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Abstract
There is increasing interest in the development of multiple sclerosis (MS) biomarkers that reflect central nervous system tis-
sue injury to determine prognosis. We aimed to assess the prognostic value of kinesin superfamily motor protein KIF5A in 
MS by measuring levels of KIF5A in cerebrospinal fluid (CSF) combined with analysis of single nucleotide polymorphisms 
(SNPs; rs12368653 and rs703842) located within a MS susceptibility gene locus at chromosome 12q13–14 region. Enzyme-
linked immunosorbent assay was used to measure KIF5A in CSF obtained from two independent biobanks comprising 
non-inflammatory neurological disease controls (NINDC), clinically isolated syndrome (CIS) and MS cases. CSF KIF5A 
expression was significantly elevated in progressive MS cases compared with NINDCs, CIS and relapsing–remitting MS 
(RRMS). In addition, levels of KIF5A positively correlated with change in MS disease severity scores (EDSS, MSSS and 
ARMSSS), in RRMS patients who had documented disease progression at 2-year clinical follow-up. Copies of adenine risk 
alleles (AG/AA; rs12368653 and rs703842) corresponded with a higher proportion of individuals in relapse at the time of 
lumbar puncture (LP), higher use of disease-modifying therapies post LP and shorter MS duration. Our study suggests that 
CSF KIF5A has potential as a predictive biomarker in MS and further studies into the potential prognostic value of analysing 
MS susceptibility SNPs should be considered.
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Introduction

Multiple sclerosis (MS) is an immune-mediated inflam-
matory and neurodegenerative disease, presenting with 
clinical relapses [associated with inflammatory lesions 
within the central nervous system (CNS)], and/or progres-
sive neurological decline (associated with axonal loss and 

neurodegeneration) [1]. Due to the complex, multifaceted 
pathophysiology of MS, predicting prognosis at disease 
onset, which impacts on the choice of disease-modifying 
therapy (DMT), remains challenging and imprecise. Current 
measures of disease activity include MRI analysis of lesion 
load and relapse rates, which reflect inflammatory aspects 
of the disease but do not correlate well with progressive 
disability [2]. Consequently, there is increasing interest in 
the development of MS fluid biomarkers that reflect CNS tis-
sue injury to determine prognosis and/or monitor efficacy of 
treatment. Both radiological and post-mortem human tissue 
studies have already revealed axonal injury and loss in MS 
are closely linked to disability accumulation [1, 3, 4], thus 
axonal proteins may represent a potential avenue for reliable 
biomarker development.

Neurofilaments (NF) are major structural proteins of the 
axonal cytoskeleton, whose phosphorylation improves struc-
tural stability [5]. NFs in the cerebrospinal fluid (CSF) are 
considered to be a reliable marker of neuroaxonal damage 
[6] and many studies have highlighted NF-light (NF-L) as 
a prognostic and treatment-responsive biomarker in MS [7, 
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8]. However, multi-centre validation of these findings and 
determining age-dependent cut-off values for NF-L expres-
sion are required before consideration in clinical practice [9].

Both hypo- and hyper- phosphorylation of NFs within 
axons are recognised as pathological hallmarks of MS [10, 
11] and it is believed dysregulated axonal transport could be 
a catalyst for aberrant protein phosphorylation and accumu-
lation [12, 13]. The majority of anterograde axonal transport 
is governed by kinesin superfamily motor proteins (KIFs) 
[14]. KIF5A is the main kinesin subtype involved in antero-
grade transport of phosphorylated NFs [12, 15].

In humans, a missense mutation within the KIF5A gene 
(N256S) causes an autosomal dominant form of hereditary 
spastic paraplegia, known as SPG10. This disease is char-
acterised pathologically by axonal loss in the corticospinal 
tract [16]. Another missense mutation in the KIF5A gene 
has been linked to Charcot-Marie-Tooth disease (CMT-2A); 
an inherited peripheral axonopathy [17]. More recently, hot-
spot mutations in KIF5A have also been shown to cause 
familial amyotrophic lateral sclerosis (ALS) [18]. In addition 
to point mutations, several genome-wide association studies 
(GWAS) have identified single nucleotide polymorphisms 
(SNPs; rs12368653, rs703842, rs10431552, rs10877013 and 
rs6581155) at chromosome 12q13–14. This region spans 
17 candidate genes, including KIF5A that confer suscep-
tibility to MS [19–21]. Our previous studies have found 
reduced KIF5A expression in post-mortem MS brain; lev-
els of which appear to be influenced by MS susceptibility 
SNPs (rs12368653 and rs703842) [22, 23]. In addition, we 
have shown that these MS susceptibility SNPs are linked 
to increased markers of axonal injury in MS tissue [23]. In 
this study, we aimed to determine the prognostic value of 
measuring CSF KIF5A levels in conjunction with the pres-
ence of MS susceptibility SNPs (rs12368653 and rs703842) 
in people with MS.

Methods

Patient cohort and CSF sampling

CSF samples were obtained from two independent biobanks 
(Bristol and Cardiff). The Bristol cohort was used for analy-
sis of KIF5A protein in CSF from people with MS and idi-
opathic intracranial hypertension (IIH). Ethical approval was 
received from the South West—Frenchay Research Ethics 
Committee (REC: 09/H0107/72) for lumbar puncture (LP) 
collection of CSF from patients with suspected CNS inflam-
mation from neurology clinics based at Southmead Hospi-
tal, Bristol, with written consent. Patients with a diagnosis 
of relapsing–remitting MS (RRMS; n = 38), primary pro-
gressive MS (PPMS; n = 6) or secondary progressive MS 
(SPMS; n = 3), at the time of LP, were included in the study, 

as classified by revised 2017 McDonald criteria [24]. CSF 
was removed from patients with IIH for therapeutic relief 
and collected as a waste product, as per local REC recom-
mendations. No clinical data was collected on IIH patients. 
These samples served as a non-inflammatory neurological 
disease control (NINDC n = 49). CSF was processed within 
2hrs of collection, centrifuged at 3000×g for 10 min at room 
temperature and the supernatant separated into 300 µL ali-
quots, before storage at − 80 °C.

The Cardiff cohort had comprehensive clinical data avail-
able for samples and paired DNA samples for analysis of 
patient genotype. This cohort was used to analyse KIF5A 
in CIS and MS, in relation to a range of independent cohort 
variables including genotype. CSF and DNA samples 
were requested and received from the Welsh Neuroscience 
Research Tissue Bank (University Hospital of Wales, Car-
diff, UK; REC: 14/WA/0073). Patients with a diagnosis of 
clinically isolated syndrome (CIS; n = 27), RRMS (n = 67), 
PPMS (n = 6) or SPMS (n = 5), according to contemporary 
diagnostic criteria at the time of LP for suspected neuroin-
flammation, were included in the study. No patients were 
receiving DMT or steroid therapy before LP. CSF was pro-
cessed within 1 h of collection, centrifuged at 4400×g for 
10 min at 4 °C and the supernatant separated into 300 µL 
aliquots, before storage at − 80 °C.

Power calculation for SNP genotype and patient 
genotyping

A power calculation to determine required samples sizes 
was performed prior to this study. The power analysis 
was based on clinically significant differences detected in 
KIF5A protein expression between MS patients grouped by 
rs703842 SNP alleles (GG vs AA) [23]. In this study the 
calculated standardised difference in KIF5A expression was 
0.87. Using two-sample inference of means, case numbers 
required to detect similar change in KIF5A protein expres-
sion at 0.80 power and 0.05 significance was 22 patients per 
group [25].

Within the Cardiff cohort, most participants who had 
donated CSF had already been genotyped for rs703842 and 
rs12368653. For both SNPs, adenine (A) represents the MS 
risk allele, with the alternative allele being guanine (G). 
gDNA was provided for 18 cases without genotype data 
and an additional 6 positive control genotype samples for 
rs703842 (AA, AG and GG) and rs12368653 (AA, AG and 
GG). 5 µL of diluted gDNA (2 ng/µL) was added in dupli-
cate to a  MicroAmp® Fast Optical 96-Well Reaction Plate 
(ThermoFisher Scientific), including positive control sam-
ples and no template controls. 20 × TaqMan® SNP Genotyp-
ing Assays (rs12368653 or rs4646536 (proxy for rs703842; 
linkage disequilibrium r2 = 1 [20]), ThermoFisher Scien-
tific) were diluted in DNase-free  H2O and 2 × qPCRBIO 
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Genotyping Mix Hi-ROX (PCR Biosystems) and added 
to the appropriate samples wells to achieve a total volume 
of 20 µL. Genotyping was performed on a StepOnePlus™ 
Real-Time PCR system with clustering algorithm software 
(ThermoFisher Scientific), on a FAST ramp speed.

Enzyme‑linked immunosorbent assay (ELISA)

Levels of KIF5A protein in CSF were detected using com-
mercially validated human ELISA kit for KIF5A (BT-Labs; 
E2780Hu; sensitivity 4.93 ng/L), as per manufacturers’ 
instructions. The kit had an intra- and inter-assay coeffi-
cient of 8% and 10% respectively (n = 3). CSF was defrosted 
shortly before the assays and repeated cycles of thawing and 
re-freezing avoided. Protein standards, samples and blanks 
were run in duplicate. 40 µL of undiluted CSF was loaded 
per well, respectively. Plates included the following posi-
tive and negative controls; MS white matter brain homoge-
nate, blank (sample diluent and PBS) and biotin antibody 
negative. Protein absorbance was read at 450 nm using a 
FLUOstar OPTIMA plate reader 213 (BMG labtech, Ayles-
bury, BUCKS, UK). The associated OPTIMA software 
programme was used to interpolate sample protein concen-
trations from the respective standard curves generated by 
serially diluting kit protein standards.

Statistics

Frequency distributions were examined using the χ2 con-
tingency test. Data normality was tested using the Shap-
iro–Wilk test. Where clinical data was skewed, the median 
was used for data analysis. Assessment and appropriate 
removal of outliers from KIF5A ELISA data was per-
formed using the mean ± 2 × standard deviation. Univariate 
protein analysis was performed using GraphPad Prism5™ 
(GraphPad Software Inc.; San Diego, USA). Parametric one-
way ANOVA with post-hoc Bonferroni, or non-parametric 
Kruskal–Wallis with post-hoc Dunn’s test or Spearman’s 
rank correlation coefficient, as appropriate, was used to ana-
lyse KIF5A protein expression, in relation to disease pheno-
type and other independent cohort variables. For univariate 
tests, values of p < 0.05 were considered statistically sig-
nificant. Multiple regression analysis was performed using 
STATA v12 (StataCorp LLC; Texas, USA). For multivariate 
analysis KIF5A protein levels was the dependent variable 
which was analysed against several independent cohort vari-
ables. Where necessary, data were transformed to normality 
before regression analysis. For multivariate analysis, an α 
0.05 cut-off level was used to determine statistical signifi-
cance and Bonferroni correction applied to allow for multi-
ple testing and Type I errors.

Results

Cohort variances

Within the Bristol MS cohort, CSF sample storage duration 
ranged from 1 to 10 years (mean 5 years ± 2). MS cases 
ranged in age from 21 to 64 years (mean 41 years ± 12; 
n = 47) (Table 1). There was a significant difference in the 
average age of the RRMS cohort (mean 38 years ± 11) com-
pared with the progressive MS cohort (PPMS and SPMS; 
mean 52 years ± 7) (p < 0.001; Supplementary Fig. 1). As 
a result of ethical constraints, no data was available on age 
or sex for IIH cases. Within the Cardiff cohort, sample stor-
age ranged from 1 to 13 years (mean 6 years ± 4). Individu-
als ranged in age from 17 to 70 years (mean 41 years ± 12; 
n = 106). The MS subtype was unknown in one case, which 
excluded it from further analysis (Table 2). Like Bristol, 
there was a significant difference in the average age of 
patients with progressive MS (PPMS and SPMS; mean 55 
years ± 9), compared with CIS (37 years ± 12) and RRMS 
(mean 40 years ± 10) (p < 0.001; Supplementary Fig. 2).

CSF KIF5A is elevated in MS CSF compared 
with non‑inflammatory neurological disease control

The Bristol cohort was used to determine differences in 
KIF5A CSF levels between NINDC (IIH) and MS. KIF5A 
levels were significantly higher in RRMS and progressive 
MS compared with IIH (p < 0.05; Fig. 1). Multivariate analy-
sis with Bonferroni correction for type I errors, confirmed 
the finding with progressive MS (p < 0.01) but not RRMS 
p < 0.05; Table 3a). In addition, it showed no effect of IIH 
or MS sample storage duration on CSF KIF5A expres-
sion (p = 0.26; Table 3a). No data was available for age or 
sex of IIH but within the MS cohort, there was no effect 
of age (p = 0.46), sex (p = 0.48) or sample storage duration 
(p = 0.15) on MS CSF KIF5A expression (n = 47; Table 3b).

Table 1  Clinical characteristics of the Bristol cohort

IIH idiopathic intracranial hypertension, PPMS primary progres-
sive multiple sclerosis, RRMS relapsing–remitting multiple sclerosis, 
SPMS secondary progressive multiple sclerosis

Bristol cohort variables n

Sample storage [mean ± SD (range)] 96 [5 years ± 2 (1–10)]
Sex (F/M) 31/16
IIH 49
RRMS [mean age ± SD (range)] 38 [38 years ± 11(21–64)]
PPMS [mean age ± SD (range)] 6 [52 years ± 5 (42–57)]
SPMS [mean age ± SD (range)] 3 [52 years ± 11 (40–61)]
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CSF KIF5A expression is significantly elevated 
in progressive MS compared with CIS and RRMS

Detailed clinical documentation for Cardiff cohort CSF 
samples was used to analyse differences in KIF5A expres-
sion between CIS and MS subtypes. Four outliers within the 
KIF5A data were removed from cohort multivariate analy-
sis. In univariate analysis, levels of KIF5A detected in CSF 
were significantly higher in patients with progressive MS 
compared with RRMS (p < 0.01; Fig. 2). This effect was 
confirmed in multivariate analysis (p < 0.01), which also 
revealed a significant difference in levels of CSF KIF5A 
between CIS and progressive MS samples when account-
ing for additional independent cohort variables (p < 0.01; 
Table 4). There was no effect of age (p = 0.94), sex (p = 0.74) 
or sample storage duration (p = 0.08) on KIF5A expression 
(Table 4). Initial analysis also showed levels of KIF5A in 
MS CSF were significantly higher in patients who were in 
relapse at time of LP (p < 0.01; Fig. 3) but the finding was 

not supported in the multivariate model (p = 0.27; Table 4). 
In multivariate analysis, no significant associations were 
found with MS duration, first inter-attack interval, multi-
ple sclerosis severity scale (MSSS) and age-related MSSS 
(ARMSSS; Table 4). When studying KIF5A expression 
in relation to disease severity scores (EDSS, MSSS and 
ARMSS) over 2-year follow-up in the RRMS cohort there 
was no significant correlation (n = 67). However, when ana-
lysing RRMS cases that showed progression over 2-year 
follow-up there was a significant positive correlation with 
KIF5A levels (n = 35; Fig. 4). The mean and median follow-
up assessment interval was 24 months (range 13–40 months; 
n = 35). Cases were excluded from analysis where initial 
EDSS assessment was more than 4 months post LP (n = 10).

MS risk SNPs are associated with MS disease activity

Within the Cardiff cohort, we investigated associations 
between CSF KIF5A and SNPs (rs703842 and rs12368653; 
both risk allele A) at chromosome 12q13–14 that are linked 
to MS susceptibility. Multivariate analysis showed a sig-
nificant effect of patient rs703842 genotype (AA vs AG) on 
CSF KIF5A levels, alongside disease subtype and a range 
of independent cohort variables (p < 0.05; Table 4). There 
was no significant difference in patient age between SNP 
susceptibility alleles [rs703842 (p = 0.20) and rs12368653 
(p = 0.07); n = 106, Supplementary Fig. 3]. There was no 
significant difference in MS duration (measured from symp-
tom onset) in patients homozygous for rs703842 risk SNP 
AA vs GG (p = 0.09; Fig. 5a) but a significantly shorter MS 

Table 2  Clinical characteristics of the Cardiff cohort

AA homozygous adenine, AG heterozygous adenine/guanine, 
ARMSSS age-related multiple sclerosis severity scale, Cau Caucasian, 
CIS clinically isolated syndrome, DMT disease-modifying therapy, 
EDSS expanded disability status scale of Kurtze, GG homozygous 
guanine, LP lumbar puncture, MSSS multiple sclerosis severity scale, 
PPMS primary progressive multiple sclerosis, RRMS relapsing remit-
ting multiple sclerosis, SPMS secondary progressive multiple sclero-
sis, WB white British

Cardiff cohort variables n

Sample storage [mean ± SD (range)] 106 [6 years ± 4 (1–13)]
Sex (F/M)
Ethnicity (WB/Cau)

(75/31)
(58/18)

 CIS [mean age ± SD (range)] 27 [37 years ± 12 (17–61)]
 RRMS [mean age ± SD (range)] 67 [40 years ± 10 (26–70)]
 PPMS [mean age ± SD (range)] 6 [54 years ± 10 (38–68)]
 SPMS [mean age ± SD (range)] 5 [56 years ± 8 (45–64)]

rs703842 (GG/AG/AA)
 CIS rs703842 (GG/AG/AA)
 RRMS rs703842 (GG/AG/AA)
 PPMS rs703842 (GG/AG/AA)
 SPMS rs703842 (GG/AG/AA)

(13/45/48)
(3/11/13)
(8/30/29)
(1/4/1)
(0/3/2)

rs12368653 (GG/AG/AA)
 CIS rs12368653 (GG/AG/AA)
 RRMS rs12368653 (GG/AG/AA)
 PPMS rs12368653 (GG/AG/AA)
 SPMS rs12368653 (GG/AG/AA)

(33/55/18)
(7/13/7)
(22/34/11)
(1/5/0)
(2/3/0)

First inter-attack interval [median 
(range)]

66 [2 years (0.1–45.4)]

MS duration [median (range)] 84 [2 years (0.1–45.9)]
EDSS [median (range)] 87 [3.0 (0–6.5)]
DMT (yes/no) 40/48
Relapse (yes/no) 5/57
MSSS [median (range)]
ARMSSS [median (range)]

74 [2.75 (0.01–9.59)]
87 [4.68 (0.29–9.05)]

Fig. 1  KIF5A levels are elevated in MS CSF compared with non-
inflammatory neurological disease control (NINDC) in the Bris-
tol cohort. Levels of KIF5A measured by ELISA are significantly 
increased in RRMS (n = 38) and progressive MS (n = 9) when com-
pared to NINDC (IIH) (n = 48). Values represented as mean ± SEM. 
Statistical test used: one-way ANOVA with post-hoc Bonferroni; 
*p < 0.05. IIH idiopathic intracranial hypertension, KIF kinesin 
superfamily motor protein, RRMS relapsing–remitting multiple scle-
rosis
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duration in patients homozygous for rs12368653 risk SNP 
AA vs GG (p < 0.05; Fig. 5b). Combining both genotypes 
showed no significant difference in MS duration in patients 
homozygous for both SNPs (AA/AA) compared to those 
with no copies (GG/GG; p = 0.06; Fig. 5c). There was no 
significant difference in first inter-attack interval in patients 
homozygous for MS risk SNPs rs703842 [p = 0.99, n = 64) 
and rs12368653 (p = 0.55, n = 65); Supplementary Fig. 4]. 
However, when each allele subset (GG, AG, AA) was nor-
malised to correct for allele population frequency, only 

patients with copies of risk alleles (AG and AA) were docu-
mented as being in active relapse at the time of LP (rs703842 
χ2 = 9.85 and rs12368653 χ2 = 9.93; p < 0.01, n = 62; Fig. 6). 
In addition, a significantly higher percentage of patients in 
the cohort with copies of risk alleles (AG and AA) received 
a DMT post LP, compared to those without copies (GG) 
(rs703842 χ2 = 20.69 and rs12368653 χ2 = 19.31; p < 0.001, 
n = 88; Fig. 7).

Discussion

Novel prognostic biomarkers for MS are lacking. Proteins 
linked to inflammation such as myelin basic protein, have 
been analysed in CSF as a measure of disease activity but 
lack disease specificity. Axonal proteins are currently being 
studied as a more accurate reflection of neuronal damage and 
disease progression [26].

In this study, we have found significantly higher levels 
of KIF5A expression in CSF from progressive MS cases, 
validated in two independent CSF biobanks. In samples 
from the Bristol cohort, KIF5A was significantly elevated 
in progressive MS CSF compared with NINDC (IIH). One 
limitation of the Bristol cohort is the absence of clinical data 
for IIH, which restricts the multivariate analysis. However, it 
has the advantage of being a single NINDC diagnosis group, 
whereas other MS biomarker studies have heterogenous con-
trol populations [27, 28].

KIF5A is a neuronally enriched motor protein linked to 
anterograde axonal transport of various intracellular car-
goes including phosphorylated NFs [12, 15]. Mouse models 
have shown KIF5A knockout is neonatal lethal. Post-natal 

Table 3  Multivariate analysis of IIH sample storage and MS cohort variables on KIF5A expression in the Bristol cohort

Bonferroni correction to the required αλπηα 0.05 cut-off for significance has been applied. Significant associations highlighted in bold
IIH idiopathic intracranial hypertension, KIF kinesin superfamily motor protein, MS multiple sclerosis, RRMS relapsing–remitting multiple scle-
rosis

a

Protein n Variables Coefficient Standard error t p value 95% Confidence 
intervals

KIF5A (ng/mL) 96 IIH vs RRMS 0.040 0.017 − 2.33 0.022 0.006 0.074
IIH vs progressive MS 0.076 0.025 3.03 0.003 0.026 0.125
RRMS vs progressive MS 0.036 0.027 1.34 0.184 − 0.017 0.088
IIH and MS storage time 0.004 0.003 1.13 0.260 − 0.003 0.011

b

Protein n Variables Coefficient Standard error t p value 95% confidence 
intervals

KIF5A (ng/mL) 47 MS storage time 0.006 0.004 1.47 0.150 − 0.002 0.015
MS age − 0.001 0.001 − 0.74 0.462 − 0.003 0.001
MS sex − 0.021 0.029 − 0.72 0.477 − 0.078 0.037

Fig. 2  CSF KIF5A levels are elevated in progressive MS in the Car-
diff cohort. KIF5A protein expression in cerebrospinal fluid sam-
ples were detected using ELISA. There was a significant increase 
in KIF5A expression in progressive MS cases (n = 10) compared 
with RRMS (n = 63) but not CIS (n = 26). Values represented as 
mean ± SEM. Statistical test used: one-way ANOVA with post-hoc 
Bonferroni; **p < 0.01. CIS clinically isolated syndrome, KIF5A 
kinesin superfamily motor protein 5A, RRMS relapsing–remitting 
multiple sclerosis
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targeting of the gene resulted in age-dependent sensory neu-
rodegeneration and hind limb paralysis. This is attributed to 
NF accumulation in the cell body and axonal loss [12]. NF-L 
has been studied as a potential prognostic biomarker in MS 
and levels correlate well with markers of neuroinflammation 
including acute relapse and lesion load [27, 29]. However, 
there is confounding evidence on the utility of NF-L as a 
predictor of MS disability accumulation [30, 31].

In the Cardiff cohort, KIF5A was significantly elevated in 
CSF from progressive MS compared with RRMS and CIS in 
multivariate analysis. CSF KIF5A levels were significantly 
higher in patients who were in relapse at time of LP com-
pared to patients who were not. This was not replicated in 
multivariate analysis, which may be due to the number of 
cases in relapse being underpowered. It is likely that acute 
inflammation during relapse could cause a higher influx of 
KIF5A into the CSF due to disruption at the blood brain 
barrier. This has also been found in studies examining NF-L 
as a marker of neuronal damage in MS [8].

Our finding of higher KIF5A levels in progressive MS 
patients compared with RRMS suggest CSF KIF5A levels 
could be predictive for underlying axonal loss and progres-
sive disability. This is further supported by our data show-
ing levels of KIF5A positively correlate with change in 
MS disease severity scores (EDSS, MSSS and ARMSSS), 
in RRMS patients who have documented disease pro-
gression at 2-year clinical follow-up. In progressive MS, 
patients become increasingly disabled over time as a result 
of axonal loss [3]. It is believed early axonal transport 
deficits that cause processes such as reduced transport of 
mitochondria and decreased ATP availability could initiate 
axonal damage and loss in MS [13]. One explanation for 
transport abnormalities could be reduced availability of 
KIFs. We have previously shown reduced KIF5A protein 
expression in MS white matter that inversely correlated 
with levels of APP and NFs [23], which are commonly 
found in axonal spheroids [10, 32]. Inflammatory media-
tors present in MS pathogenesis could also disrupt axonal 

Table 4  Multiple regression analysis of KIF5A within the Cardiff cohort

Bonferroni correction to the required αλπηα 0.05 cut-off for significance has been applied. Significant associations highlighted in bold
AA homozygous adenine, AG heterozygous adenine/guanine, CIS clinically isolated syndrome, ARMSSS age-related multiple sclerosis severity 
score, GG homozygous guanine, EDSS expanded disability status score, KIF kinesin superfamily motor protein, LP lumbar puncture, MSSS mul-
tiple sclerosis severity score, RRMS relapsing–remitting multiple sclerosis

Protein n Variables Coefficient Standard error t p value 95% Confidence 
intervals

KIF5A (ng/mL) 101 CIS vs RRMS 0.081 0.058 1.39 0.176 − 0.039 0.200
CIS vs progressive MS 0.333 0.088 3.82 0.001 0.154 0.515
RRMS vs progressive MS 0.254 0.077 3.29 0.003 0.095 0.413

102 Age at LP − 0.005 0.004 − 1.18 0.250 − 0.013 0.004
102 Storage time − 0.012 0.008 − 1.59 0.125 − 0.028 0.004
102 Sex 0.026 0.058 0.45 0.654 − 0.094 0.147
102 rs703842 GG vs AA 0.173 0.157 1.10 0.281 − 0.151 0.497

rs703842 AG vs AA 0.151 0.060 2.53 0.019 0.028 0.275
102 rs12368653 GG vs AA 0.023 0.090 0.26 0.799 − 0.163 0.210

rs12368653 AG vs AA 0.063 0.072 0.87 0.391 − 0.085 0.211
70 MSSS 0.015 0.017 0.91 0.371 − 0.020 0.051
83 ARMSSS − 0.030 0.022 − 1.35 0.191 − 0.765 0.016
60 Relapsing at LP − 0.139 0.124 − 1.12 0.273 − 0.394 0.116
67 First inter-attack interval 0.000 0.004 0.12 0.904 − 0.007 0.008

Fig. 3  CSF KIF5A levels are elevated in MS relapse in the Cardiff 
cohort. KIF5A levels in MS CSF detected using ELISA are signifi-
cantly higher in patients relapsing at the time of LP (n = 5) compared 
to those who are not (n = 54). Values expressed as mean ± SEM. Sta-
tistical test used: two-tailed T-test; **p < 0.01. KIF5A kinesin super-
family motor protein 5A, LP lumbar puncture
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Fig. 4  Levels of CSF KIF5A 
positively correlate with 
measures of disease severity in 
2-year follow-up of relapsing–
remitting patients within Cardiff 
cohort (n = 35). Levels of CSF 
KIF5A measured by ELISA 
significantly correlate with 
change in EDSS (a), MSSS 
(b) and ARMSSS (c) score as 
recorded from LP and average 
24-month follow-up (range 
13–40 months). KIF5A values 
expressed as mean. Statisti-
cal test used: non-parametric 
Spearman’s rank correlation 
coefficient, *p < 0.05. ARMSSS 
age-related multiple sclerosis 
severity score, EDSS expanded 
disability status score, KIF5A 
kinesin superfamily motor 
protein 5A, MSSS multiple 
sclerosis severity score

Fig. 5  Influence of MS susceptibility genotypes on MS duration 
in the Cardiff cohort. No significant difference in MS duration in 
patients with MS susceptibility SNP rs703842 (AG n = 36 and AA 
n = 35), compared to those without (GG n = 10; a). No significant dif-
ference in MS duration in patients heterozygous for MS susceptibil-
ity allele rs12368653 (AG = 44) but significantly shorter duration in 
homozygous patients (AA n = 11), compared to those without (GG 
n = 25; b). No significant difference in MS duration in patients with 

multiple copies of susceptibility SNPs rs703842 and rs12368653 
(AG/AG n = 24; AG/AA n = 20; AA/AA n = 11), compared to those 
without (GG/GG n = 10; GG/AG n = 12; c). Results expressed as 
median. Statistical test used: Kruskal–Wallis with post-hoc Dunn’s 
multiple comparison, *p < 0.05. AA homozygous adenine, A/G het-
erozygous adenine/guanine, GG homozygous guanine, MS multiple 
sclerosis

Fig. 6  MS susceptibility genotypes in relation to cohort relapse 
incidence in the Cardiff cohort (n = 62). Patients with copies of sus-
ceptibility SNPs (AG/AA) rs703842 (χ2 = 9.85, p < 0.01; a) and 
rs12368653 (χ2 = 9.93, p < 0.01; B) have documented relapses at time 

of lumbar puncture compared with patients who have no copies of 
the susceptibility alleles (GG). Statistical test used: Chi-square test, 
**p < 0.01. AA homozygous adenine, AG heterozygous adenine/gua-
nine, GG homozygous guanine
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transport; we have previously shown that nitric-oxide 
exposure reduces KIF5A expression in cultured neurons 
[33].

Other studies have highlighted that mutations in the 
KIF5A gene are directly linked to diseases with disturbed 
axonal transport and axonal loss [16–18]. GWAS have shown 
SNPs at chromosome 12q13–14 (which spans the KIF5A 
gene region), are linked to MS susceptibility [19–21]. Our 
previous human tissue studies have found significantly low-
ers levels of KIF5A in MS patients with copies of suscepti-
bility SNPs (rs12368653 and rs703842) that correlated with 
higher levels of dephosphorylated NFs, which are a hallmark 
of MS pathology [22, 23].

Results from our current study demonstrate CSF KIF5A 
levels are significantly different between patients heterozygous 
(AG) or homozygous (AA) for the rs703842 MS susceptibil-
ity allele. Data available from the 1000Genomes project has 
estimated the minor allele (G) frequency within a European 
population (sample size 1006) at 0.320. This may explain why 
significant differences were not detected in patients without the 
SNP (GG) compared with homozygotes (AA). The estimated 
minor allele (A) frequency for rs12368653 is 0.492. Patients 
homozygous for the rs12368653 adenine MS susceptibility 
allele had significantly shorter MS duration (time from docu-
mented symptom onset to LP), compared with patients with 
no copies. This may indicate that patients have a more aggres-
sive disease course, reaching diagnostic LP sooner. This theory 
is supported by additional findings from the Cardiff cohort 
which demonstrate that when genotype subsets (GG, AG, AA) 
are normalised to correct for allele population frequency, a 
higher percentage of patients with risk alleles (AG/AA) were 
in relapse at LP and went on to receive a DMT. Although of 
interest, it is important to note that the number of cases for 
rs703842 GG (n = 13) and rs12368653 AA (n = 18) were poten-
tially underpowered (n < 22); genotype findings would therefore 
need validation in larger cohort studies to compensate for the 
minor allele frequencies of both rs703842 and rs12368653 [34].

Both rs12368653 and rs703842 SNPs are upstream of 
the KIF5A gene and form part of a locus control region, 

comprising 17 candidate genes [20, 21]. As a result of link-
age disequilibrium, the non‐coding regions within several 
close genes can affect disease susceptibility and SNPs in 
non-protein coding regions can still affect gene splicing, 
transcription factor binding and mRNA degradation [20]. 
It is likely that the associations found with rs12368653 and 
rs703842 are not solely attributed to these individual SNPs 
and due to linkage disequilibrium, are linked with other 
SNPs around this gene locus at chromosome 12. Recent gene 
studies have indicated rs701006 as a lead MS susceptibil-
ity SNP within region 29 of chromosome 12 [35, 36]. In 
future studies it would be important to analyse this SNP and 
other recent candidate SNPs within the same region to assess 
whether individual or clusters of SNPs are linked with dis-
ease outcomes. This could also be expanded to incorporate 
an in silico analysis using RNA expression data from brain, 
available in public databases.

Overall, this study has shown quantifiable differences 
in CSF KIF5A levels between NINDC, CIS, RRMS and 
progressive MS, suggesting levels are predictive of MS. In 
addition, CSF KIF5A levels correlated with measures of MS 
disease severity in RRMS patients who were documented 
as having increased disability scores over 2-year follow-up, 
suggesting KIF5A may have future prognostic potential in 
predicting disease progression. Of interest, differences in 
CSF KIF5A levels were detected based on SNP rs703842, 
which is located at chromosome 12q13–14; a gene locus 
linked to MS susceptibility. SNP genotypes (rs703842 and 
rs12368653) alone showed differences with measures of MS 
disease activity, such as MS duration, proportion in relapse 
at the time of LP and DMT post LP. However, the findings 
require verification in a larger cohort and a full exploration 
of the prognostic value of all GWAS-identified MS suscep-
tibility SNPs within this gene locus.

Author contributions Conceptualisation: AW and KH. Methodology: 
AW, ET, KH, NR and SL. Formal analysis and investigation: KH and 
KK. Writing—original draft preparation: KH. Writing—review and 
editing: AW, CMR, ET, KH, KK, NR, NS and SL. Funding acquisition: 
AW, CMR, KH and NS. Resources: AW, NR and NS. Supervision: AW.

Fig. 7  DMT incidence within MS susceptibility genotype subgroups 
in the Cardiff cohort (n = 88). A higher percentage of patients het-
erozygous (AG) or homozygous (AA) for MS risk SNPs rs703842 
(χ2 = 20.69, p < 0.001; a) and rs12368653 (χ2 = 19.31, p < 0.001; b) 

received DMT compared to those without (GG). Statistical test used: 
Chi-square test, ***p < 0.001. AA homozygous adenine, AG heterozy-
gous adenine/guanine, DMT disease-modifying therapy, GG homozy-
gous guanine



2183Journal of Neurology (2021) 268:2175–2184 

1 3

Funding The authors disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this article by 
the MS Society UK Innovative award (Grant ref: 55) and the Naomi 
Bramson Trust.

Availability of data and material All data supporting the findings of 
this study are available within the article and at Bristol University data 
repository (data.bris).

Compliance with ethical standards 

Conflicts of interest The authors declare that there is no conflict of 
interest.

Ethics approval All human studies have been approved by the appro-
priate ethics committee and performed in accordance with the ethical 
standards laid down in the 1964 Declaration of Helsinki and its later 
amendments. Patient identifiers have been omitted from the study. Ethi-
cal approval was received from the South West—Frenchay Research 
Ethics Committee (REC: 09/H0107/72) for lumbar puncture (LP) col-
lection of CSF from patients with suspected CNS inflammation from 
neurology clinics based at Southmead Hospital, Bristol, with written 
consent. Ethical approval was already in place for CSF and DNA sam-
ples requested and received from the Welsh Neuroscience Research 
Tissue Bank (University Hospital of Wales, Cardiff, UK; REC: 14/
WA/0073).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Schirmer L, Antel JP, Bruck W, Stadelmann C (2011) Axonal 
loss and neurofilament phosphorylation changes accompany 
lesion development and clinical progression in multiple scle-
rosis. Brain Pathol 21(4):428–440. https ://doi.org/10.111
1/j.1750-3639.2010.00466 .x

 2. Housley WJ, Pitt D, Hafler DA (2015) Biomarkers in multiple 
sclerosis. Clin Immunol 161(1):51–58. https ://doi.org/10.1016/j.
clim.2015.06.015

 3. Tallantyre EC, Bo L, Al-Rawashdeh O, Owens T, Polman CH, 
Lowe JS, Evangelou N (2010) Clinico-pathological evidence that 
axonal loss underlies disability in progressive multiple sclerosis. 
Mult Scler 16(4):406–411. https ://doi.org/10.1177/13524 58510 
36499 2

 4. Bjartmar C, Kidd G, Mork S, Rudick R, Trapp BD (2000) Neu-
rological disability correlates with spinal cord axonal loss and 
reduced N-acetyl aspartate in chronic multiple sclerosis patients. 
Ann Neurol 48(6):893–901. https ://doi.org/10.1002/1531-
8249(20001 2)48:6%3c893 ::Aid-Ana10 %3e3.3.Co;2-2

 5. Perrot R, Berges R, Bocquet A, Eyer J (2008) Review of the 
multiple aspects of neurofilament functions, and their possible 

contribution to neurodegeneration. Mol Neurobiol 38(1):27–65. 
https ://doi.org/10.1007/s1203 5-008-8033-0

 6. Giovannoni G, Nath A (2011) After the storm: neurofilament lev-
els as a surrogate endpoint for neuroaxonal damage. Neurology 
76(14):1200–1201. https ://doi.org/10.1212/WNL.0b013 e3182 
14334 5

 7. Salzer J, Svenningsson A, Sundstrom P (2010) Neurofilament 
light as a prognostic marker in multiple sclerosis. Mult Scler 
16(3):287–292. https ://doi.org/10.1177/13524 58509 35972 5

 8. Disanto G, Barro C, Benkert P, Naegelin Y, Schadelin S, 
Giardiello A, Zecca C, Blennow K, Zetterberg H, Leppert D, Kap-
pos L, Gobbi C, Kuhle J, Swiss Multiple Sclerosis Cohort Study G 
(2017) Serum neurofilament light: a biomarker of neuronal dam-
age in multiple sclerosis. Ann Neurol 81(6):857–870. https ://doi.
org/10.1002/ana.24954 

 9. Varhaug KN, Torkildsen O, Myhr KM, Vedeler CA (2019) Neu-
rofilament light chain as a biomarker in multiple sclerosis. Front 
Neurol 10:338. https ://doi.org/10.3389/fneur .2019.00338 

 10. Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mork S, Bo L 
(1998) Axonal transection in the lesions of multiple sclerosis. 
N Engl J Med 338(5):278–285. https ://doi.org/10.1056/NEJM1 
99801 29338 0502

 11. Gray E, Rice C, Nightingale H, Ginty M, Hares K, Kemp K, 
Cohen N, Love S, Scolding N, Wilkins A (2013) Accumulation of 
cortical hyperphosphorylated neurofilaments as a marker of neu-
rodegeneration in multiple sclerosis. Mult Scler 19(2):153–161. 
https ://doi.org/10.1177/13524 58512 45166 1

 12. Xia CH, Roberts EA, Her LS, Liu X, Williams DS, Cleveland DW, 
Goldstein LS (2003) Abnormal neurofilament transport caused by 
targeted disruption of neuronal kinesin heavy chain KIF5A. J Cell 
Biol 161(1):55–66. https ://doi.org/10.1083/jcb.20030 1026

 13. van den Berg R, Hoogenraad CC, Hintzen RQ (2017) Axonal 
transport deficits in multiple sclerosis: spiraling into the abyss. 
Acta Neuropathol 134(1):1–14. https ://doi.org/10.1007/s0040 
1-017-1697-7

 14. Miki H, Setou M, Kaneshiro K, Hirokawa N (2001) All kine-
sin superfamily protein, KIF, genes in mouse and human. Proc 
Natl Acad Sci USA 98(13):7004–7011. https ://doi.org/10.1073/
pnas.11114 5398

 15. Hirokawa N, Noda Y (2008) Intracellular transport and kinesin 
superfamily proteins, KIFs: structure, function, and dynamics. 
Physiol Rev 88(3):1089–1118. https ://doi.org/10.1152/physr 
ev.00023 .2007

 16. Reid E, Kloos M, Ashley-Koch A, Hughes L, Bevan S, Svenson 
IK, Graham FL, Gaskell PC, Dearlove A, Pericak-Vance MA, 
Rubinsztein DC, Marchuk DA (2002) A kinesin heavy chain 
(KIF5A) mutation in hereditary spastic paraplegia (SPG10). Am 
J Hum Genet 71(5):1189–1194. https ://doi.org/10.1086/34421 0

 17. Crimella C, Baschirotto C, Arnoldi A, Tonelli A, Tenderini E, Air-
oldi G, Martinuzzi A, Trabacca A, Losito L, Scarlato M, Benedetti 
S, Scarpini E, Spinicci G, Bresolin N, Bassi MT (2012) Mutations 
in the motor and stalk domains of KIF5A in spastic paraplegia 
type 10 and in axonal Charcot-Marie-Tooth type 2. Clin Genet 
82(2):157–164. https ://doi.org/10.1111/j.1399-0004.2011.01717 
.x

 18. Brenner D, Yilmaz R, Muller K, Grehl T, Petri S, Meyer T, 
Grosskreutz J, Weydt P, Ruf W, Neuwirth C, Weber M, Pinto S, 
Claeys KG, Schrank B, Jordan B, Knehr A, Gunther K, Hubers 
A, Zeller D, Kubisch C, Jablonka S, Sendtner M, Klopstock T, 
de Carvalho M, Sperfeld A, Borck G, Volk AE, Dorst J, Weis J, 
Otto M, Schuster J, Del Tredici K, Braak H, Danzer KM, Freis-
chmidt A, Meitinger T, Strom TM, Ludolph AC, Andersen PM, 
Weishaupt JH, German ALSnMNDNET (2018) Hot-spot KIF5A 
mutations cause familial ALS. Brain 141(3):688–697. https ://doi.
org/10.1093/brain /awx37 0

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1750-3639.2010.00466.x
https://doi.org/10.1111/j.1750-3639.2010.00466.x
https://doi.org/10.1016/j.clim.2015.06.015
https://doi.org/10.1016/j.clim.2015.06.015
https://doi.org/10.1177/1352458510364992
https://doi.org/10.1177/1352458510364992
https://doi.org/10.1002/1531-8249(200012)48:6%3c893::Aid-Ana10%3e3.3.Co;2-2
https://doi.org/10.1002/1531-8249(200012)48:6%3c893::Aid-Ana10%3e3.3.Co;2-2
https://doi.org/10.1007/s12035-008-8033-0
https://doi.org/10.1212/WNL.0b013e3182143345
https://doi.org/10.1212/WNL.0b013e3182143345
https://doi.org/10.1177/1352458509359725
https://doi.org/10.1002/ana.24954
https://doi.org/10.1002/ana.24954
https://doi.org/10.3389/fneur.2019.00338
https://doi.org/10.1056/NEJM199801293380502
https://doi.org/10.1056/NEJM199801293380502
https://doi.org/10.1177/1352458512451661
https://doi.org/10.1083/jcb.200301026
https://doi.org/10.1007/s00401-017-1697-7
https://doi.org/10.1007/s00401-017-1697-7
https://doi.org/10.1073/pnas.111145398
https://doi.org/10.1073/pnas.111145398
https://doi.org/10.1152/physrev.00023.2007
https://doi.org/10.1152/physrev.00023.2007
https://doi.org/10.1086/344210
https://doi.org/10.1111/j.1399-0004.2011.01717.x
https://doi.org/10.1111/j.1399-0004.2011.01717.x
https://doi.org/10.1093/brain/awx370
https://doi.org/10.1093/brain/awx370


2184 Journal of Neurology (2021) 268:2175–2184

1 3

 19. International Multiple Sclerosis Genetics C, Wellcome Trust 
Case Control C, Sawcer S, Hellenthal G, Pirinen M, Spencer 
CC, Patsopoulos NA, Moutsianas L, Dilthey A, Su Z, Freeman 
C, Hunt SE, Edkins S, Gray E, Booth DR, Potter SC, Goris A, 
Band G, Oturai AB, Strange A, Saarela J, Bellenguez C, Fontaine 
B, Gillman M, Hemmer B, Gwilliam R, Zipp F, Jayakumar A, 
Martin R, Leslie S, Hawkins S, Giannoulatou E, D’Alfonso S, 
Blackburn H, Martinelli Boneschi F, Liddle J, Harbo HF, Perez 
ML, Spurkland A, Waller MJ, Mycko MP, Ricketts M, Comabella 
M, Hammond N, Kockum I, McCann OT, Ban M, Whittaker P, 
Kemppinen A, Weston P, Hawkins C, Widaa S, Zajicek J, Dronov 
S, Robertson N, Bumpstead SJ, Barcellos LF, Ravindrarajah R, 
Abraham R, Alfredsson L, Ardlie K, Aubin C, Baker A, Baker 
K, Baranzini SE, Bergamaschi L, Bergamaschi R, Bernstein A, 
Berthele A, Boggild M, Bradfield JP, Brassat D, Broadley SA, 
Buck D, Butzkueven H, Capra R, Carroll WM, Cavalla P, Celius 
EG, Cepok S, Chiavacci R, Clerget-Darpoux F, Clysters K, Comi 
G, Cossburn M, Cournu-Rebeix I, Cox MB, Cozen W, Cree BA, 
Cross AH, Cusi D, Daly MJ, Davis E, de Bakker PI, Debouv-
erie M, D’Hooghe M B, Dixon K, Dobosi R, Dubois B, Elling-
haus D, Elovaara I, Esposito F, Fontenille C, Foote S, Franke A, 
Galimberti D, Ghezzi A, Glessner J, Gomez R, Gout O, Graham 
C, Grant SF, Guerini FR, Hakonarson H, Hall P, Hamsten A, 
Hartung HP, Heard RN, Heath S, Hobart J, Hoshi M, Infante-
Duarte C, Ingram G, Ingram W, Islam T, Jagodic M, Kabesch 
M, Kermode AG, Kilpatrick TJ, Kim C, Klopp N, Koivisto K, 
Larsson M, Lathrop M, Lechner-Scott JS, Leone MA, Leppa V, 
Liljedahl U, Bomfim IL, Lincoln RR, Link J, Liu J, Lorentzen 
AR, Lupoli S, Macciardi F, Mack T, Marriott M, Martinelli V, 
Mason D, McCauley JL, Mentch F, Mero IL, Mihalova T, Mon-
talban X, Mottershead J, Myhr KM, Naldi P, Ollier W, Page A, 
Palotie A, Pelletier J, Piccio L, Pickersgill T, Piehl F, Pobywajlo 
S, Quach HL, Ramsay PP, Reunanen M, Reynolds R, Rioux JD, 
Rodegher M, Roesner S, Rubio JP, Ruckert IM, Salvetti M, Salvi 
E, Santaniello A, Schaefer CA, Schreiber S, Schulze C, Scott 
RJ, Sellebjerg F, Selmaj KW, Sexton D, Shen L, Simms-Acuna 
B, Skidmore S, Sleiman PM, Smestad C, Sorensen PS, Sonder-
gaard HB, Stankovich J, Strange RC, Sulonen AM, Sundqvist E, 
Syvanen AC, Taddeo F, Taylor B, Blackwell JM, Tienari P, Bra-
mon E, Tourbah A, Brown MA, Tronczynska E, Casas JP, Tubridy 
N, Corvin A, Vickery J, Jankowski J, Villoslada P, Markus HS, 
Wang K, Mathew CG, Wason J, Palmer CN, Wichmann HE, Plo-
min R, Willoughby E, Rautanen A, Winkelmann J, Wittig M, 
Trembath RC, Yaouanq J, Viswanathan AC, Zhang H, Wood NW, 
Zuvich R, Deloukas P, Langford C, Duncanson A, Oksenberg JR, 
Pericak-Vance MA, Haines JL, Olsson T, Hillert J, Ivinson AJ, De 
Jager PL, Peltonen L, Stewart GJ, Hafler DA, Hauser SL, McVean 
G, Donnelly P, Compston A (2011) Genetic risk and a primary 
role for cell-mediated immune mechanisms in multiple sclerosis. 
Nature 476(7359):214–219. https ://doi.org/10.1038/natur e1025 1

 20. Alcina A, Fedetz M, Fernandez O, Saiz A, Izquierdo G, Lucas 
M, Leyva L, Garcia-Leon JA, Abad-Grau Mdel M, Alloza I, 
Antiguedad A, Garcia-Barcina MJ, Vandenbroeck K, Varade J, de 
la Hera B, Arroyo R, Comabella M, Montalban X, Petit-Marty N, 
Navarro A, Otaegui D, Olascoaga J, Blanco Y, Urcelay E, Mate-
sanz F (2013) Identification of a functional variant in the KIF5A-
CYP27B1-METTL1-FAM119B locus associated with multiple 
sclerosis. J Med Genet 50(1):25–33. https ://doi.org/10.1136/
jmedg enet-2012-10108 5

 21. Australia, New Zealand Multiple Sclerosis Genetics C (2009) 
Genome-wide association study identifies new multiple scle-
rosis susceptibility loci on chromosomes 12 and 20. Nat Genet 
41(7):824–828. https ://doi.org/10.1038/ng.396

 22. Hares K, Kemp K, Rice C, Gray E, Scolding N, Wilkins A (2014) 
Reduced axonal motor protein expression in non-lesional grey 

matter in multiple sclerosis. Mult Scler 20(7):812–821. https ://
doi.org/10.1177/13524 58513 50883 6

 23. Hares K, Redondo J, Kemp K, Rice C, Scolding N, Wilkins A 
(2017) Axonal motor protein KIF5A and associated cargo defi-
cits in multiple sclerosis lesional and normal-appearing white 
matter. Neuropathol Appl Neurobiol 43(3):227–241. https ://doi.
org/10.1111/nan.12305 

 24. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, 
Comi G, Correale J, Fazekas F, Filippi M, Freedman MS, Fujihara 
K, Galetta SL, Hartung HP, Kappos L, Lublin FD, Marrie RA, 
Miller AE, Miller DH, Montalban X, Mowry EM, Sorensen PS, 
Tintore M, Traboulsee AL, Trojano M, Uitdehaag BMJ, Vukusic 
S, Waubant E, Weinshenker BG, Reingold SC, Cohen JA (2018) 
Diagnosis of multiple sclerosis: 2017 revisions of the McDonald 
criteria. Lancet Neurol 17(2):162–173. https ://doi.org/10.1016/
S1474 -4422(17)30470 -2

 25. Whitley E, Ball J (2002) Statistics review 4: sample size calcula-
tions. Crit Care 6(4):335–341. https ://doi.org/10.1186/cc152 1

 26. Harris VK, Sadiq SA (2009) Disease biomarkers in multiple scle-
rosis: potential for use in therapeutic decision making. Mol Diagn 
Ther 13(4):225–244.https ://doi.org/10.1007/BF032 56329 

 27. Teunissen CE, Iacobaeus E, Khademi M, Brundin L, Norgren 
N, Koel-Simmelink MJ, Schepens M, Bouwman F, Twaalfhoven 
HA, Blom HJ, Jakobs C, Dijkstra CD (2009) Combination of CSF 
N-acetylaspartate and neurofilaments in multiple sclerosis. Neu-
rology 72(15):1322–1329. https ://doi.org/10.1212/WNL.0b013 
e3181 a0fe3 f

 28. Semra YK, Seidi OA, Sharief MK (2002) Heightened intrathe-
cal release of axonal cytoskeletal proteins in multiple sclerosis 
is associated with progressive disease and clinical disability. J 
Neuroimmunol 122(1–2):132–139. https ://doi.org/10.1016/s0165 
-5728(01)00455 -6

 29. Kuhle J, Disanto G, Lorscheider J, Stites T, Chen Y, Dahlke F, 
Francis G, Shrinivasan A, Radue EW, Giovannoni G, Kappos L 
(2015) Fingolimod and CSF neurofilament light chain levels in 
relapsing-remitting multiple sclerosis. Neurology 84(16):1639–
1643. https ://doi.org/10.1212/WNL.00000 00000 00149 1

 30. Malmestrom C, Haghighi S, Rosengren L, Andersen O, Lycke J 
(2003) Neurofilament light protein and glial fibrillary acidic pro-
tein as biological markers in MS. Neurology 61(12):1720–1725. 
https ://doi.org/10.1212/01.wnl.00000 98880 .19793 .b6

 31. Kuhle J, Malmestrom C, Axelsson M, Plattner K, Yaldizli O, Der-
fuss T, Giovannoni G, Kappos L, Lycke J (2013) Neurofilament 
light and heavy subunits compared as therapeutic biomarkers in 
multiple sclerosis. Acta Neurol Scand 128(6):e33-36. https ://doi.
org/10.1111/ane.12151 

 32. Ferguson B, Matyszak MK, Esiri MM, Perry VH (1997) Axonal 
damage in acute multiple sclerosis lesions. Brain 120(Pt 3):393–
399. https ://doi.org/10.1093/brain /120.3.393

 33. Redondo J, Hares K, Wilkins A, Scolding N, Kemp K (2015) 
Reductions in kinesin expression are associated with nitric oxide-
induced axonal damage. J Neurosci Res 93(6):882–892. https ://
doi.org/10.1002/jnr.23556 

 34. Cardon LR, Palmer LJ (2003) Population stratification and spu-
rious allelic association. Lancet 361(9357):598–604. https ://doi.
org/10.1016/S0140 -6736(03)12520 -2

 35. International Multiple Sclerosis Genetics C (2019) Multiple 
sclerosis genomic map implicates peripheral immune cells and 
microglia in susceptibility. Science. https ://doi.org/10.1126/scien 
ce.aav71 88

 36. International Multiple Sclerosis Genetics C (2019) A systems 
biology approach uncovers cell-specific gene regulatory effects 
of genetic associations in multiple sclerosis. Nat Commun 
10(1):2236. https ://doi.org/10.1038/s4146 7-019-09773 -y

https://doi.org/10.1038/nature10251
https://doi.org/10.1136/jmedgenet-2012-101085
https://doi.org/10.1136/jmedgenet-2012-101085
https://doi.org/10.1038/ng.396
https://doi.org/10.1177/1352458513508836
https://doi.org/10.1177/1352458513508836
https://doi.org/10.1111/nan.12305
https://doi.org/10.1111/nan.12305
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1186/cc1521
https://doi.org/10.1007/BF03256329
https://doi.org/10.1212/WNL.0b013e3181a0fe3f
https://doi.org/10.1212/WNL.0b013e3181a0fe3f
https://doi.org/10.1016/s0165-5728(01)00455-6
https://doi.org/10.1016/s0165-5728(01)00455-6
https://doi.org/10.1212/WNL.0000000000001491
https://doi.org/10.1212/01.wnl.0000098880.19793.b6
https://doi.org/10.1111/ane.12151
https://doi.org/10.1111/ane.12151
https://doi.org/10.1093/brain/120.3.393
https://doi.org/10.1002/jnr.23556
https://doi.org/10.1002/jnr.23556
https://doi.org/10.1016/S0140-6736(03)12520-2
https://doi.org/10.1016/S0140-6736(03)12520-2
https://doi.org/10.1126/science.aav7188
https://doi.org/10.1126/science.aav7188
https://doi.org/10.1038/s41467-019-09773-y

	KIF5A and the contribution of susceptibility genotypes as a predictive biomarker for multiple sclerosis
	Abstract
	Introduction
	Methods
	Patient cohort and CSF sampling
	Power calculation for SNP genotype and patient genotyping
	Enzyme-linked immunosorbent assay (ELISA)
	Statistics

	Results
	Cohort variances
	CSF KIF5A is elevated in MS CSF compared with non-inflammatory neurological disease control
	CSF KIF5A expression is significantly elevated in progressive MS compared with CIS and RRMS
	MS risk SNPs are associated with MS disease activity

	Discussion
	References




