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Short report

Reduced penetrance of gene variants causing
amyotrophic lateral sclerosis

Andrew G L Douglas

ABSTRACT

Background Amyotrophic lateral sclerosis overlaps
aetiologically and genetically with frontotemporal
dementia and occurs in both familial and apparently
sporadic forms. The most commonly implicated genes

are C9orf72,SOD1, TARDBP and FUS. Penetrance of
disease-causing variants in these genes is known to be
incomplete, but has not been well studied at population
level.

Objective We sought to determine the population-level
penetrance of pathogenic and likely pathogenic variants
in genes commonly causing amyotrophic lateral sclerosis.
Methods Published epidemiological data for
amyotrophic lateral sclerosis and frontotemporal
dementia were used to calculate expected frequencies
of disease-causing variants per gene at population level.
Variant data from gnomAD and ClinVar databases were
used to ascertain observed numbers of disease-causing
variants and to estimate population-level penetrance

per gene. Data for C9orf72 were obtained from the
published literature.

Results Maximum population penetrance for either
amyotrophic lateral sclerosis or frontotemporal dementia
was found to be 33% for C9orf72 (95% Cl (20.9 to
53.2)), 54% for SOD1 (95% Cl (32.7 to 88.6)), 38%

for TARDBP (95% CI (21.1 to 69.8)) and 19% for FUS
(95% Cl (13.0 to 28.4)).

Conclusion Population-level penetrance of amyotrophic
lateral sclerosis disease genes is reduced. This finding has
implications for the genetic testing and counselling of
affected individuals and their unaffected relatives.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progres-
sive neurodegenerative disease affecting upper and
lower motor neurons within the brain and spinal
cord.! Despite significant advances in the under-
standing of its molecular pathogenesis, ALS remains
an incurable condition with a peak of incidence
between 60 and 75 years and a median survival of
only 2—4 years after onset.”* Between 5% and 10%
of cases are reported to be familial, displaying auto-
somal dominant inheritance with incomplete pene-
trance.” ° Pathogenic variants in over 30 different
genes have been implicated as causing familial ALS
(fALS), with 4 genes in particular (C90rf72 (MIM:
614260), SOD1 (MIM: 147450), TARDBP (MIM:
605078) and FUS (MIM: 137070)) contributing
to 55% of European ancestry ALS families.® ’
However, a notably consistent finding has been the
identification of pathogenic variants in the same
genes contributing to apparently sporadic ALS
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(sALS), with around 7% of European cases linked
to C9orf72, SOD1, TARDBP and FUS.”

ALS has a worldwide incidence of 1.75 per
100000 and a lifetime risk of 1 in 347 for men and
1 in 436 for women.®? It overlaps substantially in
its disease spectrum with frontotemporal dementia
(FTD), with up to 23% of ALS patients also having
FTD and 12.5% of FTD patients having ALS."" " A
recent large cohort study across 9 European coun-
tries has calculated the incidence of FTD to be 2.36
per 100 000, although previous estimates have
ranged from 2.7 to 4.1 per 100000."> ** Around
10% of FTD cases display clear autosomal domi-
nant inheritance and the most commonly iden-
tified genes are C90rf72, MAPT and GRN, which
again contribute to both familial FTD (fFTD) and
sporadic FTD (sFTD) cases.* 1

The C9orf72 (GGGGCC), repeat expansion is
known to be over-represented within European
populations, where it has been identified in 0.15%-—
0.2% of healthy controls.'®'” Given the relatively
well-preserved proportions in contribution of
C9orf72, SOD1, TARDBP and FUS to both fALS
and sALS, it is reasonable to expect the presence of
pathogenic variants in these and other ALS genes
to be similarly over-represented within population
cohorts and for disease penetrance to be reduced to
a similar degree to C90rf72. In this study, we sought
to estimate the expected frequencies of ALS-causing
pathogenic variants at a population level based on
their reported occurrences within familial and sALS
cohorts and to compare this to the corresponding
observed frequencies within a publicly available
genomic database. Using these data, it has been
possible to estimate the population-level penetrance
of the most common ALS-causing genes.

METHODS

Figures for ALS and FTD incidence and propor-
tions of familial and sporadic cases caused by
variants in specific genes were obtained from the
published literature.® '* Observed allele frequen-
cies and carrier frequencies (p,) of pathogenic and
likely pathogenic variants were calculated using the
gnomAD v.2.1.1 database (https://gnomad.broadin-
stitute.org/) with reference to variant classifications
provided by the ClinVar database (https://www.
ncbi.nlm.nih.gov/clinvar/)."* * For each gene, the
largest allele number from the set of pathogenic
or likely pathogenic variants seen in gnomAD was
used as the denominator for determining allele
frequencies. The ‘non-neuro’ dataset selection was
applied to gnomAD variants so as to omit data from
individuals ascertained as having a neurological
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condition in neurological case/control studies. Variants were
only counted as disease causing if they were listed as pathogenic
or likely pathogenic in ClinVar (variants were disregarded if of
uncertain significance or with conflicting interpretations or low-
confidence flags).

If ALS genes were fully penetrant, the expected pathogenic
variant carrier frequency in the population for a given gene
(p,) would equal the lifetime risk of ALS (R,) multiplied by the
sum of the proportion of cases that are fALS (F,) multiplied by
the reported frequency of variants causing fALS (p,,) added to
the proportion of cases that are sALS (1—F,) multiplied by the
reported frequency of variants causing sALS (p,,). In order to
account for the additional overlap in contribution to FTD of
many ALS genes, an identically formulated expression can be
added to this equation but using figures for lifetime risk of FTD
(R,), proportion of fFTD (F,) and sFTD (1—F,,) cases and the
associated frequencies of causative variants in fETD and sFTD
(,p and pg,). Thus, the expected frequencies of disease-causing
variants can be calculated as follows:

PE = Ra {Fa-pra + psa (1 —Fa)}
+Rp {Frp - prp + psp (1 — Frp) }

Penetrance (K) can then be estimated as the reciprocal of the
observed carrier frequencies divided by the expected carrier
frequencies, which is more naturally expressed as the expected
divided by the observed carrier frequencies:

K =1/ (polpE) = polPe

In the calculations of penetrance undertaken, lifetime risks of
11in 386.4 for ALS (combining both male and female incidence)
and 1 in 305 for FTD have been used and fALS and fFTD are
taken to represent 1 in 10 cases. The lifetime FTD risk has been
estimated based on the upper limit incidence of 2.7-4.1 per 100
000, which if applied to an average population lifespan of 80
years would equate to 1 in 305-463 people.

RESULTS

The results of this study are summarised in table 1 and figure 1.
For SOD1, reported in 12% of fALS and 2% of sALS cases,
disease-causing variants are expected to occur in 1 in 12880
people. However, a population frequency of 1 in 6938 people
in gnomAD were found to be heterozygous for such variants.
Of note, the relatively common p.(Asp91Ala) variant respon-
sible for a recessive form of ALS was excluded on account of its
conflicting interpretations of pathogenicity on ClinVar (though
no homozygotes were present). This result therefore suggests a

maximum penetrance for SOD1 of 54% at population level. For
TARDBP and FUS, both reported to account for 4% of fALS, 1%
of sALS and 1% of fFTD, disease-causing variants are expected
to occur in 1 in 27084 people. However, such variants are
actually observed in at least 1 in 10406 and 1 in 5202 people,
respectively, giving TARDBP an estimated population penetrance
of 38% and FUS 19%.

Although gnomAD does not include data on the C9orf72
repeat expansion, a similar calculation can be performed using
previously reported figures for its prevalence.'® '’ Based on the
contribution of C9orf72 in up to 40% of fALS, 7% of sALS,
25% of fFTD and 6% of sFTD, the expected carrier frequency
would be 1 in 1903 people. However, its reported prevalence in
5/2585 and 11/7579 healthy controls (totalling 17/10163 or 1
in 635 people) would suggest a maximum population penetrance
of 33%.

DISCUSSION

Individuals predisposed to late-onset neurodegenerative diseases
such as ALS are subject to age-related cumulative risks of devel-
oping these disorders. Genetically determined forms of ALS will
therefore always exhibit some degree of incomplete penetrance
owing to confounding variables that may affect the lifespan of
at-risk individuals. This can often be seen when assessing an
affected individual’s family history, for example, where an inter-
vening relative who is an obligate gene carrier has died at a rela-
tively young age and thus would appear to have been unaffected,
potentially leading to underestimation of penetrance. To compli-
cate matters further, there is currently no reliable way to ascer-
tain whether or not a deceased at-risk individual (eg, a carrier
of an apparently pathogenic SOD1 variant) would have gone on
to develop neurodegeneration. This makes measuring the true
penetrance of genes predisposing to ALS problematic.

This study has sought to estimate ALS gene penetrance by
reference to published and publicly available information. The
calculated penetrance estimates depend heavily on the accuracy
of the epidemiological figures employed. A number of additional
inherent limitations also apply. First, there are undoubtedly
multiple and substantial non-genetic and environmental influ-
ences on ALS and we have not sought to address these factors in
this purely genetic analysis. Second, this study assumes that the
population in gnomAD is an accurate surrogate for the general
population. Third, no allowance has been made for different
rates of ALS gene variants across different ethnic groups, for
which good evidence exists.” Fourthly, the analysis assumes that
ClinVar annotations are accurate and does not take into account

Table 1 The expected and observed frequencies of disease-causing variants in ALS-related genes and the maximum estimated disease penetrance
at population level
fALS (sALS) fFTD (sFTD) Deleterious Expected DAF Observed DAF Penetrance

Gene % % (total) alleles (expected CF) (observed CF) P value (1% (% (95% Cl))
C9orf72 40 (7) 25 (6) 16 (20 328) 2.63x107* 7.87x10™ 3.99x107° 334

(1in 1903) (1in 635) (20.9t0 53.2)
sop1 12 (2) 0(0) 15 (208 130) 3.88x10°° 7.21x107 1.49x107 53.9

(1in 12 880) (1in 6938) (32.7 to 88.6)
TARDBP 4(1) 1(0) 10 (208 126) 1.85%107° 4.80x10° 1.68x107 38.4

(1in 27 084) (1in 10 406) (21.1 t0 69.8)
FUS 4(1) 1(0) 20 (208 080) 1.85%107° 9.61x10 1.66x107' 19.2

(1in 27 084) (1in 5202) (13.0 to 28.4)

1+ 136/1).

P values have been generated from x* values (df=1) and 95% Cl is given by penetrance

CF, carrier frequency; DAF, deleterious allele frequency; fALS, familial amyotrophic lateral sclerosis; fFTD, familial frontotemporal dementia; SALS, sporadic amyotrophic lateral

sclerosis; sFTD, sporadic frontotemporal dementia.
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Observed vs expected ALS gene deleterious allele frequencies
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Figure 1

the substantial numbers of variants present in gnomAD that are
not present in ClinVar and which therefore have not been classi-
fied. Finally, by performing analysis at the gene level, no consid-
eration has been given to the possible variability in penetrance
that might be attributable to specific gene variants.

In defence of the relatively simplistic approach used here, it
should be noted that gnomAD v.2.1.1 does indeed have a large
preponderance of data from European ancestry individuals.'®
The ALS gene contribution figures used have also been largely
ascertained in respect to European ancestry cohorts and so
these are likely to be applicable.® We have sought to use gener-
ally accepted figures for percentage gene contributions to ALS
and FTD but recognise that uncertainty exists, particularly for
figures under 1% and so we have not included values below 1%
and similarly have limited the analysis to only the four most
commonly involved ALS genes. In addition, we have sought to
maximise the expected number of variants (and hence to maxi-
mise the calculated gene penetrance) by using a fALS rate of
10% rather than 5% and by including lifetime risks of ALS (1
in 386) and FTD (1 in 305) that are towards the upper limits
for what has been reported or calculated according to incidence.
Furthermore, by only counting variants classified unambiguously
on ClinVar, we believe that we have in fact underestimated the
true frequencies of observed pathogenic and likely pathogenic
variants, which if included would further increase the observed/
expected variant ratios and therefore decrease the penetrance of
each gene even further. By limiting our analysis to ALS and FTD,
we have precluded the possibility of other forms of neurodegen-
eration being caused by these gene variants. However, widely
accepted figures for such contributions are generally not avail-
able and we have therefore chosen to omit these. With regard
to variant-level effects, such differences are indeed likely to
exist and further research into the reasons for genotype-specific
disease variability may prove fruitful in terms of understanding
the pathogenic mechanisms underlying genetic forms of ALS

M Expected
m Observed

—
TARDBP

— B
FUS

Expected and observed deleterious allele frequencies for genes commonly involved in amyotrophic lateral sclerosis (ALS).

and FTD. However, the results of this study would tend to
caution against the automatic attribution of penetrance figures
to individual variants, since the implication of this work is that
penetrance is not an intrinsic characteristic of a given gene or
variant but rather is modifiable and dependent on other genetic
and non-genetic factors. In any case, the numbers of variants
in the gnomAD cohort are too low to allow adequate analysis
to this level of detail and this will only start to become possible
with reference to genomic data cohorts that include millions of
individuals.

In this study, we have identified that pathogenic and likely
pathogenic variants in commonly identified genes linked to
ALS are over-represented in control populations and therefore
display reduced penetrance at the population level. This finding
is of relevance to understanding the aetiology and pathogenesis
of ALS and FTD and raises the question of what factors, genetic
or otherwise, are influencing the penetrance in this way. It also
has important clinical implications for those undertaking genetic
testing of individuals affected by ALS and FTD and even more
so for the predictive genetic testing of unaffected relatives. Now
that clinical trials are taking place to target SOD1 and C9orf72
gene carriers, it is becoming critical to understand who will and
who will not go on to develop disease and hence who is likely
to benefit most and least from such treatments.?’ Importantly, it
should be noted that the penetrance figures reported here apply
only to the population as a whole, not to the individual. It would
therefore not be appropriate to counsel affected individuals and
their relatives based solely on these figures. Individual carriers of
disease-causing variants in these genes are likely to have individ-
ualised risk profiles and this should be considered carefully when
making clinical decisions about predictive testing. Until such time
as the other relevant factors influencing ALS gene penetrance
become known and their relative contributions understood, an
individual’s risk will likely best be determined by reference to his
or her own family history of the disease.
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Correction notice This article has been corrected since it was published Online
First. The funding statement has been amended for clarity.
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