for at least one variant in a given gene. Gene level analysis is useful for accounting 
for low variant MAFs resulting in low probabilities of observing the same variants segregating in more than one 
family. As a result, we detected 584 genes with variants segregating incompletely with MS for more than one 
family. TTN is the top gene with the 12 families that carry at least one variant in this gene segregating with MS 
according to the given model followed by PLEC, KIAA1522, DST, and ABCA4 genes (full list available in Supp. 
Table S2). We also reviewed previous MS studies, including large-scale GWAS and other family-based studies, to 
see if any genes identified from our incomplete filter had been previously associated with MS. Using a compiled 

Gene Gene location (GRCh38) Damaging b.stat Damaging p-val Control b.stat Control p-val Reference Segregation

ANKRD44 chr2:196967014-197310780 2.3976 0.0165 -1.0735 0.2831 Yes

LAMB1 chr7:107923799-108003161 2.3380 0.0194 -0.6353 0.5252 Yes

KRT14 chr17:41582279-41586895 2.2229 0.0262 0.0949 0.9244 Yes

HLA-DRB1 chr6:32578775-32589848 2.1927 0.0283 NA NA IMSGC loci1

PALLD chr4:168497052-168928441 2.0979 0.0359 NA NA Yes

RLF chr1:40161387-40240921 2.0974 0.0360 0.7334 0.4633 Yes

SPI1 chr11:47354860-47378547 2.0943 0.0362 NA NA IMSGC loci1

NLRC5 chr16:56989557-57083520 2.0609 0.0393 0.4299 0.6673 IMSGC loci1

MICAL2 chr11:12110590-12362140 2.0464 0.0407 0.7459 0.4557 Yes

FZD9 chr7:73433778-73436120 2.0316 0.0422 0.0949 0.9244 Yes

SEZ6L chr22:26169462-26383596 2.0008 0.0454 0.6478 0.5171 Yes

Table 2. Top genes with a burden p-value < 0.05 for the damaging filter and their burden statistics for the 
control filter. Reference and segregation columns indicate the gene’s association with MS based on the literature 
or our segregation analysis, respectively. The gene location column provides chromosomal coordinates. B.stat 
burden statistics.

 

Fig. 3. Percentage of all MS and non-MS samples across our families carrying HLA-DRB1*15:01 as 
heterozygous (1 copy), homozygous (2 copies), and none (0 copy). Displayed OR and p-value statistics are 
from TDT analysis.
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list of genes previously associated with MS8, we found an overlap of 25 genes including PLEC, SOX8, CUX2, 
USP34, and ILF3 from previous IMSGC studies1,3.

In the following step, we performed pathway enrichment analysis using g:Profiler on the genes from the 
incomplete segregation filter to reveal if we are detecting enrichment from MS-specific pathways25. To achieve 
a comprehensive analysis, multiple pathway databases, including the Human Phenotype Ontology (HPO), 
Reactome, Wikipathways, and KEGG were utilized.

We observed an enrichment pattern mainly revolving around ECM organization and collagen formation 
which included some of the top genes from our gene-based segregation analysis such as DST and PLEC as well as 
LAMA5, LAMA1, and LAMB1 laminin-related genes playing a regulatory role in the BBB structure26 (Table 4).

The pathway enrichment analysis of the incompletely segregated genes in multiple sclerosis families reveals 
significant associations with ECM-receptor interaction, focal adhesion, laminin interactions, and collagen chain 
trimerization among other pathways (Fig. 4 A). To further break down and group the ECM organization pathway 
to gain novel insights for genes such as LAMA5, LAMB1 based on their specific molecular interactions with ECM, 
which is involved in BBB structure27, we analyzed the genes enriching for this pathway and their interactions 
with each other using k-means clustering of protein-protein network of enriched genes with STRING28 (Fig. 4 
B, Table 5). Moreover, pathway enrichment analysis of fully segregated genes reveals associations (FDR < 0.08) 
with processes involved in cell-cell communication, cell junction organization, and abnormal circulating alpha-
fetoprotein concentrations (Supp. Table S4) .

Discussion
To our knowledge, this is one of the largest studies of MS with a family-based design to this date where we 
evaluated the role of novel LFRVs associated with MS risk by analyzing WES data from 59 Turkish families 
with mostly multiple affected members. Familial studies are crucial in uncovering inherited genetic factors that 
may not be detectable in unrelated populations, providing unique insights into the genetic architecture of MS. 
First-degree relatives of patients with MS have a sevenfold increased risk of developing the disease compared 
to the general population29. Our results, showing 61.17% of affected family members as first-degree relatives 
and decreasing prevalence across second, third, and more distant degrees, align with the global prevalence of 
familial MS supporting the hypothesis that closer genetic relationships increase the MS risk. Although this study 
represents one of the largest cohorts of multiplex MS families and offers certain advantages over large-scale case-
control studies, particularly due to the enrichment of low-frequency variants through inheritance, the sample 
size remains statistically underpowered to detect individual variants associated with MS3. To address these 
limitations in statistical power, we employed a multi-faceted approach that combined gene prioritization with 
a gene-based burden analysis and segregation-based variant followed by pathway enrichment. Moreover, we 
examined the role of well-known HLA loci in MS and assessed how consanguinity might influence the increased 

Gene Segregating variants pLI LOUEF Families [affected members]
Family 
count

DST
rs201437391 (chr6:56557464T>C), rs758532940 (chr6:56572802A>G), 
rs34767818 (chr6:56620698C>G), rs75671065 (chr6:56642764G>A), 
chr6:56645899T>A

1.00 0.30
FMS28[FMS2810], FMS108[FMS10818, FMS10819], 
FMS18[FMS1808, FMS1803], FMS19[FMS1910], 
FMS17[FMS1706, FMS1703]

5

FBN3
rs751652110 (chr19:8136220G>C), rs79008349 (chr19:8086211G>A), 
rs757604392 (chr19:8106171C>T), rs146679363 (chr19:8112063T>C), 
chr19:8090227G>C

0.00 0.84 FMS77[FMS7701, FMS7702], FMS21[FMS2107], 
FMS119[FMS11913, FMS11916], FMS28[FMS2810] 4

AHNAK rs147636421 (chr11:62521801G>A), rs143391519 (chr11:62526855G>C), 
rs114799698 (chr11:62520510A>G), chr11:62527560A>C 0.00 0.79 FMS81[FMS8101], FMS25[FMS2509, FMS2910], 

FMS28[FMS2810], FMS18[FMS1803, FMS1808] 4

TTN
rs200782068 (chr2:178531199G>A), rs201717871 (chr2:178618381C>T), 
rs34819099 (chr2:178764191C>T), rs778525620 (chr2:178532935C>G), 
chr2:178534803A>C

0.00 0.48
FMS04[FMS0411, FMS0412, FMS0429, FMS0430], 
FMS77[FMS7701, FMS7702], FMS31[FMS3101, FMS3103], 
FMS32[FMS3204]

4

TDG rs376531574 (chr12:103985635A>G), rs61937630 (chr12:103982922A>C) 0.00 0.81 FMS25[FMS2509, FMS2910], FMS77[FMS7701, FMS7702], 
FMS32[FMS3204] 3

SPDL1 rs150689580 (chr5:169594629A>G), rs143453400 (chr5:169598495A>T) 0.00 1.26 FMS77[FMS7701, FMS7702], FMS28[FMS2810], 
FMS16[FMS1603, FMS1610] 3

CD93 rs1282500529 (chr20:23085009G>A), rs1046890888 (chr20:23085012G>A), 
chr20:23085831T> T G G G G G C C 0.00 1.24 FMS77[FMS7701, FMS7702], FMS81[FMS8101], 

FMS16[FMS1603, FMS1610] 3

DUOX2 rs372159746 (chr15:45104344C>T), rs781680371 (chr15:45111935C>T), 
rs147772932 (chr15:45099845C>T) 0.00 1.17 FMS19[FMS1910], FMS31[FMS3101, FMS3103], 

FMS28[FMS2810] 3

KRT14 rs556526711 (chr17:41586762C>T), rs11551760 (chr17:41582500C>T), 
rs201069984 (chr17:41586747G>A) 0.00 0.93 FMS31[FMS3101, FMS3103], FMS17[FMS1703, FMS1706], 

FMS85[FMS8508, FMS8510, FMS8512, FMS8513] 3

ZNF717 rs1374053020 (chr3:75737543T>C), rs74340838 (chr3:75737948-
75737949delCT), chr3:75738192T>A 0.01 1.45 FMS25[FMS2509, FMS2510], FMS28[FMS2810], 

FMS18[FMS1803, FMS1808] 3

CD109 rs41266745 (chr6:73771463C>T) 0.00 1.09 FMS17[FMS1703, FMS1706], FMS18[FMS1803, FMS1808] 2

ITPR1 rs143093165 (chr3:4766606T>G) 1.00 0.33 FMS19[FMS1910], FMS28[FMS2810] 2

ITGB4 rs200371855 (chr17:75736628G>A) 0.00 0.65 FMS28[FMS2810], FMS16[FMS1603, FMS1610] 2

Table 3. Genetic variants demonstrate consistent segregation patterns, with each variant being inherited by 
all affected family members and absent in unaffected members. Variants are shown by their rsID (if available), 
associated gene, pLI, and LOEUF with the segregating families.
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MS risk in these families. From the known HLA loci that are associated with MS, we analyzed 29 HLA types 
including HLA-DRB1*15:01 which is the most significantly MS-associated allele identified to this day3. Across 
our families, we observed only one family with complete segregation of this risk allele with MS and an additional 
five families with a high segregation pattern. We observed that the majority of patients across our families do 
not carry the HLA-DRB1*15:01 allele overall. However, we did not observe any notable or significant patterns 
of segregation or distribution for other HLA variants previously associated with MS or reported as protective 
variants for MS from the literature within our dataset.

Fig. 4. Enrichment analysis results of (A) incomplete dominant genes in gene-based segregation across HPO, 
Reactome, WikiPathways, and KEGG Pathway databases. Q-value (false discovery rate [FDR]) cutoff is 0.01 for 
significance. The gradient color indicates Q-values, where darker red represents higher statistical significance 
(Q = 0). Node size corresponds to gene set size. Larger nodes represent larger gene sets and edge thickness 
indicates shared genes between pathways. (B) Protein-protein interaction network of genes from segregation 
filter enriching for ECM organization and their clustering using k-means clustering within STRING. The edge 
thickness represents the significance of the associations, while the dotted edges indicate gene interactions 
between distinct clusters.
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After that, we filtered variants that exhibited two penetration models, which are complete penetrance where 
all individuals with MS in a family possess the variant while none of the healthy individuals do, and incomplete 
penetrance, where a specific proportion of healthy individuals may carry the segregating variant, with autosomal 
dominant inheritance. Given the genetic heterogeneity of MS, identifying the exact set of single rare variants 
across different families presents a significant challenge. To address this challenge, we employed a gene-based 
approach, aggregating the variants identified from the segregation analysis into genes. The genes identified 
through the segregation analysis were then further examined using over-representation analysis to uncover 
significant pathways.

Our enrichment results highlight the significance of the ECM-related pathways, particularly the LAMA genes 
involved, including LAMA5 and LAMB1. LAMB1 was also detected by the rare variant burden analysis. Pathway 
enrichment results identified ECM organization, collagen formation, and laminin interactions as key processes 
associated with MS, with notable genes such as LAMA5, LAMB1, and PLEC playing critical roles. These proteins 
contribute to BBB integrity, which is essential in regulating immune cell infiltration into the central nervous 
system27. In a study, gene expression analysis revealed that the expression of LAMA5 significantly increased 
in the cerebral cortex of both male and female EAE mice compared to healthy controls. This increase was 
more pronounced in female EAE mice, with LAMA5 expression levels rising 3.85-fold compared to a 3.04-fold 
increase in males. These findings suggest that ECM components, such as laminins encoded by LAMA5, play a 
crucial role in the pathophysiology of MS by contributing to the structural changes in the brain associated with 
neuroinflammation and demyelination30. Moreover, studies have demonstrated that laminin-α4 plays a pivotal 
role in facilitating T lymphocyte infiltration into the central nervous system. Laminin-α4 null mice exhibit 
significantly reduced disease susceptibility and severity due to dramatically decreased T lymphocyte migration 
into the brain. This reduction is attributed to the compensatory and ubiquitous expression of laminin-α5, which 
selectively inhibits integrin α6β1-mediated migration of T lymphocytes through laminin-α4. Consequently, the 
inhibitory role of laminin-α5 in these null mice contributes to a less severe MS phenotype. These findings suggest 
targeting the interaction between T lymphocytes and endothelial basement membrane laminins, particularly 
inhibiting integrin α6β1 interactions with laminin-α431.

In insight of segregation results, the hemidesmosome assembly-related genes are also significantly associated 
with MS, emphasizing key genes such as DST, ITGB4, and PLEC. Notably, DST was also identified as a top 
candidate gene in an Italian family-based study by Mascia et al., which employed a methodology similar 
to that of our study. DST encodes the dystonin protein, a key component in maintaining cellular structural 
integrity. While this gene has been implicated in other neurodegenerative disorders, its association with MS 
has not been previously reported8. The replication of DST as a top candidate in our analysis, along with its 
involvement in relevant biological pathways and its established role in neurodegenerative diseases, suggests that 
it may be a promising candidate for further investigation in the context of MS pathogenesis. Recent research 
highlights that PLEC is a vitamin D receptor super-enhancer, which influences MS activity32. Our segregation 
analysis provides further evidence supporting PLEC as a compelling candidate gene for MS, consistent with its 
mapping by a significant association identified (rs3923387-T) in the 2019 IMSGC GWAS1. Interestingly, PLEC 
is also implicated in vascular dementia, contributing to neuronal loss through carotid artery occlusion33. PLEC 
interacts with AHNAK, which is also a candidate gene in our segregation analysis-, a scaffold protein involved in 
the formation of the BBB and calcium-dependent membrane processes in hematopoietic cells. Their established 
interaction in previous studies suggests that they may play a significant role in the MS etiology34. In MS, aberrant 
migration of immune cells across the BBB is a key event in the disease’s progression. ITGB4 is implicated in this 
process, facilitating interactions that might promote the entry of immune cells into the central nervous system, 
exacerbating inflammation. A recent study also suggests that ITGB4 might interact with ECM components, 
influencing demyelination and axonal damage, hallmarks of MS pathology35.

The fully segregating variants within CD109 and ITPR1 emerged as promising candidates for further 
investigation. We propose that CD109, which acts as a TGF-β co-receptor, could be a promising candidate gene 
for MS. CD109 is known to antagonize TGF-β signaling and ECM expression in fibroblasts and keratinocytes. 
In our study, we identified a C to T substitution in the CD109 (rs4126674) in two MS families (FMS17 and 
FMS18). The link between CD109 and MS may be mediated through TGF-β, which plays a role in endothelial-
mesenchymal transition, a crucial tissue modeling mechanism in neuroinflammation in MS36. ITPR1 has been 
associated with autoimmunity in the central nervous system, particularly in cases of autoimmune cerebellar 
ataxia, encephalitis, and peripheral neuropathy. ITPR1 was also mapped by a significant GWAS hit, rs4560284-A, 

Cluster color
Gene 
count Primary description Secondary description Protein names

Red 16 ECM-receptor interaction – ITGB7, ITGA10, LTBP1, LTBP4, ITGB6, FLNB, FLNC, PLEC, ITGB4, 
TNC, COL6A6, COL6A5, TNN, VWF, FRAS1, FBN3

Yellow 9 Collagen chain trimerization Protein digestion and 
absorption

COL15A1, COL19A1, COL5A1, COL11A1, THBS2, COL14A1, 
COLGALT2, COL6A3, COL5A3

Green 8 Laminin interactions Basement membrane LAMA1, HSPG2, COL7A1, COL18A1, LAMA5, LAMB2, NID1, LAMB1

Light Blue 4 Regulation of lymphangiogenesis – VEGFC, EPHA2, SHC3, FGFR3

Blue 2 Phosphatidylinositol-3,4-bisphosphate 
5-kinase activity – PIP5K1C, PIK3C2A

Table 5. Clustering details and top in-cluster enrichment results annotated as primary and secondary 
descriptions.
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in IMSGC GWAS from 20191. Autoantibodies against ITPR1 have been found in patients with neurological 
autoimmunity, which may indicate overlapping immune-mediated mechanisms that could contribute to MS-
like neuroinflammatory conditions37.

To further capitalize on the unique dataset of multiply affected MS families, we analyzed the impact of the 
rate of consanguineous marriages within these families on the risk of developing MS. However, we did not 
observe an increased rate of consanguinity within our families that would be associated with an increased 
MS risk, contrary to findings reported in some previous studies, which were in line with a recently conducted 
national registry-based study38,39

Methods
Multi-incident families recruitment
Families were recruited through a large national collaborative effort known as the Turkish Familial MS 
Consortium, coordinated by the University of Istanbul-Cerrahpasa and initiated in 2017. Centers across Türkiye 
were asked to identify familial MS cases with multiple affected individuals having a first-degree relationship, 
along with their first and second-degree relatives. The participants were provided with patient information 
forms, consent documents, and family relation details. Clinical data were collected from 59 families, comprising 
a total of 215 samples, including 138 affected and 77 unaffected individuals, across 48 provinces and 26 centers in 
Türkiye. Of these 215 samples, 116 were from females and 99 from males. All samples were subsequently analyzed 
using exome sequencing. Among them, 138 were obtained from affected individuals (81 females and 57 males), 
while the remaining 77 samples were from unaffected individuals (35 females and 42 males). All methods in this 
study were carried out in accordance with relevant guidelines and regulations. The experimental protocols were 
reviewed and approved by the Clinical Research Ethics Committee of Istanbul University-Cerrahpaşa Medical 
Faculty (Approval Number: 83045809-604.01.02 / A-45). Informed consent was obtained from all participants 
or their legal guardians prior to their inclusion in the study.

DNA isolation and whole exome sequencing
Genomic DNA was isolated from peripheral blood using a standard salting-out procedure40. WES was 
performed on three different sets of individuals using different kits. 154 individuals were sequenced using 
Illumina’s PCR-free WES approach to ensure high-depth coverage and reduced amplification bias. 52 individuals 
underwent sequencing using the Illumina DNA Prep kit with exome enrichment through the Illumina Exome 
2.5 Enrichment Kit in combination with Twist Bioscience reagents, optimizing exome capture. 9 individuals 
were sequenced by Macrogen using the Twist Human Core Exome kit with additional RefSeq enrichment.

HLA haplotyping
HLA typing was performed by HLA-HD41 which performs mapping of reads to the alleles in the HLA dictionary 
and calculates a score to identify the HLA types. Twenty-nine different HLA types were identified for each 
individual separately with the read length parameter (-m) selected as 90. Segregation of each HLA type was 
checked for each family. Transmission of HLA haplotypes in the families was tested using PLINK’s -tdt function 
to calculate the TDT statistics24. We applied mixed-effects logistic regression using the R lme4 package to 
evaluate the association between the HLA haplotypes and MS risk42. This model was selected to account for 
familial relationships and missing parental data in our cohort by incorporating random effects to control for 
shared genetic background. The odds ratio (OR) and 95% confidence interval (CI) were computed to estimate 
the effect size. Statistical significance was determined at a p-value threshold of 0.05.

Variant calling and annotation
Fastqc was used to assess the quality of the paired-end reads. Trim-Galore was used for removing adapters 
and low-quality sequences. Reads were mapped to human reference genome hg38 using Burrows-Wheeler 
Aligner-v0.7.17 (BWA)43. Pre-processing (MarkDuplicates, FixMateInformation and BaseRecalibrator) and 
variant calling (HaplotypeCaller) were done using Genome Analysis Toolkit’s (GATK)44 best practices45,46. All 
VCF files were merged and multiallelic sites were split into biallelic records using bcftools47. The merged VCF 
file was annotated using vcfanno48, Ensembl Variant Effect Predictor (VEP, version 109)49. ANNOVAR50 was 
used for annotation of in silico prediction scores using dbNSFP version 4.2. Mendelian inconsistencies were 
detected from 34 trios in our families using vcftools and removed from the main variant set51. Hardy-Weinberg 
p-values were calculated using vcftools for each site using founder samples from families if available and if not, 
one sample from each family included. Variant sites failing HWE at p < 10−4 were excluded.

Family relatedness and sex analysis
KING23 software was employed to identify any unknown relatedness between families. Pedigree error checking 
with default settings and inconsistent results with at least 2 degrees of inconsistency in the prediction were 
investigated. Peddy52 tool investigates sex discrepancies by evaluating the heterozygosity ratio of the X 
chromosome. Sex is determined by calculating the heterozygosity ratio, defined as the number of heterozygous 
variants divided by the number of homozygous alternate variants.

Burden testing of rare variants
The contribution of aggregated LFRVs was evaluated using the PedGene gene-based association tool, which 
incorporated pedigree-based kinship information to account for the relatedness among family members53. A 
burden test was conducted to evaluate the contribution of LFRVs with the same effect direction in the genes with 
non-zero variance and that had at least two variants from the “damaging” variant list used for the segregation 
analysis. In addition, a “control” variant list was created for the same genes, consisting of rare synonymous 
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variants. The burden tests were carried out separately for each group and the rare variant burden was compared 
between the case and control groups8.

Variant filtering, segregation, and enrichment analyses
For the segregation analysis, we mainly investigated a dominant mode of inheritance due to the structure of 
our pedigrees, and two different filters were applied to identify the variants with complete and incomplete 
penetrance. For the complete penetrance filter, 34 families, containing both MS and non-MS individuals, were 
used. Filter was applied to each family separately to identify variants found in pwMS but not in unaffected family 
members. If any variant was found in any non-MS sample or if the genotype quality was less than 20, it was 
filtered out. MAF < 0.05 (gnomAD all populations-exome) and CADD Phred score ≤ 15 filters were applied 
to the remaining variants, and variants occurring in more than one family were selected. In addition to single 
nucleotide changes, frameshift insertion and deletions with HIGH impact score annotated in VEP were selected. 
For the incomplete penetrance filter, the variants found in at least 66% of pwMS within a family with both MS 
and non-MS participants were chosen. We allowed 33% of non-MS participants within a family and 33% of all 
non-MS participants across our sample set to carry the variant of interest for this filter. Families with no non-MS 
participants were used as a form of validation to check variants and genes from the segregation analysis.

Pathway and ontology over-representation analyses were performed using g:profiler and Enrichr on genes 
identified through incomplete gene-based segregation. These analyses encompassed the Reactome, KEGG, 
Wikipathway, and HPO databases54–58. Pathways and terms with FDR below 0.01, along with their shared genes, 
were visualized using the Enrichmap app in Cytoscape version 19.059,60.

Limitations
Although this study represents one of the largest family-based designs for MS to date, the sample size remains 
modest and still underpowered for the detection of rare variants. To overcome these power limitations, we 
employed an aggregation-based approach and utilized multiple methods to compare results, thereby increasing 
our confidence in the findings. Furthermore, the top results from the analyses were subjected to additional 
scrutiny using pathway enrichment methods.

A literature-based approach was also employed to characterize and prioritize our findings, ultimately 
generating a list of candidate variants and genes with the strongest associations with MS risk within our families.

Another significant limitation of this study is the lack of an independent replication cohort of multiplex MS 
families; from the same or similar population in terms of ancestry, however, obtaining a similar cohort with 
available whole exome sequencing data presents a considerable challenge.

Data availability
All data and scripts generated during this study are available from the corresponding author upon reasonable 
request. A comprehensive list of prioritized variants and genes, along with the relevant information, is pro-
vided in the supplementary files. Additionally, these prioritized variants have been uploaded to ClinVar for 
public access and further validation. The following list of ClinVar accession identifiers contains these vari-
ants; VCV000289396, VCV001027084, VCV000809956, VCV000809958, VCV000357584, VCV000357589, 
VCV003600999, VCV000357622, VCV003257589, VCV003601001, VCV000252602, VCV000436328, 
VCV000196854, VCV002063149, VCV000287621, VCV000196717, VCV000471582, VCV003600998, 
VCV003601002, VCV000714023, VCV001442403, VCV003601000.
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