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Abstract Multiple sclerosis (MS) exhibits sex bias in

disease clinical course as male MS patients develop severe,

progressive clinical course with accumulating disability. So

far, no factors have been found associating with this sex

bias in MS severity. We set out to determine the genetic

factor contributing to MS male-specific progressive dis-

ease. This is an MS cross-sectional study involving 213

Kuwaiti MS patients recruited at Dasman Diabetes Insti-

tute. Exome sequencing was performed on 18 females and

8 male MS patients’ genomic DNA. rs5945430 genotyping

was performed using Taqman genotyping assay. Estradiol

levels were determined by enzyme-linked immunosorbent

assay. Exome analysis revealed a missense variant

(rs5945430) in Plexin A3 (PLXNA3) gene (Xq28) associ-

ated with male-specific MS severity. Genotyping of 187

MS patients for rs5945430 confirmed the association of

rs5945430G with increased disease severity in MS males

(p = 0.013; OR 3.8; 95% CI 1.24–11.7) and disability

(p = 0.024). Estradiol levels shown to effect PLXNA3

expression were lower in MS males compared to MS

females, and they were lower than control rs5945430G

males (p = 0.057), whereas MS females had similar

estradiol levels to healthy females reducing the level of

expressed PLXNA3 GG in MS females. PLXNA3

rs5945430G is associated with increased disease severity in

MS male patients. Estradiol is a possible protective factor

against the expression of rs5945430G in MS females.

Keywords Multiple sclerosis � Plexin A3 � Exome

analysis � Sex bias � Estradiol

Introduction

Multiple sclerosis (MS) is a chronic complex demyelinat-

ing disorder resulting from central nervous system (CNS)-

targeted autoimmunity manifesting primarily as lesions in

the white matter and progressively in the gray matter of the

CNS (Filippi et al. 2013; Perez-Miralles et al. 2013). MS is

considered a multifactorial complex disorder, and many

genetic and environmental factors are involved in MS

pathogenesis. Among the strongest genetic susceptibility

associations in MS are the major histocompatibility com-

plex (MHC) genes. The most significant associations were

seen in polymorphisms in HLA-DRB1 alleles albeit the

association was variable among populations (Barcellos

et al. 2006). Several genome-wide association studies have
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been performed in different MS populations; however,

these studies produced different susceptibility markers and

modifier genes highlighting ethnic, geo-epidemiological,

and environmental factors associating with the disease

(Kallaur et al. 2011).

The International Multiple Sclerosis Genetics Consor-

tium (IMSGC) in a collaborative effort isolated 57 genetic

variants of substantial evidence and assessed their associa-

tion with MS risk in 13 European populations and US pop-

ulation (International Multiple Sclerosis Genetics et al.

2011). The majority of variants assessed were noncoding

variants which the IMSGC have listed several nearby genes

of functional relevance to MS that might be influenced by

these variants; however, the 57 variants had variable asso-

ciations with MS risk among the studied populations. To

date, more than 100 genetic risk factors have been reported

worldwide with individual MS population risk associations

albeit the majority with negative or no result replication in

other populations (Bashinskaya et al. 2015). While many

genetic factors have been reported in association with MS

disease risk, few were associated with MS clinical charac-

teristics such as sex bias in disease progression and severity.

The general convention is that the incidence of MS among

the sexes is at a ratio of 2:1, affecting females twice asmany as

males (Duquette et al. 1992).MaleMSpatients display amore

progressive clinical course, with rapidly accumulating dis-

ability when compared to MS females (Ribbons et al. 2015;

Al-Temaimi et al. 2015). The cause for gender bias in MS is

unclear; however, it is suggested that an immunomodulatory

sex-influenced genetic variant(s) have an attenuated expres-

sion in females, but a profound effect in males. Such genetic

factors are still elusive for MS; however, several mechanisms

that drive gender bias have been proposed as more gender-

specific neuro- and immuno-physiological differences are

discovered (Bordon 2014). The clinical value of such factor

discovery is to anticipate rapid disease progression in pre-

disposedmaleMSpatients to offer better diseasemanagement

options and aggressive treatment modalities in advance. Here

we present a novel experimental design using next-generation

technology (NGS) exome sequencing to compare male and

female MS exomes. Our finding highlighted a variant of

Plexin A3 (PLXNA3, Gene ID: 5558) as the variant associated

with increased MS severity specifically in males. We inves-

tigated our finding in a larger cohort and foundour results to be

consistent in the replicate study.

Methods

Case–Control Sample Collection

A total of 213 MS patients were randomly recruited for this

study at Dasman Diabetes Institute while attending their

routine monthly appointments. All study protocols were

approved by Dasman diabetes institute ethical review

committee which adheres to the Declaration of Helsinki’s

Ethical Principles for Medical Research Involving Human

Subjects. A hundred and five healthy control individuals

were volunteers from the general population recruited by

social networking and were recruited to determine

Kuwaiti-specific data for variables included in this study.

All information pertinent to study protocols was fully

explained to all participants prior to procurement of their

informed written consent. MS patients’ inclusion criteria

were: a detailed clinical history (demographics, age of

onset, disease duration, expanded disability status scale

(EDSS) score, and treatment history), being a Kuwaiti born

citizen, MS disease duration of C2 year, and the agreement

to provide a blood sample. Exclusion criteria included

having an EDSS score of 0, as MS severity score (MSSS)

would be uninformative and MS type unclear. Healthy

controls’ exclusion criteria included: being a non-Kuwaiti,

having a family history of MS, and a diagnosis of an

autoimmune or neurodegenerative disorder.

Exome Sequencing

Based on our Kuwaiti exome alignment of 250 Kuwaiti

exomes, the majority of Kuwaitis align to European

ancestry with a small percent (2.4%) aligning to admixed

European/African genetic ancestry. Eight male MS patients

and 18 female MS patients were selected for exome

sequencing based on their EDSS score and having the

disease for more than two years (Table 1). For every dis-

ease duration in years, one MS male of a given EDSS score

was matched to two or three MS females of an approximate

disease duration but a lower EDSS score. Whole blood was

withdrawn in EDTA vacutainers and centrifuged at

2500 rpm at room temperature for fractionation. Plasma

fractions were retained and stored at -80 �C, and buffy

coat fractions were collected for DNA extraction. DNA

extraction was performed using Qiagen DNA mini kit

(Qiagen, Germany) according to manufacturer’s standard

protocols. DNA concentration and quality were assessed

using spectrophotometry and agarose gel electrophoresis.

Exome sequencing was performed on an Illumina HiSe-

q2000 platform using SureSelectXT v5 library preparation

with target coverage of 509 (Illumina, CA, USA).

Sequences were checked for quality using FastQC soft-

ware, and BWA software was used to map and align

sequences to reference hg19 sequences. Picard was used to

remove duplicate reads, and SAMtools was used to convert

sequences from SAM format to sorted and indexed BAM

files. GenomeAnalysisTK (GATK) was used to analyze the

sequences for genotype calling, and SnpEff was used to

annotate variants and predict their effects. Resultant
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exomes were uploaded for comparative analysis using Tute

Genomics application (Tute Genomics, Inc., UT, USA).

Genes with variants that have a Fisher exact test p values of

highest significance were selected for further analysis in

our MS cohort.

rs5945430 Genotyping

Remaining blood samples of MS patients and healthy

controls were processed using the same protocol men-

tioned above for DNA extraction. A genetic variant

(rs5945430) in PLXNA3 that had the most significant

association with male severe phenotype as detected by

exome sequencing was further investigated in MS patients

and healthy controls. Taqman genotyping assay for single

nucleotide polymorphism (SNP) rs5945430 was used to

genotype the samples. In brief, 50 ng of DNA from every

sample was used for genotyping using ABI7500 Fast Real-

time PCR System (Applied Biosystems, CA, USA).

Genotype zygosity was determined by SDS v1.4.1 soft-

ware (Applied Biosystems, CA, USA). Males were scored

hemizygous for this SNP, and females had biallelic

genotypes.

ELISA

Human Estradiol ELISA (Invitrogen, CA, USA) kits were

used to assay for estradiol levels in both cohorts. The assay

is based on solid-phase competitive colorimetric

immunoassay principle. A fixed amount of estradiol

molecule was labeled with horseradish peroxidase (HRP)

which competes with unlabeled estradiol present in stan-

dards or samples for a limited number of binding sites of a

target-specific antibody. After 2-h incubation at room

temperature, the microtiter plate will be washed to stop the

competition reaction. The chromogen solution tetram-

ethylbenzidine (TMB) will be added and incubated for

30 min. The reaction will be stopped with H2SO4, and the

absorbance will be measured at the appropriate wave-

length. The intensity of this colored product is inversely

proportional to the concentration (pg/mL) of estradiol

present in the original plasma fraction.

Statistical Analysis

Power analyses were conducted using GraphPad StatMate

(GraphPad Software, CA, USA). According to 1000 gen-

ome data, rs5945430G frequency is 0.2, and an unequal

cohort size at a ratio of 2 would have 95% power to detect

an increase of 0.19 between MS cases and healthy control

G allele frequencies. For estradiol levels power analysis,

males and females were assessed separately. Estradiol

levels in males (n = 65) have a 95% power to detect a

difference between means of 1.78 (a = 0.05, two-tailed).

For females (n = 122), we expected greater variability and

a 90% power to detect a difference between means of

101.97 (a = 0.05, two-tailed) was accepted. For nonpara-

metric data, Mann–Whitney U test was used. For exome

and genotype analysis, Fisher’s exact test, Chi-square test,

and linear regression analyses were used. A Bonferroni-

adjusted p value\0.025 was considered significant for all

tests. For statistical purposes, EDSS score was grouped into

mild (0–2.5), intermediate (3–5.5) to severe (6–8), and MS

severity score (MSSS) was assigned to each patient and an

MSSS\3 was considered mild–moderate and[3 as severe

(Roxburgh et al. 2005). For EDSS and MSSS association

analyses PPMS cases (4 males), we excluded to prevent

mismatching with MS females of similar scores but a dif-

ferent MS type. All statistical analyses were performed

using GraphPad Prism v.6.05 (GraphPad Software, CA,

USA).

Results

Exome Analysis

Aligned and annotated exomes were analyzed by compar-

ing 8 MS males with 18 MS females. The selection was

made to compare the genetic factors that predispose MS

males to have a more severe MS clinical course than

females when controlling for disease type, age of onset,

sex, and age (Table 1). All 26 exomes were determined by

sequence alignment to be of European genetic ancestry.

The most significant genes with variants segregating our

Table 1 MS patients selected

for exome sequencing

demographics and clinical

characteristics

Criteria MS females (n = 18) MS males (n = 8)

Age in years [mean (range)] 32 (20–49) 32 (23–49)

Type of MS (RRMSa/SPMSb) 18/0 7/1

EDSSc [mean (range)] 1.64 (1–3.5) 3.1 (1–7.5)

Disease duration in years [mean (range)] 4.5 (2–16) 6.88 (2–16)

a RRMS, relapsing remitting MS
b SPMS, secondary progressive MS
c EDSS, expanded disability status scale

288 Neuromol Med (2017) 19:286–292

123



two cohorts ordered from highest to lowest significance

were arylsulfatase D (ARSD, p = 1.2400 X 10-5), zinc

finger protein 761 (ZNF761, p = 1.6900 9 10-5), and

PLXNA3 (p = 3.63 9 10-5). ARSD (Xp22.33) was

excluded after several failed genotyping attempts for this

allele in male samples using primers specific to chromo-

some X, as ARSD has a pseudogene copy on the Y chro-

mosome harboring numerous deleterious genetic mutations

(Meroni et al. 1996). ZNF761 was excluded as the variant

had a 1000 genome frequency of 1. PLXNA3 (Xq28)

missense mutation rs5945430 was the best fit candidate

for further investigation according to our criteria

(, c.2589C[G; p.D863E), as the G allele was found in 8

females in heterozygosity and in 6 males in hemizygosity.

We selected this variant for a replication study in the

remaining 187 MS samples.

PLXNA3 rs5945430 is Associated with Severe MS

Course in Males

PLXNA3 rs5945430 was genotyped in 65 male MS patients

and 122 MS females. MS cohort demographics and clinical

characteristics are shown in Table 2. rs5945430-specific

frequency in the Kuwaiti population was estimated using

genotypes of 105 healthy Kuwaiti controls. Healthy control

cohort included 48 males and 65 females. rs5945430 allele

frequencies in healthy controls and MS patients are shown

in Table 3. ExAC database lists allele G as the minor allele

for rs5945430 with a frequency of 0.22 across populations.

In our sampled Kuwaiti population, the total frequency was

higher (0.41). Allele frequency between the two cohorts

did not differ significantly (p = 0.07), whereas genotype

frequency differed (p = 0.014) with more CG and less CC/

C representation in the MS cohort. Comparing rs5945430

genotype distribution in relation to MS clinical character-

istics showed a significant association of allele G with

higher MSSS in MS males (p = 0.0066). Allele G was

found to increase the risk of an aggressive MS clinical

course specifically in male MS patients (p = 0.013; OR

3.8; 95% CI 1.16–11.7). No significant association was

found between rs5945430 genotype and MSSS in female

MS patients (p = 0.065). Moreover, males hemizygous for

allele G had higher EDSS scores (p = 0.024). Similarly,

this association was male specific, and no association was

found in females for EDSS (p = 0.76). We determined the

expressed allele in heterozygous females by performing

rs5945430 genotyping assays on cDNA synthesized from

total RNA extracts using primers specific for our region of

interest. Successful genotyping of heterozygous females

showed a biallelic expression of this gene in the blood

under the influence of random X-inactivation in blood cell

lineages (data not shown).

To further investigate the sex influence on PLXNA3

association with MS severity, we assessed estradiol levels

in our cohort. It has been shown that PLXNA3 levels are

reduced by increasing estradiol levels in vitro (GEO profile

ID GDS3600) (Sobrino et al. 2009). Our hypothesis was

that PLXNA3 GG effects in MS females are masked due to

increased levels of estradiol, therefore mitigating its effect.

Overall estradiol levels were lower in MS males compared

to MS females. Male MS patients’ estradiol levels differed

significantly from healthy male controls (p\ 0.001).

Moreover, MS allele G males had lower estradiol levels

than their healthy male G counterparts albeit the mean

difference (7.347 pg/mL) did not reach significance

(p = 0.057) due to low sample number in the MS male G

cohort (Fig. 1). This suggests that the effect of PLXNA3 G

allele is possibly augmented by reduced estradiol levels

specifically in MS males. No significant difference in

estradiol levels was found between healthy females and

MS females (p = 0.19). However, due to the cross-sec-

tional nature of our study we could not determine the effect

of menopause on rs5945430GG MS females’ EDSS and

MSSS scores. In addition, our cohort only has 12.3% of

females at or above the age of 45 years, and only one of

those patients was genotype GG.

Discussion

Recent reports have placed plexins at the forefront of

neuroinflammation research (Belyk et al. 2015; Ito et al.

2014; Okuno et al. 2010; Kremer et al. 2015). In the pre-

sent study, a unique approach to analyze sex bias in MS

severity was conducted utilizing exome sequencing. MS

exome analysis revealed a novel association of PLXNA3

Table 2 MS cohort

demographics, clinical

characteristics, and rs5945430

genotypes listed according to

gender

Criteria MS males (n = 65) MS females (n = 122)

Age in years (mean [range]) 31.7 [16–53] 33 [14–62]

MS type RRMS/SPMS/PPMS (n) 54/6/4 113/8/0

Disease duration in years (mean [range]) 5.5 [2–21] 5.46 [2–23]

EDSS (median [IQRa]) 2 [1–3] 1.5 [1–2.5]

MSSS (median [IQR]) 3.79 [2.07–6.19] 2.84 [2.01–4.75]

a IQR interquartile range
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missense variant rs5945430G with MS male increased

disease severity. The increased disease severity was

assessed by two MS severity quantifiable variables EDSS

and MSSS and was found to be consistently significant in

MS males. PLXNA3 is located on chromosome Xq28 and is

a class 3 semaphorin receptor and is the most ubiquitously

expressed plexin in the developing mammalian CNS.

PLXNA3 mediates its functions by binding semaphorin 3A

and 3F (SEMA3A, SEMA3F) simultaneously with neu-

ropilin-2 (NPN-2) (Cheng et al. 2001; Yaron et al. 2005).

Evidence-based studies have shown PLXNA3 to be

involved in axon pathfinding, axonal branches and mossy

fiber pruning, oligodendrocyte cell migration, and regula-

tion of bone innervation (Bagri et al. 2003; Yaron et al.

2005; Gomez et al. 2005; Waimey et al. 2008; Xiang et al.

2012). Other functions include induction of apoptosis in

macrophages and regulation of the immune response (Ji

et al. 2009; Fiedler et al. 2010). Our findings suggest that

rs5945430 is a disease-modifying variant contributing to

the bias in MS severity among the sexes. It is likely that the

change from aspartic acid to glutamic acid alters the pro-

tein folding efficiency under specific temperatures (Lee

et al. 2004). The missense residue is located in the first IPT

(Ig-like plexins repeat) domain which has an

immunoglobulin-like fold. This domain is part of PLXNA3

ectodomain that binds semaphorins, and is found in cell

surface receptors and intracellular transcription factors

(Janssen et al. 2010).

While the exact molecular mechanism for this variant is

unclear, it is plausible that this mutation results in

PLXNA3 protein of altered stability that possibly increa-

ses/decreases its interaction with semaphorins and possibly

neuropilin. Both SEMA3A and SEMA3F can regulate

synaptic transmission in the brain and promote regulatory

cytoskeletal remodeling in the adult CNS, and dysfunc-

tional regulation of their effects will ultimately impact

physiological state of the CNS (Sahay et al. 2005; Kolk

et al. 2009; Tran et al. 2009). Moreover, plexins and their

substrate semaphorins play a pivotal role in oligodendro-

cyte remyelination of MS demyelinated plaques and

migratory behavior, as SEMA3A interaction with PLXNA3

impairs oligodendroglial migration to demyelination sites

contrary to SEMA3F (Piaton et al. 2011). Our findings

elude to a molecular mechanism that hinders appropriate

remyelination/axonal growth possibly due to sustained

interaction with SEMA3A or preferential interaction with

SEMA3A than SEMA3F resulting in excessive or prema-

ture axonal pruning of demyelinated axons instead of repair

resulting in accumulation of neuro-functional disability

(Coleman and Perry 2002). However, this hypothesis

remains to be investigated although recent evidence sug-

gests that semaphorins, specifically SEMA3A, and their

receptors have altered expression in MS lesions which

strengthens our finding’s credibility and warrants further

investigation (Williams et al. 2007; Costa et al. 2015).

Furthermore, the sex-specific association of this variant

suggests the influence of a discriminatory factor. We

sought to investigate the most obvious candidate, namely

sex hormones. Estradiol and testosterone aside from their

Table 3 MS patients and

healthy controls rs5945430

allele and genotype frequencies,

and estradiol levels

Criteria rs5945430 Allele frequency rs5945430 Genotype frequency Estradiol levels*

(pg/mL)

C G CC/C** CG GG/G** Median (IQR)

MS patients (n = 187)

Female 134 (0.55) 110 (0.45) 34 (0.28) 66 (0.54) 22 (0.18) 86.9 (45.2–152.5)

Male 38 (0.58) 27 (0.42) 38 (0.58) – 27 (0.42) 12.1 (7.8–23.6)

Total 172 (0.56) 137 (0.44) 72 (0.39) 66 (0.35) 49 (0.26) 49.1 (18.9–113.8)

Healthy controls (n = 105)

Female 72 (0.63) 42 (0.37) 25 (0.44) 22 (0.38) 10 (0.18) 97.1 (55.5–209.1)

Male 32 (0.67) 16 (0.33) 32 (0.67) – 16 (0.33) 13.4 (9.2–25.7)

Total 104 (0.64) 58 (0.36) 57 (0.54) 22 (0.21) 26 (0.25) 54.3 (12.4–102.4)

* Four female MS patients and one control estradiol values were excluded due to pregnancy

** CC/C and GG/G stand for homozygous genotype for females and hemizygous genotype for males

Fig. 1 Estradiol (E2) levels in MS males and healthy control (HC)

males according to their rs5945430 genotypes
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sexual regulatory functions also have immunomodulatory

and CNS functions (Gubbels Bupp 2015; Spence and

Voskuhl 2012). Estradiol, the female sex hormone, was

investigated in the animal model of MS and in MS

patients for its potential effects on MS course (Kipp et al.

2016). Those studies show that clinical severity of MS

was reduced by estradiol treatment, and a significant

reduction in MS relapse and symptoms in pregnant MS

patients during which the female sex hormone is high

(Bebo et al. 2001; Confavreux et al. 1998; Runmarker and

Andersen 1995). Postmenopausal MS females also report

worsening of MS symptoms and rapid progression in

disability in conjunction with reduced estradiol levels

(Christianson et al. 2015; Bove et al. 2015). Moreover,

studies have conclusively shown that estradiol levels are

lower in MS males compared to controls (Caruso et al.

2014). Furthermore, in an in vitro study using microarray

expression profiling of polymorphonuclear cells from MS

patients treated with estradiol reduced the expression of

PLXNA3 (Sobrino et al. 2009). It is possible that low

estradiol levels in MS males allow for PLXNA3 expres-

sion in higher magnitude than MS females. A dysfunc-

tional PLXNA3 would further complicate the

overexpression in an already damaged CNS that is

undergoing neurodegeneration and inflammation. While

our hypothesis is not efficiently proven due mostly to low

sample size, it is a plausible explanation for the lack of

association of PLXNA3 variant with disease severity in

MS females. Our future plan is to fully investigate the

role of sex hormones on this variant’s expression and

fully characterize this variant in vitro.

In conclusion, we presented a novel experimental

approach utilizing exome sequencing and sub-cohort

classification to better analyze gender clinical course

disparities in MS. A major finding of this study is the

association of a missense mutation in PLXNA3 with

increased disability in MS males. The effect of PLXNA3

rs5945430G allele is only seen in low-estradiol MS

patients and specifically males. Further investigation of

this variant as a potential prognostic marker for MS dis-

ease, and treatment modalities to counteract its effect

using estradiol offer valuable disease management pro-

tocols for MS.
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