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Abstract

Objective: Neurofilament heavy-chain gene (NEFH) variants are associated

with multiple neurodegenerative diseases, however, their relationship with ALS

has not been robustly explored. Still, NEFH is commonly included in genetic

screening panels worldwide. We therefore aimed to determine if NEFH variants

modify ALS risk. Methods: Genetic data of 11,130 people with ALS and 7,416
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controls from the literature and Project MinE were analysed. We performed

meta-analyses of published case–control studies reporting NEFH variants, and

variant analysis of NEFH in Project MinE whole-genome sequencing data.

Results: Fixed-effects meta-analysis found that rare (MAF <1%) missense vari-

ants in the tail domain of NEFH increase ALS risk (OR 4.55, 95% CI 2.13–

9.71, p < 0.0001). In Project MinE, ultrarare NEFH variants increased ALS risk

(OR 1.37 95% CI 1.14–1.63, p = 0.0007), with rod domain variants (mostly

intronic) appearing to drive the association (OR 1.45 95% CI 1.18–1.77,

pMadsen–Browning = 0.0007, pSKAT-O = 0.003). While in the tail domain, ultrarare

(MAF <0.1%) pathogenic missense variants were also associated with higher

risk of ALS (OR 1.94, 95% CI 0.86–4.37, pMadsen–Browning = 0.039), supporting

the meta-analysis results. Finally, several tail in-frame deletions were also found

to affect disease risk, however, both protective and pathogenic deletions were

found in this domain, highlighting an intricate architecture that requires further

investigation. Interpretation: We showed that NEFH tail missense and in-frame

deletion variants, and intronic rod variants are risk factors for ALS. However,

they are not variants of large effect, and their functional impact needs to be

clarified in further studies. Therefore, their inclusion in routine genetic screen-

ing panels should be reconsidered.

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegener-

ative disease resulting from upper and lower motor neuron

loss. Around 40 genes have been implicated in ALS and

are involved in cellular processes such as autophagy, DNA

damage repair, protein degradation, mitochondrial func-

tion, and cellular/axonal transport.1 The neurofilament

heavy-chain gene (NEFH ), encodes the neurofilament

heavy subunit protein (NF-H), which regulates several of

these activities to maintain neuronal homeostasis.

Neurofilament protein subunits preserve neuronal archi-

tecture by using their side-arms to construct cross-bridges

with cytoskeletal components such as microtubules and

actin filaments, forming a stable filament-centred matrix

that allows intracellular signalling, mitochondrial localisa-

tion, and ER transport to occur.2 This is predominantly

orchestrated by the phosphorylation of the head and tail

domains of neurofilament genes. For instance, phosphory-

lation of the head domain acts as a primer for matrix for-

mation, controlling polymerisation of the NF-H subunit in

the cell body before the subunits move to the axon, where

the lysine-serine-proline (KSP) repeat of the tail domain is

phosphorylated to construct the matrix structure and stabi-

lise the neurofilament side arms.3 As a result, NEFH dis-

ruption could influence selective motor neuron

degeneration in the brain and spinal cord of affected indi-

viduals with ALS via dysregulation of neuronal function.4

Frameshift and missense mutations in NEFH have been

convincingly linked to various neurological diseases, includ-

ing Charcot–Marie–Tooth disease type 2CC,5,6 spinal

muscular atrophy,7 and Alzheimer’s disease.8 Several lines

of evidence suggest hyperphosphorylation of the KSP repeat

causes axonal aggregation of phosphorylated NF-H (pNF-

H), thereby compromising neuronal integrity and increasing

circulating pNF-H levels in the serum and CSF.3 Raised

pNF-H levels have already been established as a biomarker

for ALS progression, survival,9,10 patterns of motor neuron

involvement, and can clinically distinguish ALS from

mimics such as hereditary spastic paraplegia, spinal muscu-

lar atrophy, and myasthenia gravis.11 While pNF-H demon-

strates prognostic value, there have not been robust studies

examining the relationship between NEFH mutations and

ALS susceptibility. The association between small insertions

and deletions (indels) in the KSP repeat and ALS risk has

been suggestively reported in a number of studies,12–14

however, it has not been widely reproduced nor does solid

statistical evidence exist. Still, NEFH is commonly included

in genetic testing panels worldwide.15 This study aims to fill

this gap by first performing a meta-analysis of published

ALS case–control studies that reported NEFH variants and

second conducting a large-scale investigation of NEFH vari-

ation using genetic data from the Project MinE interna-

tional ALS whole-genome sequencing consortium.

Methods

Systematic review

This study was performed in accordance with the 2020

Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) guidelines.16 Registration and

2 ª 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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study protocol of the review aspect of this study was not

performed.

Eligibility criteria

Primary research articles published in the English lan-

guage between January 1993 and October 2021 were

included if they reported individual NEFH variant fre-

quencies in ALS patients via a candidate or panel gene

approach (targeted panel resequencing and variant screen-

ing), whole-genome sequencing, whole-exome sequencing,

microarray, or PCR-based approaches. Studies were

excluded if they were clinical, functional, or epidemiologi-

cal, if NEFH variants were not identified, were identified

in non-ALS cases only, or if individual frequencies of all

variants were not reported.

Information sources, search strategy, and

screening process

Relevant studies were identified by searching PubMed,

Embase, and Medline databases with the search terms

“amyotrophic lateral sclerosis” OR “ALS” in combination

with “neurofilament heavy chain gene,” “NEFH,” “NFH”

OR “NF-H,” After removing duplicate records, title and

abstract screening was performed against the eligibility

criteria, which were formatted into a table checklist. Stud-

ies which advanced to full-text screening were subject to

backwards citation screening using Web of Science to

identify any articles which may have been missed.

Full-text screening of database and citation identified

records was then performed. The search strategy was

independently performed, and the results were cross-

checked by two members of the team.

Data collection process and data synthesis

The following characteristics were extracted from the eli-

gible records: author, publication year, study design,

screening method, and genetic technology used to detect

NEFH variants, population (country of origin), study

groups, sex, and age of ALS groups, and diagnostic cri-

teria. For each variant, the following information was

obtained: HGVS nomenclature, mutation type, NEFH

domain location, rsID, and pathogenicity according to

SIFT, PolyPhen, REVEL, and CADD. Study-specific vari-

ant information, that is, frequency in cases and controls,

odds ratios (ORs), and 95% confidence intervals with

p-values and other ALS-associated gene variants carried in

NEFH-positive individuals, were also extracted.

Population-specific NEFH variant frequencies were added

to each variant record using the gnomADv2.1.1

non-neuro database.17 If the rsID was not supplied,

dbSNP18 and gnomAD were searched. For variants with-

out pathogenicity predictions, gnomAD and the Variant

Effect Predictor (VEP)19 were used to obtain variant con-

sequence status. All of this information was tabulated into

separate study-specific and variant-specific characteristics

tables.

Meta-analysis

Individual missense and exonic indel variants found in

two or more case–control studies were eligible for

variant-level meta-analysis. Subgroup meta-analysis was

also performed according to combinations of population-

specific gnomAD non-neuro frequency (ultrarare: <0.1%,

high-frequency rare: 0.1–1%, rare: <1%, or common:

>1%), domain (head, rod, or tail), and variant type. Stud-

ies that identified variants absent from gnomAD but pre-

sent in more than one control were classified as common

for the stratified analysis. Synonymous variants were

excluded from the analysis. Inverse-variance weighted

meta-analyses were conducted with both fixed-effect

(Cochran–Mantel–Haenszel) and random-effect

(DerSimonian–Laird) models. Crude ORs were calculated

from the extracted data. Between-study heterogeneity was

assessed using the combination of the I-squared test and

Cochran-Q statistic, with significant heterogeneity indi-

cated when I2 >50% and Q <0.10. In this case, the result

from the random-effect model is the result that we report

and use. Publication bias was assessed with both Egger’s

and Harbord’s test, with p-values <0.05 classed as display-

ing significant outcome heterogeneity and selective

reporting. All statistical analyses were performed using

the metabin and metabias functions of the meta R

package.

Genetic screening

Whole-genome sequencing samples collected as part of

the Project MinE ALS sequencing consortium20 were used

to investigate NEFH variants in ALS and for replicating

the literature based meta-analysis results. Information

about recruitment and data collection is available in the

Project MinE paper.20 In brief, samples were sequenced

using PCR-free library preparation on the Illumina HiSeq

2000 and HiSeq 9 platforms to � 359 coverage with

100 bp reads and � 259 coverage with 150 bp reads,

respectively. Sequencing data alignment to GRCh37 and

variant calling were performed using the Illumina Isaac

pipeline. Sites with a genotype quality <10 and variants

with low-quality scores (<20 for single nucleotide variants

and <30 for indels) were removed. Samples with a

transition-transversion ratio, total number of

single-nucleotide variants, indels, and singletons outside
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the interval mean � 6 SD from the full distribution of

samples were removed. Variants with missingness >2%

across all samples were excluded. Genetically inferred sex,

based on the number of X and Y chromosomes, was

compared to the sex reported in the phenotypic data. The

full data set consisted of 9050 individuals, 6603 ALS cases

and 2,447 age- and sex-matched controls. After standard

quality controls, the data set comprised of 6469 ALS cases

and 2434 controls from 13 countries (Supplementary

Table S1) for which SNV and small indel data were avail-

able. Structural variants (SVs) generated with Manta21

were available for approximately two thirds of samples

(4686 ALS cases and 1859 controls). Variants were anno-

tated with VEP for both functional consequence/type (e.g.

30UTR, 50UTR, intronic, missense, indel, and synony-

mous) and impact classification (high, moderate, low,

and modifier) before a union SV data set was created.

SVs greater than 100,000 bp were excluded to reduce false

positives. The remaining SVs were annotated with

AnnotSV22 and CADD-SV23 to assess their potential path-

ogenicity. All results files were converted into a matrix to

calculate case–control frequencies. For the review-

identified variants and SVs present in Project MinE, Firth

logistic regression was performed using RVTests24 with

default settings, to assess potential associations between

variants and ALS susceptibility. Results were corrected for

sex and the first 10 principal components. All data was

aligned to hg19.

Rare variant burden analysis

Burden analysis of all NEFH variants identified in Project

MinE was performed with RVTests, using Madsen–Brow-

ning and SKAT-O methods with default settings. These

tests were chosen as their underlying statistical approaches

are different and they account for discordant directions of

variant effect, which means that the likelihood of finding

an association of gene burden units with ALS risk is max-

imised given that ALS displays a complex disease architec-

ture. The Madsen–Browning test uses a combination of a

weighted-sum test and permutation of case status to

adjust variant weights in order to identify an excess of

disease-contributing variants in a particular region, there-

fore this test is useful if all of the variants are causal and

have similar effect sizes.25 On the other hand, the SKAT-

O, which adopts a variance component approach to eval-

uate variant distribution, considers that there will be both

a large amount of variants which are not associated with

the phenotype, and disease-contributing variants which

display different directions of effect, that is, causal and

protective.26

Results were corrected for sex and the first 10 principal

components. Variants were initially grouped by frequency

(ultrarare: <0.1%, high-frequency rare: 0.1–1%, rare:

<1%), according to the highest value in control databases

(gnomAD non-neuro non-Finnish European and Project

MinE controls), before being grouped by functional

domain (whole gene, head, rod, and tail) with the

ensembldb R package. For each functional domain, variant

burden was calculated for several variant types (missense,

synonymous, insertion, deletion, 30UTR, 50UTR, and

intronic) and VEP impact classes (high, moderate, low,

and modifier). Also, the burden of missense variants pre-

dicted pathogenic by SIFT and/or PolyPhen was assessed.

Phenotype analysis

We investigated whether the NEFH variants in the 18

classes highlighted in this study, for example, pathogenic

tail missense and rod intronic (full list in supplementary

table 14), have any effect on the ALS clinical phenotype.

We performed a statistical comparison of male : female

ratio, age of onset, diagnostic delay, and disease duration

between people with ALS in each variant class versus

those absent from each variant class. Differences in male :

female ratio was assessed with the chi-squared test. Differ-

ences in age of onset and diagnostic delay was assessed

using two-way ANOVA corrected for sex and site of

onset, with differences in disease duration assessed using

a Cox proportional hazards model corrected for sex and

site of onset. The stats and survival R packages were used

for these analyses.

Controlling for multiple testing

In both meta-analysis and burden analyses, we report

p-values <0.05 as indicators of nominal significance in

addition to estimate of effects and 95% confidence inter-

vals. In our initial discovery phase, we took multiple test-

ing into account (Bonferroni correction) testing the

association between variants and ALS risk based on four

NEFH variant frequencies (MAF <0.1%, MAF 0.1–1%,

MAF <1%, and MAF >1%.), that is, corrected p-values

<0.0125. Any additional subgroup analyses aiming to

explain which types of frequency-grouped variants con-

tributed to the already discovered associations were con-

sidered significant if p-values <0.05 and the direction of

effect was concordant with the initial association.

Results

Study selection

The systematic literature review process flowchart is pre-

sented in Figure 1. The initial search identified 29 articles

which were eligible for title and abstract screening, of
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which 16 were the wrong study type, disease, or instances

where genetic screening did not include NEFH or identify

NEFH variants even if NEFH was present in the targeted

sequencing panel. Backwards citation searching of the

remaining 13 articles found an additional 251 records for

screening. Manual full-text inspection removed a further

242 records (2 from database search and 240 from cita-

tion search) as the inclusion criteria were not met. In

total, 22 studies involving a total of 10,959 individuals

(6090 ALS cases and 4869 controls) from 14 countries

were included in the present study.

Study characteristics

An overview of the characteristics of all included studies

is given in Table S2. European (N Studies = 9) and Asian

(N Studies = 7) populations were the most represented,

with family disease history reported in 77% of studies.

Diagnostic criteria were applied to support inclusion in

15 studies (68%), with varying definitions of El Escorial

criteria employed in 93% of those. A combination of El

Escorial and Awaji-Shima criteria was used in one study.

The average age of recruitment of the ALS patients ranged

from 30.7 to 62.1 (median 58.1), with a male : female

ratio ranging between 0.60 and 1.78 (median 1.38) across

studies. When separating by country, Asian populations

had a younger median age at recruitment and a higher

median male : female ratio than European populations

(Asian: age 52.01, sex ratio 1.52; European: age 60.1, sex

ratio 1.22). A case–control design was adopted in 12 stud-

ies (55%), with 6 investigating NEFH variation in ALS via

candidate gene-based methods. Gene panels including

NEFH were used in 13 studies, with a further 2 opting

for custom variant panel screening. The most popular

genetic technology was whole-exome sequencing (N Stud-

ies = 6) and a combination of whole-exome sequencing

with validation approaches such as PCR and Sanger

sequencing (N Studies = 6).

Variant characteristics

We extracted information for 59 NEFH variants from the

included studies. The full variant details are available in

Tables S3 and S4. Missense variants were the most

Figure 1. PRISMA flowchart of the study systematic review process. The left of the figure outlines screening for articles identified via PubMed,

Embase, and Medline databases, while the right outlines the process for articles found via backwards citation screening of articles undergoing

full-text screening.
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represented (67.8%), followed by in-frame deletions

(13.6%), synonymous variants (13.6%), in-frame inser-

tions (1.7%), frameshift deletions (1.7%), and

stop-gained SNVs (1.7%). Indels ranged from 3 bp to

48 bp in length and exclusively occupied the tail (Fig. 2).

Two variants were found in the head domain (Fig. 2).

Only 18 variants (30.5%) were reported in more than one

study. Eleven people with NEFH variants also harboured

variants in other ALS-associated genes, including SOD1,

FUS, OPTN, SETX, ALS2, and CHMP2B (Table S3).

When looking at the functional impact of these variants

in the gnomAD database, both OPTN variants (M98K

and R545Q) and the ALS2 T293I variant are predicted to

be tolerated and benign according to SIFT, PolyPhen,

REVEL, and CADD, while the FUS c.37 C > T variant is

predicted as benign with CADD and SpliceAI. The

remaining variants have conflicting pathogenicity results

with SIFT, PolyPhen, REVEL, and CADD, therefore their

Figure 2. NEFH domain distribution of the 59 variants identified from the systematic review. Colours characterise the different variant types.

KEP = lysine–glutamic acid–proline; KSP = lysine–serine–proline.
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influence on ALS risk in individuals harbouring these var-

iants are uncertain.

Meta-analysis of previously published
studies

Twelve case–control studies were selected for meta-

analysis. In total, 34 deletion, insertion, and missense var-

iants were reported across them (top panel of Fig. 3) in

9496 individuals (4527 cases; 4969 controls). Of these, 9

variants (3 in-frame deletions and 6 missense) were iden-

tified in two or more case–control studies and were

included in the variant-level meta-analysis. No singular

variant was shown to significantly alter risk for ALS

(Table S5), with K790del displaying high between-study

heterogeneity (Cochran’s Q = 3.03, p = 0.08; I2 = 67%).

We then performed meta-analyses of NEFH variants

based on the aggregation of variants stratified by fre-

quency, domain, and variant type (Table S6). We found

that both rare missense and rare tail variants were associ-

ated with an increased risk of ALS (Table S6). We deter-

mined that the rare missense tail variants were driving

this result as they were more significant, with a higher

OR (OR 4.55, 95% CI 2.13–9.71, pfixed-effect <0.0001, Fig-

ure 4), and removing them from the rare missense and

rare tail meta-analyses caused these associations to be lost.

There was no evidence of inter-study heterogeneity

(Cochran’s Q = 2.30, p = 0.51; I2 = 0%) or publication

Figure 3. Schematic depicting the locations of the gene variants included in the meta-analysis and in both meta-analysis and Project MinE (top),

as well as the variants that were found to increase the risk for ALS with burden analysis (bottom). Green = only present in cases.

Amber = present in cases and controls. Red = only present in controls.

Figure 4. Forest plot demonstrating that rare (MAF <1%) missense variants in the tail domain increase the risk of ALS. Breakdown of

heterogeneity values are as follows: I2 = I2 statistic, s
2
= tau-squared (estimate of between-study variance in random-effects models),

v⅔ = Cochrane’s Q (chi-squared distribution).
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bias (Egger t = 2.07, p = 0.17; Harbord t = 1.82,

p = 0.21). By further stratifying NEFH variants into

high-frequency rare and ultrarare categories, we identified

a similar but albeit weaker significant association for the

high-frequency rare missense tail variants (OR 3.91, 95%

CI 1.77–8.64, pfixed-effect = 0.0007), with ultrarare missense

tail variants approaching significance for increasing ALS

risk and a showing consistent effect (OR 5.05, 95% CI

0.84–30.22; pfixed-effect = 0.08). Across all categories, tail

deletions did not significantly increase or reduce suscepti-

bility for ALS.

Screening of NEFH SNVs and indels in the

Project MinE cohort

We screened the whole NEFH gene in the Project MinE

data set (6469 ALS cases and 2434 controls). A total of

591 SNVs and indels were identified (Fig. 5A and

Table S7). Interestingly, intronic regions contained 65%

of all variants found in the cohort, with 220 (57.29%)

being singletons (Fig. 5B). In total, 462 (78.17%) were

identified only in Project MinE and not in the review or

gnomAD non-neuro non-Finnish database (Fig. 5C) and

are therefore classified as “novel” in this study.

Sixteen (27.1%) of the NEFH variants identified from

the systematic review were found in Project MinE

(Fig. 5C). Examination of case–control frequencies of

review-identified variants present in Project MinE

(Table S8) suggested that K790del could be protective

against ALS (0.14% cases, 0.37% controls; OR = 0.38,

95% 0.15–0.95, p = 0.03). Using Project MinE as an addi-

tional study for meta-analysis of individual review-

identified variants did not offer any additional insight

into their role in ALS risk (Table S9).

Screening of NEFH structural variants in the

Project MinE cohort

Only 4 SVs were identified in Project MinE (Table S8).

All were in the KSP and KEP segments of the tail domain,

and none were pathogenic according to CADD-SV. When

comparing case–control frequencies of the SVs, the

Figure 5. Results of the SNV/indel screening analysis in the Project MinE cohort. Additional information on all 591 variants identified are available

in Table S7. (A) Proportion of variants found in various gene domains and untranslated regions (top), and in exons and introns (bottom). (B)

Breakdown of the 351 NEFH singletons by domain. (C) A Venn diagram illustrating the overlap of the NEFH variants in Project MinE cases and

controls, the systematic review and the gnomAD v2.1.1 database. The value for variants that are only in gnomAD (933) refers to the remaining

NEFH variants in the catalogue after accounting for variants shared with Project MinE or the review.
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113 bp KEP segment deletion was found to be strongly

protective against ALS (17.95% cases vs. 23.91% controls;

OR 0.72, 95% CI 0.64–0.81, p = 2.6E-08).

Rare variant burden analysis in the Project

MinE cohort

All the SNV/indel variants from Project MinE were sub-

ject to burden analysis stratified by frequency and domain

(Tables S10–S12). We found that ultrarare variants in

NEFH increase ALS risk (OR 1.37 95% CI 1.14–1.63,

Madsen–Browning p = 0.0007, SKAT-O p = 0.0033).

When stratifying by domain and functional effect, ultra-

rare variants, mostly intronic, in the rod domain

appeared to drive the association (OR 1.45 95% CI 1.18–

1.77, Madsen–Browning p = 0.0007, SKAT-O p = 0.003).

However, ultrarare pathogenic missense tail variants were

also associated with an increased risk of ALS (OR 1.94,

95% CI 0.86–4.37; Madsen–Browning p = 0.039), which

supported the result of the meta-analysis to a high degree,

despite high-frequency rare pathogenic missense tail vari-

ants in this cohort not appearing to confer ALS risk

(Table S11). Stratifying this by subdomain revealed that

the KEP repeat drove this result (OR 5.65, 95% CI 0.75–

42.83, Madsen–Browning p = 0.02), and that other

sub-domains showed consistent, although not significant,

effects (OR >1) (Table S10). In line with previous reports,

ultrarare tail domain in-frame deletions had a large

impact on ALS risk, but this finding was at the border of

the significance testing threshold (OR 3.01, 95% CI 0.69–

13.12, Madsen–Browning p = 0.052). A similar but signif-

icant effect was observed for high-frequency rare in-frame

deletions, with an OR of 1.18 (95% CI 0.67–2.07,

SKAT-O p = 0.03). Ultrarare pathogenic missense variants

and high-frequency rare in-frame deletions identified and

assessed in these burden analyses are detailed in Figure 3

(bottom panel) and Table S13.

Phenotype analysis in project MinE

Finally, we investigated whether the variants found to

affect the risk of ALS in our study, are associated with

different clinical outcomes (age of onset, survival, and

diagnostic delay) using the clinical data available in Pro-

ject MinE and stratifying the variants in 18 groups

according to functional impact, domain and MAF

(Table S14). Overall, patients with mutations in the

NEFH gene had an older age of onset (mean difference

1.28 years �0.34 years, p = 2.12E-04), and carrying the

113 bp KEP segment deletion was associated with an even

older age of onset (mean difference 2.87 years

�0.42 years, p = 8.66E-12). No other test yielded a signif-

icant difference after Bonferroni multiple testing

correction (18 tests per clinical outcome). Complete

results are available in Table S14.

Discussion

Leveraging genetic data from 11,130 people with ALS and

7416 controls from both the literature and Project MinE,

we found that rare variants in the NEFH gene increase

the risk of ALS (Project MinE p = 0.0007 and

meta-analysis p < 0.0001) and that this association was

driven by missense variants in the tail domain and intro-

nic variants in the rod domain. Our meta-analysis

reported that rare (MAF <1%) missense tail NEFH vari-

ants in a total of 1164 people with ALS and 2177 controls

yielded an OR of 4.55 (p < 0.0001). This was replicated

to some extent, although with a lower OR, when per-

forming ultrarare variant burden analysis of pathogenic

missense tail variants in the Project MinE data set (OR

1.94, Madsen–Browning p = 0.039). The difference

between effect sizes is likely due to the discrepancy in

sample size between the two cohorts, with smaller sample

sizes often reporting a larger effect size for significant

relationships in either direction27, or also the “winner’s

curse” effect commonly observed in genetic association

discovery studies.28 These findings hold high validity as

most missense variants in the meta-analysis are deleteri-

ous and possibly/probably damaging according to SIFT

and PolyPhen (Table S3), which are the same criteria

used in the Project MinE burden analyses.

The effect of missense tail variants on NEFH is not

clear,4 but it is plausible to hypothesise that they could

modify the effects of phosphorylation, thereby changing

the conformation of the NF-H subunit in such a way that

simultaneously increases the propensity of pNF-H aggre-

gate formation in the axon and disrupts energy metabo-

lism and protein transport. Therefore, future studies

should incorporate genetic evidence of missense tail

mutations with proteomic and transcriptomic data to

determine if the aberrant stoichiometry of NF-H is due

solely to the action of genetic mutations or is a product

of a more complex interaction between miRNA and pro-

tein targets.

We also found that rare small in-frame deletions in the

tail domain confer susceptibility to ALS within Project

MinE, which agrees with previous findings in the

literature,12,13 but not in the meta-analysis. This discrep-

ancy could again be due to the relatively small sample

sizes used in the meta-analysis compared to Project MinE,

or that there may be subdomain-specific effects occurring

in the tail that the meta-analysis design could not account

for. Potentially, deletions in the KSP repeat could be asso-

ciated with an increased risk for ALS and that perhaps

deletions in the KEP segment may dilute this association,
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having a protective effect. This is plausible given that we

found a novel protective 113 bp deletion in this region,

and recent studies identified other protective variants in

the gene.29,30

An interesting finding was that ultrarare (MAF <0.1%)

intronic rod SNVs and indels were the main drivers of

the association between NEFH variants and ALS

(Table S10). A recent study reported a noncoding repeat

polymorphism in the same domain as being protective

against ALS30, suggesting an intricate genetic architecture

in this domain with different classes of variants playing

different roles. In recent years, several studies have shown

that noncoding variants have a major role in ALS: for

example, enhancer variants in CAV1 and CAV231,32 and

intronic variants in UNC13A.33,34 Our findings expand

this by also implicating NEFH noncoding variants in ALS.

However, understanding the functional effect of variants

in noncoding regions is challenging and further research

is needed to understand how noncoding neurofilament

variants contribute to ALS risk. Finally, our investigation

of the effect of NEFH variants on the ALS phenotype sug-

gest that patients carrying mutations in the NEFH gene

have a mean age of onset approximately 1.3 years older

than other patients. However, this result was not consis-

tent across all NEFH variants and was likely driven by the

113 bp KEP segment deletion whose carriers presented a

mean age of onset almost 3 years older.

In conclusion, we demonstrated that missense variants

and in-frame deletions in the tail domain, and intronic

variants in the rod domain of NEFH are associated with

an increased risk of ALS. However, their functional

impact needs to be assessed in further experimental stud-

ies, and because they are not variants of large effect their

inclusion in routine genetic screening panels should be

reconsidered as they hold limited value for genetic

counselling.
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