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Abstract
Objective: In 2021, the Clinical Genome Resource (ClinGen) amyotrophic lateral sclerosis (ALS) spectrum disorders
Gene Curation Expert Panel (GCEP) was established to evaluate the strength of evidence for genes previously reported
to be associated with ALS. Through this endeavor, we will provide standardized guidance to laboratories on which genes
should be included in clinical genetic testing panels for ALS. In this manuscript, we aimed to assess the heterogeneity in
the current global landscape of clinical genetic testing for ALS. Methods: We reviewed the National Institutes of Health
(NIH) Genetic Testing Registry (GTR) and members of the ALS GCEP to source frequently used testing panels and
compare the genes included on the tests. Results: 14 clinical panels specific to ALS from 14 laboratories covered 4 to 54
genes. All panels report on ANG, SOD1, TARDBP, and VAPB; 50% included or offered the option of including
C9orf72 hexanucleotide repeat expansion (HRE) analysis. Of the 91 genes included in at least one of the panels, 40
(44.0%) were included on only a single panel. We could not find a direct link to ALS in the literature for 14 (15.4%)
included genes. Conclusions: The variability across the surveyed clinical genetic panels is concerning due to the possibility
of reduced diagnostic yields in clinical practice and risk of a missed diagnoses for patients. Our results highlight the
necessity for consensus regarding the appropriateness of gene inclusions in clinical genetic ALS tests to improve its appli-
cation for patients living with ALS and their families.

Keywords: Amyotrophic lateral sclerosis, clinical laboratories, genetic testing, gene-disease relationships, gene panels

Introduction

Historically, for patient stratification and counsel-
ing purposes, amyotrophic lateral sclerosis (ALS)
cases have been largely, and perhaps misleadingly,
classified as familial (fALS) or sporadic (sALS),
referring to the �10% of cases with a family his-
tory and �90% of cases without a family history,
respectively. While family history may be a reason-
able proxy for the expectation that a genetic cause
of disease might be identified, it is increasingly
clear that monogenic causes may also account for
cases of sALS. Indeed, a Mendelian-inherited,
monogenic cause for disease may be found in 40–
55% of fALS cases, with variants in the genes
SOD1, FUS, TARDBP, and C9orf72—specifically,
the GGGGCC hexanucleotide repeat expansion
(HRE)—being most common (1), but 5–10% of
sALS cases have also been found to carry the
C9orf72 HRE (2–4). In fact, most, if not all, gen-
etic causes of fALS have also been described in
patients with apparently sporadic ALS, underscor-
ing the importance of not conflating fALS with
monogenic ALS.

Clinically, genetic testing offers many advan-
tages, the most critical being early and accurate
diagnosis. Due to the large amount of heterogen-
eity in clinical presentation, disease progression
and prognosis, and the frequent presence of add-
itional clinical features not related to the motor
system, such as frontal temporal dementia (FTD)
among ALS patients, misdiagnosis in early ALS
onset is common (5,6). However, genetic testing
can end the diagnostic odyssey many patients
experience, and there is particular interest in gen-
etic testing due to the increasing number of clinical
trials enrolling specific genetic populations (7).
Ongoing trials include those for symptomatic ALS
patients carrying pathogenic variants in ATXN2,
C9orf72, FUS, and SOD1 (NCT04494256,
NCT03626012, NCT04931862, NCT04768972,

NCT02623699, NCT05039099) (8). A recent
prospective assessment of genetic testing in an
ALS referral clinic suggested that routine screening
for pathogenic variants in ALS patients may
impact clinical care in at least 21% of cases (9).
Moreover, ALS patients and their families are
increasingly aware of the relevance of genetic test-
ing for at-risk family members (4,10,11), and clin-
ical trials for unaffected pre-symptomatic gene
mutation-carrying family members have begun to
emerge (NCT04856982) (12). Patient interest and
the potential for impact on clinical care has
resulted in an increase in the number of clinicians
utilizing genetic testing for their ALS patients. A
2017 survey of 167 clinicians from 21 countries
found that over 90% of respondents would offer
genetic testing to their fALS patients, and 49% of
respondents would offer genetic testing to their
sALS patients (13), with similar results being
obtained from a 2021 Canadian study (8).
However, both studies also found a lack of consen-
sus regarding which ALS patients should be eli-
gible for genetic testing and the testing practices
that should be used (8,13).

A critical aspect of clinical genetic testing for
ALS is the determination of which genes are
assessed for pathogenic mutations driving disease.
Typically, multi-gene clinical genetic panels are
employed because of their efficiency and cost-
effectiveness (11). A vast number of genes have
now been implicated in ALS (14), with widely
varying levels of evidence supporting the strength
of the causal relationship. Yet, clinical testing
laboratories have no standardized way of assess-
ing the validity of gene-disease relationships and
have made idiosyncratic decisions regarding
which genes to include on testing panels.
Concerningly, the variability of genes included
could result in disparate diagnostic yields in clin-
ical practice and risk of a missed diagnosis for
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individual patients; in some cases, clinical panels
may exclude genes with high evidence of disease
causality, potentially resulting in failure to iden-
tify a patient’s true genetic cause. In other cases,
there are genes included in clinical panels with
minimal evidence of being truly associated with
ALS, potentially resulting in many variants of
uncertain significance, defined as having
unknown clinical consequences. Variants of
uncertain significance may cause unnecessary
stress for patients and their families, drain
laboratory and clinician time, complicate genetic
counseling, and result in patients being excluded
from participating in a drug trial due to variant-
based exclusion criteria (10,15). Wide genetic
screening in a clinical setting that is not sup-
ported by rigorous scientific evidence for causal-
ity can hence result in serious consequences and
cost valuable resources for laboratories.

Here we assess the current landscape of the
clinical genetic testing panels offered globally and
consider the necessity of standardizing classifica-
tion of gene-disease relationships in ALS.

Methods

ALS Clinical genetic testing panel query

We first interrogated the National Institutes of
Health (NIH) Genetic Testing Registry (GTR)
(February 2022) to identify the commercial clinical
genetic testing panels currently offered globally
(16). The search string “amyotrophic lateral scle-
rosis” was used to set the condition, for which all
“Clinical tests” were examined. The “CLIA
Certified” filter was applied to select for only those
clinical panels that have been Clinical Laboratory
Improvement Amendments (CLIA) certified,
which is a regulation for laboratory testing issued
by the Center for Medicare and Medicaid
Services. Members of the ClinGen ALS GCEP
were asked to identify any additional commercial
genetic panels used by their clinics to assess the
genetic causes of ALS patients that had not been
captured by the NIH GTR and US-based CLIA
certification.

We selected panels specific to “ALS” or
“motor neuron disease” and excluded those that
spanned other phenotypes (e.g., neurodegenerative
disease panels, neuromuscular disease panels). If a
company offered multiple panels for ALS, the
most comprehensive panel was selected for further
analysis. Data were collected on all selected clin-
ical panels, including company location, methods
included in the testing, and gene coverage. All
panels were reviewed to determine inclusion or
exclusion of the C9orf72 GGGGCC HRE.

Assessment of genes included on clinical testing panels

We further assessed all genes included in the iden-
tified clinical genetic panels to determine the
encoded protein’s function and whether the genes
had previously been associated directly with ALS
in the published literature. More specifically,
PubMed and Google Scholar were reviewed by
searching each gene name in a preliminary search
with “ALS”, followed by a secondary search with
“motor neuron disease” (March 2022). For a gene
to have been considered previously associated with
ALS, at least one peer-reviewed study must have
identified a variant in the gene in an ALS patient
or must have reported a significant association
between the gene and phenotype in a case-control
analysis. If a gene indeed had been previously
associated with ALS, we examined when and with
which study design the first reported relationship
was made. We also prioritized the genes to identify
those more probably associated with ALS, defined
as genes with �2 publications asserting rare var-
iants as causative of ALS.

Assessment of variants in ALS genes

We reviewed the NIH ClinVar database for all
genes included in the analyzed clinical testing pan-
els (17,18). The ClinVar variant summary was
downloaded from the file transfer protocol site on
May 4, 2022 (https://ftp.ncbi.nlm.nih.gov/pub/clin-
var/). We identified the number of variants
reported by ClinVar in these genes as associated to
either the “ALS” or “motor neuron disease”
phenotype with one of the following classifications:
pathogenic, likely pathogenic, risk factor, benign,
likely benign, conflicting interpretation of patho-
genicity, other, or uncertain significance. Similarly,
variant pathogenicity data was obtained from a
commercial genetic testing company (June 2020),
and the pathogenicity classification of variants
from each gene included in the panel were
assessed.

Results

In total, we identified 33 unique clinical genetic
testing panels that encompassed the ALS pheno-
type, each offered by one of 16 commercial genetic
testing companies. Of those, 14 clinical panels
were specific to “ALS” or “motor neuron disease”
(Table 1). Of the 14 panels, only seven also
included, or had the option of including, C9orf72
GGGGCC HRE analysis. Nearly all panels were
offered by commercial companies located in
Europe or North America (specifically, the United
States), although a single test was offered by a
company from South Korea.
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Table 2 compares the 91 different genes cov-
ered by the ALS specific commercial clinical gen-
etic testing panels. The most commonly included
genes were ANG, FUS, OPTN, SETX, SOD1,
TARDBP, UBQLN2, VAPB, and VCP (�13 tests).
By contrast, 40 genes were found on a single
panel, and 14 genes had not previously been dir-
ectly associated with “ALS” or “motor neuron dis-
ease” in the literature (Table 3). We also identified
44 genes with �2 publications reporting rare cod-
ing variants as associated with ALS (Figure 1).
The additional reports replicating the original find-
ings may suggest a greater probability of the genes
having a true relationship with ALS; however, do
not definitively define causality. Figure 2 shows
the relationship between year of discovery and the
number of panels each gene is included on.

Finally, we reviewed ClinVar—a database for
clinical and research laboratories to upload how they
have classified variants found using genetic testing—
to investigate the distribution of variants and their
classifications for each of the genes included on any
panel. Of the 91 genes, 50 contained variants
reported in ClinVar (Figure 3(B)). SOD1, TBK1,
FUS, and OPTN had the most likely pathogenic or
pathogenic variant classifications for ALS (75, 31,
22, and 22 variants, respectively). SETX, DCTN1,
and SQSTM1 had the highest number of total var-
iants, (567, 508, and 252 variants, respectively);
however, the vast majority were of uncertain signifi-
cance (403 [71.1%], 364 [71.7%], and 172
[68.3%], respectively). Most variants of uncertain
significance in ALS genes were missense variants
according to their ClinVar entry, including 344
(85.4%) missense variants in SETX, 310 (85.2%)
missense variants in DCTN1, and 154 (89.5%) mis-
sense variants in SQSTM1 (Figure 3(D)). Across all
variants of uncertain significance (n¼2095), only
�3% (n¼ 63) were considered protein truncating
variants (including frameshift insertions/deletions,
splicing variants, and stop gain variants), whereas
across all likely pathogenic/pathogenic variants
(n¼ 256) over 28% (n¼ 72) were considered protein
truncating variants (Figure 3(C)). A similar exercise
was performed using data from a commercial genetic
testing company (Figure 4). Here, SETX,
ARHGEF28, and SQSTM1 had the most variants of
any classification, with 137, 90, and 80 variants,
respectively, yet in contrast to the ClinVar data,
most variants in these genes were considered likely
benign (82 [59.9%], 68 [75.6%], and 42 [52.5%],
respectively); however, labs often choose not to sub-
mit likely benign or benign variation into ClinVar.

Discussion

The range of clinical genetic testing panels offered
globally for the assessment of ALS risk or causality
is highly heterogeneous. Ideally, clinicalT
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laboratories would use a standardized approach of
including genes with greater levels of evidence of
gene-disease relationships, resulting in consistency
across companies. However, that approach is not
reflected in the current landscape.

In 2017, the NIH-funded Clinical Genome
Resource (ClinGen) published a standard frame-
work for the evaluation of gene-disease relation-
ships, and efforts are currently ongoing to classify
gene relationships across many diseases by Gene
Curation Expert Panels (GCEPs). Using genetic
and experimental evidence from the literature, a
framework is used to assign scores to genes that
have previously been reported to be associated
with the diseases, which further correspond to
qualitative classification levels for each gene-dis-
ease relationship (19). The Amyotrophic Lateral
Sclerosis Spectrum Disorders GCEP was formed
in 2021 to evaluate the strength of the evidence
for genes that have been previously asserted to
cause ALS with the central goal of providing evi-
dence-based guidance for the standardization of
clinical genetic testing worldwide, and, therefore,
diagnostics and clinical care of ALS patients. It is
the aim of the ClinGen ALS GCEP to provide the
necessary resources to move toward the offering of
consistent panels world-wide that include genes
with high levels of evidence for true gene-disease
relationships.

Our analysis shows that a group of core genes
are represented on most panels—over 90% of the
clinical panels included sequencing of the genes

ANG, FUS, OPTN, SETX, SOD1, TARDBP,
UBQLN2, VAPB, and VCP. Further, a recent
assessment of Canadian clinics offering genetic
testing for fALS cases found that a substantial sub-
set (36%) are only ordering tests for SOD1 and
the C9orf72 GGGGCC HRE (8), likely resulting
in a large number of false negative genetic results
from the failure to assess other genes with a defini-
tive relationship with ALS.

Our analysis also shows that many panels are
missing genes with large and growing bodies of
evidence for their causality in ALS. Examples
include NEK1 and ANXA11, each included in
<40% of clinical panels regardless of the relatively
large amount of genetic and experimental evidence
supporting their implication in ALS (20–25).
Interestingly, both genes were first reported as
associated with ALS within the past six years, fit-
ting the common trend we observed that likelihood
of being included on panels seemingly correlated
closely with time since discovery. Further, many
laboratories have been inconsistent and idiosyn-
cratic in deciding which genes to report on; of the
91 genes included in at least one of the ALS clin-
ical genetic panels analyzed, 40 of the genes
(44.0%) were each included in only a single clin-
ical panel, and 14 genes (15.4%) had not been
previously directly associated with ALS in the lit-
erature. Although a subset of these genes may be
associated with other motor neuron disorders,
such as hereditary spastic paraplegia, the inclusion
of genes in clinical panels lacking strong evidence

Figure 1. Year of first discovery of a relationship with amyotrophic lateral sclerosis (ALS), method of discovery, and function of the
encoded protein of the genes included on the identified ALS specific commercial clinical genetic tests (N¼14) with �2 publications
reporting rare variants associated with ALS.
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of a true gene-disease relationship is of particular
concern due to the high rates of variants of uncer-
tain significance that can be identified (11) and
the confusion that can be caused when genes are
reported without a strong phenotypic match. In
fact, the genes with the highest rates of variants of
uncertain significance in ClinVar—namely, SETX,
DCTN1, and SQSTM1—are each included in at
least 10 of the 14 analyzed clinical panels (71.4%).
As aforementioned, variants of uncertain signifi-
cance complicate the clinical testing process due to
the inability to draw clinically relevant conclusions
from their identification (10,15).

Only 50% of analyzed panels included, or
offered the option of including, C9orf72 repeat
expansion analysis despite being one of the most
commonly inherited forms of ALS, including cases
of sALS (2–4). While only a subset of the clinical
panels included the addition of C9orf72 HRE
screening, the assessment may be ordered separ-
ately from a panel, potentially using a tiered
approach by ruling out the repeat as a primary
cause prior to further testing. Regardless, its

inclusion in all clinical testing for ALS is impera-
tive; without it, the genetic diagnosis of a patient
may be overlooked in nearly 15% of ALS cases,
although rates differ by population.

Panel testing may not be flexible if targeted
capture is the primary the method. Evidence that
this is the case comes from the fact that the like-
lihood of a gene being included on a panel cor-
relates closely with time from discovery; in many
instances, genes first associated with ALS longer
ago were included in a greater number of panels.
In fact, all nine aforementioned genes included
in more than 90% of clinical panels were first
associated with ALS over 10 years ago.
Similarly, the clinical panels do not include
potentially relevant genes with more recently
identified relationships to ALS, as previously dis-
cussed regarding NEK1 and ANXA11. Time
since discovery will also influence the amount of
genetic and experimental evidence supporting a
gene-disease relationship available to the ALS
GCEP for the purposes of gene curation. To
account for this, following the initial round of

Figure 2. Packed circle plot comparing the number of amyotrophic lateral sclerosis (ALS) specific commercial clinical genetic tests
(N¼14) each gene was included on. The size of the circles corresponds to the number of clinical genetic tests the gene was included
on, ranging from one to 14 tests. The color of the circles corresponds to the number of years since the gene’s first association with ALS
was made. Grey circles indicate genes that have never been associated with ALS. The year of first association between ALS and the
gene is indicated below the gene name, where applicable.
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gene curation, monitoring of gene-disease rela-
tionships will continue as new genetic and
experimental evidence becomes available, and
new gene disease relationships are discovered.

It must be noted that a given ALS center or
neurologist may have the option of any number
of the described genetic tests when choosing
which to use for their patients. Although certain
clinics may be partial to specific testing compa-
nies, it is often at the discretion of the clinician
to ensure that the test they are choosing includes
all relevant genes yet excludes genes that may
not have sufficient evidence to support pathogen-
icity. However, not all neurologists have the gen-
etic expertise required to make these decisions,
which is why it is always recommended that a

genetic counselor is closely involved in patient
clinical care when genetic testing is being consid-
ered. Not only can these vital members of the
ALS patient care team contribute to clinical test-
ing panel selection based on current understand-
ing of genotype-phenotype correlations, but they
are also important for the interpretation of gen-
etic findings and explanation of results to
patients and their family members (10). The
results of the ALS GCEP curation efforts will be
an invaluable resource for all involved in the
clinical care team.

It is recognized that the assessment of clinical
tests presented herein is limited to only 14 panels,
mostly from Europe and North America. Yet, we
anticipate that similar heterogeneity would be

Figure 3. Pathogenicity classification and variant types reported in ClinVar in genes previously associated with amyotrophic lateral
sclerosis (ALS). All genes found on at least one of the analyzed clinical genetic testing panels (N¼14) were included in the analysis.
However, only genes with variants reported as associated with “ALS” or “motor neuron disease” in ClinVar are displayed in the figure.
(A) Flow chart highlighting the steps taken to obtain and filter the ClinVar variants reported in genes previously associated with ALS.
(B) Pathogenicity classification of all variants reported in ClinVar as associated with ALS. The total number of variants reported in
ClinVar in DCTN1, FUS, MATR3, SETX, SQSTM1, and VAPB exceeded the y-axis limits of 200; for these genes, the total number of
variants found in ClinVar were included on the right side of the bar plot. (C) Variant types of all variants reported in ClinVar as likely
pathogenic or pathogenic for ALS. (D) Variant types of all variants reported in ClinVar as being of uncertain significance for ALS.
Abbreviations: LP, likely pathogenic; P, pathogenic; VUS, variants of uncertain significance.
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observed, or even amplified, following the inclu-
sion of tests from underrepresented locations, and
that the need for consistency across clinical genetic
testing in ALS would remain apparent.

In addition to genes that have previously had a
relationship to ALS defined, the ClinGen ALS
spectrum disorders GCEP is curating the gene-dis-
ease relationships for all genes associated with
ALS-spectrum phenotypes, such as progressive

muscular atrophy (PMA), primary lateral sclerosis
(PLS), and progressive bulbar palsy, as well as
genes associated with FTD. Although a future
publication will describe the complete curation
methodology and overview of the gene-disease
relationships assessed, an up to date compendium
of all gene-disease validity classifications approved
by the ALS GCEP is available on the ClinGen
Gene-Disease Validity Portal. It is anticipated that

Figure 4. Pathogenicity classification and variant types identified using a commercially available genetic test for amyotrophic lateral
sclerosis (ALS). (A) Pathogenicity classification of variants identified using a commercially available genetic test for ALS. (B) Variant
types of all variants identified using a commercially available genetic test for ALS and classified as likely pathogenic or pathogenic. (C)
Variant types of all variants identified using a commercially available genetic test for ALS and classified as being of uncertain
significance. Abbreviations: LP, likely pathogenic; P, pathogenic; VUS, variants of uncertain significance.
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the consensus regarding gene-disease relationships
will improve the application of genetic testing clin-
ically and, ultimately, the care of patients living
with ALS and their families.
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