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Abstract

Leveraging genome-wide association statistics generated from a large study of amyotrophic lateral sclerosis (ALS; 29,612
cases and 122,656 controls) and UK Biobank (UKB; 4,024 phenotypes, up to 361,194 participants), we conducted a phe-
nome-wide analysis of ALS genetic liability and identified 46 genetically correlated traits, such as fluid intelligence score
(r,==0.21,p=1.74x 107%), "spending time in pub or social club” (r,=0.24, p=2.77X% 107%), non-work related walking
(rg =—-0.25,p=195% 10‘6), college education (rg =—10.15,p=7.08 x 10‘5), “ever diagnosed with panic attacks (rg =0.39,
p=4.24x107), and “self-reported other gastritis including duodenitis” (r,=0.28, p=1.4x 107). To assess the putative
directionality of these genetic correlations, we conducted a latent causal variable analysis, identifying significant genetic
causality proportions (g€p) linking ALS genetic liability to seven traits. While the genetic component of “self-reported other
gastritis including duodenitis" showed a causal effect on ALS (g¢p=0.50, p=1.26x 107°), the genetic liability to ALS
is potentially causal for multiple traits, also including an effect on "ever being diagnosed with panic attacks” (gép=0.79,
p=5.011x107"%) and inverse effects on “other leisure/social group activities” (gép=0.66, p=1x107*) and prospective
memory result (g¢p=0.35, p=0.005). Our subsequent Mendelian randomization analysis indicated that some of these asso-
ciations may be due to bidirectional effects. In conclusion, this phenome-wide investigation of ALS polygenic architecture
highlights the widespread pleiotropy linking this disorder with several health domains.

Introduction

Amyotrophic lateral sclerosis (ALS) is a complex neurologi-
cal disorder due to the degeneration of the upper and lower
motor neurons at the bulbar and spinal level (Rowland and
Shneider 2001), with an age of onset ranging between 50 and
65 years of age (Oskarsson et al. 2018). Worldwide, ALS
incidence is 4.5 cases per 100,000 person-year (Joilin et al.
2019). The disease is characterized by initial muscle weak-
ness that worsens to atrophy, preventing the patient from
breathing and swallowing, and eventually causing death
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(Polkey et al. 1999). Indeed, half of ALS patients die in the
first 3 years after diagnosis of the disease and only 20% of
them survive in the following 7 years (Talbot 2009).

Familial forms of ALS are due to rare mutations in genes
such as TAR DNA-Binding Protein (TARDBP), Superoxide
Dismutase 1 (SODI), FUS RNA Binding Protein (FUS), and
C90rf72-SMCRS8 Complex Subunit (C9orf72) (Abhinav et al.
2007; Greenway et al. 2006; Ticozzi et al. 2011; Valdmanis
and Rouleau 2008). However, more than 90% of ALS cases
are not due to monogenic forms, but they are likely due to a
complex genetic architecture characterized by the additive
effect of many risk loci with small individual effects.

To date, the largest ALS genome-wide association study
(GWAS) investigated 29,612 cases and 122,656 controls,
identifying 15 risk loci (van Rheenen et al. 2021). These
ALS-associated variants were shared with other neuro-
logic traits and diseases, but their effect on the transcrip-
tomic regulation of brain regions and cell types appears to
be distinct from other brain disorders (van Rheenen et al.
2021). Beyond gene discovery, genome-wide association
statistics can be used to examine ALS genetic liability in
the context of other human traits and diseases. Indeed,
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study designs based on phenome-wide screening are
invaluable tools to generate novel hypotheses regarding
the genetically shared risk factors and comorbid conditions
of ALS (Liu and Crawford 2022). In particular, genetic-
correlation (r,) analysis can provide insights into the bio-
logical pathways and/or the causality relationships link-
ing ALS genetic liability to different health domains (van
Rheenen et al. 2019). However, correlation does not prove
causation. Accordingly, several methods have been devel-
oped to perform causal inference analyses using genetic
information as an anchor. Indeed, while observational
epidemiological studies can be affected by confounding,
reverse causation, and various biases, we can use the asso-
ciation of genetic variants with human traits and diseases
to circumvent some of these biases and generate more
reliable evidence regarding the cause—effect relationships
underlying complex comorbidities. Many causal inference
analyses have used the two-sample Mendelian randomiza-
tion (MR) approach to test the causal effect of the risk
factor (i.e., exposure) on the outcome using the associa-
tions of genetic variants (i.e., instrumental variable) with
exposure and outcome from two sources (Sanderson et al.
2019). Another established method to perform genetically
informed causal inference analyses is the latent causal var-
iable (LCV) approach which is based on the assessment of
a latent variable that mediates the r, between two traits of
interest (O'Connor and Price 2018).

In the present study, leveraging the genome-wide asso-
ciation statistics from the largest ALS study (van Rheenen
et al. 2021), we conducted a phenome-wide r, analysis
with respect to 957 traits with strong SNP-based heritabil-
ity estimates (z score > 4) available from the UK Biobank
(UKB) (Bycroft et al. 2018). Considering ALS geneti-
cally correlated traits, we performed causal inference
analyses using LCV and MR approaches. These methods
are based on different assumptions and effects consistent
between them are less likely to be biased by violations of
the assumptions underlying each model. We considered
results consistent across these two methods to be reliable
evidence of possible cause—effect relationships related to
ALS pathogenesis.

Materials and methods

To investigate ALS genetic liability in the context of other
human traits and diseases, we designed the present work
by applying complementary analytic approaches to multi-
ple large-scale genome-wide datasets (Supplemental Fig. 1).
This study was conducted using genome-wide association
statistics generated by the previous studies. Owing to the use
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of previously collected, deidentified, aggregated data, this
study is exempting from institutional review board approval.

Data sources

We investigated data from the largest GWAS of ALS
(van Rheenen et al. 2021) that included 29,612 cases
and 122,656 controls (91% of European descent and 9%
of East Asian descent) (van Rheenen et al. 2021). With
respect to other traits and diseases, we used genome-wide
association statistics generated from the UKB (Bycroft
et al. 2018). This cohort includes approximately 500,000
individuals (54% females) from the United Kingdom with
an age at recruitment between 37 and 73 (Bycroft et al.
2018). UKB participants were assessed for a wide range of
outcomes including diet, cognitive function, work history,
health status, and other relevant phenotypes. Genome-wide
data were also generated in this cohort. Details regard-
ing UKB phenotypic and genetic assessment have been
previously described (Bycroft et al. 2018). In our analy-
sis, we used genome-wide association statistics gener-
ated from the analysis of 361,194 UKB participants of
European descent. Specifically, we estimated SNP-herit-
ability for 4024 UKB phenotypes (Supplemental Table 1)
and analyzed with respect to ALS only those with SNP-
heritability z>4 (Supplemental Table 2; see SNP-based
Heritability and Genetic Correlation). Details regarding
the quality control and the association analysis are avail-
able at https://github.com/Nealelab/UK_Biobank_GWAS.
Briefly, the genome-wide association analysis was con-
ducted using regression models available in Hail (available
at https://github.com/hail-is/hail) and including the top-20
within-ancestry principal components (PC), sex, age, age?,
sex X age, and sex X age” as covariates. We also analyzed
sex-stratified genome-wide association statistics from
UKB to investigate possible differences between females
and males in the pleiotropy between ALS and other phe-
notypes. The sex-specific covariates included the top-20
PCs, age, and age®. ALS and UKB genome-wide associa-
tion statistics were processed by removing variants with
a minor allele frequency (MAF) < 1%. With respect to
UKB genome-wide association statistics generated from
case—control phenotypes, we also removed variants with a
minor allele count < 20 in the smaller group between cases
and controls. To verify the specificity of the findings iden-
tified with respect to ALS, we also analyzed genome-wide
association statistics generated from 111,326 clinically
diagnosed/'proxy' Alzheimer’s disease cases and 677,663
controls (Bellenguez et al. 2022).
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SNP-based heritability and genetic correlation

We calculated the SNP-based heritability for ALS using
genome-wide data available from a previous study (van
Rheenen et al. 2021) and for the UKB phenotypes (Supple-
mental Table 1). For this analysis, we used the linkage dis-
equilibrium score regression (LDSC) (Bulik-Sullivan et al.
2015) testing 1,217,311 SNPs present in the HapMap 3
reference panel and applying the pre-computed LD scores
based on 1000 Genomes Project reference data on indi-
viduals of European ancestry (available at https://github.
com/bulik/ldsc). We decided to use European-ancestry
LD scores, because the ALS GWAS was generated from a
sample including > 90% individuals of European descent.
In line with the recommendations of the LDSC developers
(Bulik-Sullivan et al. 2015), we tested ALS r, with UKB
traits with SNP-based heritability z score > 4. Addition-
ally, we also performed a sex-stratified genetic-correlation
analysis, estimating statistical differences between female
and male rg estimates using a z test. To account for mul-
tiple testing, we considered statistically significant r,s as
those surviving a 5% false discovery rate (FDR) correction
(FDR Q value <0.05).

Polygenic risk scoring among ALS datasets

To verify the transferability of genetic effects between the
ALS GWAS meta-analysis (van Rheenen et al. 2021) and
ALS cases in the UKB cohort (G6_ALS: motor neuron dis-
ease), we conducted polygenic risk score analysis on the
basis of the genome-wide association statistics using the
gtx R package incorporated in PRSice software (Euesden
et al. 2015). The PRS was calculated considering a p value-
informed clumping with an LD cutoff of R2=0.01 within
a 250-kilobase window, excluding the major histocompat-
ibility complex region of the genome because of its complex
LD structure and including only variants with a minor allele
frequency greater than 1%. The European samples from the
1000 Genomes Project were used as the LD reference panel.
To maximize the variance explained, we considered multiple
p value threshold (PT=5x 10", 1x 107, 1x 107, 1 x 107>,
1x 107, 0.001, 0.1, 0.05,0.3, 0.5, 1).

Genetically informed causal inference analysis

To identify causative effects underlying the r s observed,
we applied the LCV approach (O'Connor and Price 2018).
Under the assumption of a single effect-size distribution,
LCV examines the presence of a single latent trait between
genetically correlated traits to estimate a genetic causality
proportion (g&p), ranging from O to 1. Values near 0 indi-
cate partial causality, while values approaching 1 indicate
full causality (O'Connor and Price 2018). Positive and

negative gép values reflect the direction of the putative
causal effect (i.e., phenotype #1 — phenotype #2 and phe-
notype #2 — phenotype #1, respectively). To avoid confu-
sion, we describe the LCV effects oriented in accordance
with positive g&p values. Information regarding the sign of
the LCV effect is provided by the LCV rho statistics: tho >0
corresponds to a positive effect, while rho <0 corresponds
to a negative effect. The LCV analysis was performed in
R using the European-ancestry LD scores. The primary
LCV analysis was conducted using the sex-combined UKB
genome-wide association statistics, and subsequently, the
traits identified were tested further using sex-stratified UKB
genome-wide association statistics.

To validate the LCV results with an independent method,
we conducted a bidirectional two-sample MR analysis.
Indeed, LCV and MR approaches are based on different
modeling approaches. Accordingly, estimates concordant
between these two methods have to be robust to different
assumptions.

While the LCV method estimates causal effects using
genome-wide information, the MR approach infers puta-
tive causal relationships between exposure and outcome
using a limited number of SNPs as instrumental variables
(Zheng et al. 2017). Additionally, MR assumptions are: (i)
the instrumental variables (genetic variants) are associated
with the exposure, (ii) the genetic variants are not associ-
ated with confounders related to exposure and outcome, and
(iii) the genetic variants affect the outcome only through the
exposure factor (Davies et al. 2018).

In the present study, the MR analysis was conducted using
the TwoSampleMR package (Hemani et al. 2017) within
the R environment. This R package permits to perform a
wide range of MR analyses using genome-wide association
statistics. With respect to MR approaches based on individ-
ual-level data, statistics-level MR analyses can be used to
integrate sample sizes and assessments that may be present
across different data sources. For each MR test, we defined
the instrumental variable based on LD-independent variants
(r2<0.001 within a 10,000-kilobase window) based on the
1000 Genomes Project Phase 3 reference panel for European
populations. The clumping procedure was conducted con-
sidering a p value of 107 for the exposure GWAS. Similar
to previous MR studies (Bountress et al. 2021; Polimanti
et al. 2019; Tylee et al. 2022; Wendt et al. 2019), we used
this threshold to maximize the statistical power of the analy-
ses performed. The analysis was conducted using five MR
methods: inverse variance weighted (IVW), MR-Egger, sim-
ple mode, weighted median, and weighted mode (Hemani
et al. 2018). These different methods allowed us to verify
whether the estimates observed were robust to the sensi-
tivities unique to each of the stated methods. We referred
to the IVW method as the primary method due to its higher
statistical power (Bowden et al. 2017). As recommended for
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genetically informed causal inference analyses (Sterne and
Davey Smith 2001), we avoided inference based simply on
p value thresholds. The direction and strength of the effects
estimated via LCV and MR analyses, together with the cor-
responding p values, were considered to better reflect the
spectrum of evidence related to the LCV and MR results.
To assess possible biases due to potential confounders (e.g.,
horizontal pleiotropy and heterogeneity), we performed
multiple sensitivity analyses, including MR-PRESSO (Plei-
otropy RESidual Sum and Outlier) global test (Verbanck
et al. 2018), heterogeneity test (Burgess et al. 2017), and the
MR-Egger intercept analysis (Burgess and Thompson 2017).

Results

Applying the LDSC method, we calculated ALS SNP-based
heritability based on a previously generated GWAS meta-
analysis (van Rheenen et al. 2021) and phenotypic traits
available from UKB (see Data Sources). ALS SNP-herita-
bility on the observed scale was 3% (observed-scale SNP-
h*=0.0357, SE=0.0039, z=9.15). For the 4,024 traits avail-
able from UKB, we estimated the SNP-based heritability and

considered 957 phenotypes with an SNP-based heritability
z score >4 (Supplemental Table 2) for further analyses as
recommended by the LDSC developers (Bulik-Sullivan et al.
2015). These included a wide range of outcomes related to
different phenotypic domains such as “qualification: col-
lege or university degree” (SNP-42=0.16, SE=0.0045,
7=35.56), body mass index (SNP-h2 =0.23, SE=0.0068,
7=33.82), forced expiratory volume in one second (FEV1;
SNP-/#*>=0.177, SE=0.006, z=29.5), and hand grip strength
(left hand; SNP-A*=0.11, SE=0.0039, z=28.21). Since
UKB has a prevalence similar to the one observed in the UK
population (0.05% vs. 0.07%, respectively), there are only a
limited number of ALS cases in the UKB (N=167). Accord-
ingly, ALS assessed in UKB (G6_ALS: Motor neuron dis-
ease) did not show a statistically significant SNP-h? herit-
ability and was not tested in the genetic-correlation analysis.
Nevertheless, we demonstrated that a PRS derived from
the ALS GWAS meta-analysis (van Rheenen et al. 2021)
is statistically associated with ALS assessed in the UKB
cohort (R*=1.97%, p=1.32x 10™*; Supplemental Table 3).
Considering the 957 phenotypes with an SNP-based herit-
ability z score >4, ALS genetic-correlation analysis identi-
fied evidence of genetic overlap surviving multiple testing
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white (p> 0.05), light blue (p <0.05), and blue (FDR ¢ < 0.05). Phenotype labels are included for the top ten results

@ Springer



Human Genetics (2023) 142:1173-1183

177

correction for 46 of them (FDR ¢ <0.05; Fig. 1; Supplemen-
tal Table 4). No statistically significant differences (p >0.05)
were observed in the r, estimates of these traits calculated
using sex-stratified UKB genome-wide association statistics
(Supplemental Table 5). Ten of the ALS significant genetic
correlations were related to traits derived from cognitive
function tests. Specifically, ALS genetic liability was nega-
tively correlated with fluid intelligence score (r,=— 0.21,

p=1.74x107%) and items related to its assessment (e.g.,
number of fluid intelligence questions attempted within time
limit, rg=-— 0.29, p=3.09x 1079). Additionally, ALS genetic
liability was positively correlated with two items related to
the prospective memory test (i.e., duration screen displayed,
re=0.28, p=1.21x10" ~7: number of attempts, r,=0.28,

p 3.63x1075) and one related to the pair- matchmg test
(time to complete round, re= 0.15,p=1x 104). Four ALS
genetic correlations were related to leisure and social activi-
ties. Specifically, ALS genetic liability was positively cor-
related with spending time in pub or social club (r,=0.24,
p=2.77x107%, but it was inversely correlated w1th being
part of religious group (r,=— 0.22, p=4.03x 10~ %), attend-
ing adult education classes (r,=— 0.24, p=2.83 % 107%),
and other group activities (r,=— 0.31, p=1.87X 107%). We
also identified two FDR-significant genetic correlations
related to non-work-related transportation choices where
ALS genetic liability was negatively correlated to walking
(ry==0.25,p=195x% 107%) and using public transporta-
tion (rg: - 0.20, p=6Xx 10‘4). With respect to educa-
tion, ALS genetic liability was positively correlated with
not having any qualification (r,=0.13, p=1.1X 107%) and
negatively genetically correlated with having college edu-
cation (rg =—0.15, p=7.08 X 10’5), secondary education

(ry=-10.16,p=5.08 X 107%), and other professional qualifi-
cations (rg= —-0.20,p=1x 10‘4). As also mentioned in the
original ALS GWAS (van Rheenen et al. 2021), ASL genetic
correlation with educational attainment may be influenced
by ascertainment bias in ALS GWAS study that included
more educated participants than those usually screened in
clinical ascertainment of ALS cases.

We also observed that ALS genetic liability was cor-
related with multiple mental health outcomes such as
"ever thought that life was not worth living” (r,=— 0.21,
p=2x10"", “ever contemplated self-harm” (r,==10.29,
p=2x10"", and “ever diagnosed with panic attacks”
(r,=0.39, p=4.24x 107%). With respect to physical health,
we identified genetic correlations related to self-reported
other gastritis including duodenitis, re= 0.28,p=1.4x% 10‘3).
Finally, we also observed that ALS genetic liability was
negatively correlated to items related to participation in
the UKB dietary questionnaire: acceptance of the invita-
tion to complete online 24-h recall dietary questionnaire
(ry=—0.32, p=1.02x 1077) and number of diet question-
naires completed (r,=— 0.27, p=2X 1074.

To test causal effects and shared genetic mechanisms
underlying ALS genetically correlated traits, we performed
a genetically informed causal inference analysis using the
LCV approach (O'Connor and Price 2018). As mentioned
in the methods, in the LCV analysis, positive and nega-
tive gép values reflect the direction of the putative causal
effect (i.e., phenotype #1 — phenotype #2 and phenotype
#2 — phenotype #1, respectively), while the sign of the
effect is given by the rho statistics. After FDR multiple
testing correction accounting for the number of pheno-
types tested (N=46, FDR ¢ <0.05), we identified putative
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causal effects linking ALS genetic liability to seven of the
genetically correlated traits (Fig. 2; Supplemental Table 6).
Considering only those traits with genome-wide association
statistics were powerful enough to perform LCV analyses
in both sexes, no differences (p > 0.05) were observed in the
gcp estimates when testing sex-stratified UKB data (Sup-
plemental Table 7). Among the traits identified in the sex-
combined LCV analysis, only in one instance, the genetic
liability of a trait (i.e., on reporting a diagnosis of “other
gastritis including duodenitis”) showed a positive causal
effect on ALS (gép=0.50, p=1.26 x 107?%; rho=0.28,
SE =0.09). The other LCV results were related to puta-
tive causal effects of the genetic liability to ALS on other
traits. Three of these showed positive effects of ALS genetic
liability (LCV rho> 0): ever being diagnosed with panic
attacks (g&p=0.79, p=5.011x 1071, tho=0.32, SE=0.12),
duration screen displayed in the prospective memory test
(g¢p=0.49, p=6.309x107"; rho=0.19, SE=0.10),
and number of attempts in the prospective memory test
(g€p=0.42, p=0.001; tho=0.18, SE=0.11). Conversely,
other three traits appear to be negatively affected by ALS
genetic liability (LCV rho <0): number of diet question-
naires completed (gép=0.67, p=7x107*; rho=— 0.26,
SE=0.08), other leisure/social group activities (g&p =0.66,
p=1x 10 tho=—0.29, SE= 0.07), and prospective mem-
ory result (g€p=0.35, p=0.005; tho=—-0.17, SE=0.10).

To understand better the pleiotropy linking the traits
identified by the LCV analyses, we performed a genetic-
correlation analysis among them. After multiple testing
correction (FDR ¢ < 0.05), we identified significant genetic
correlations among 18 phenotype pairs (Supplemental
Table 8). In line with the fact that they are part of the same
construct, the strongest genetic correlation (Irgl>0.89) was
observed among items related to prospective memory tests
(i.e., number of attempts, duration screening displayed,
and prospective memory results). The prospective-mem-
ory items showed a strong genetic overlap with the num-
ber of diet questionnaires completed (e.g., duration screen
displayed rg=— 0.63, p=1.66x 10*) and leisure/social
group activities (e.g., duration screen displayed rg=— 0.44,
p=2.95x1072%). Another strong genetic correlation was
observed between panic attacks and “other gastritis includ-
ing duodenitis” (rg=0.56, p=2.23 x 107°). The remaining
phenotype pairs showed a lower extent of genetic correla-
tion (|rg| <0.4). Additionally, we also verified the speci-
ficity of the LCV-identified traits for ALS with respect to
AD. Although there is a partial shared genetic correlation
between ALS and AD (rg=0.25, p=1x107*), the only
LCV-identified trait for ALS that is also genetically cor-
related with AD at a nominal significance level was “Dura-
tion screen displayed” during the prospective memory test
(rg=0.11, p=0.01; Supplemental Table 9).
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Finally, to validate the causal effects identified using
the LCV approach, we performed a two-sample bidirec-
tional MR analysis (Supplemental Table 10). LCV and
MR are based on different assumptions (Davies et al. 2018;
O'Connor and Price 2018). Accordingly, comparing the
results obtained from these two methods permitted us to gain
additional insights into the pleiotropic genetic mechanisms
linking ALS to its genetically correlated traits. Among the
causal effects identified by the LCV, we identified a con-
sistent MR result with respect to a very small effect of the
genetic liability to other leisure/social group activities on
ALS (IVW beta=— 0.006, SE=0.002). Conversely, our
MR analysis showed a bidirectional relationship between the
duration of screen displayed in the prospective memory test
and ALS genetic liability (duration screen displayed — ALS:
IVW beta=0.230, SE=0.09; ALS genetic liability — dura-
tion screen displayed: IVW beta=0.033, SE=0.01),
between the number of attempts in the prospective memory
test and ALS genetic liability (number of attempts — ALS:
IVW beta=0.59, SE=0.26; ALS genetic liability — num-
ber of attempts: [IVW beta=0.016, SE=0.003) and between
the prospective memory result and genetic liability of ALS
(prospective memory result— ALS: IVW beta=0.51,
SE=0.22; ALS genetic liability — prospective memory
result: IVW beta=0.017, SE=0.005). We also observed a
significant effect of the genetic liability to the number of
diet questionnaires completed on ALS (IVW beta=— 0.32,
SE=0.14). This effect was characterized by heterogeneity
among the effects of the variants included in the instrumen-
tal variable IVW Q0=39.4, df=25, p=0.033). However,
we did not identify an effect in the opposite direction (IVW
beta=— 0.013, SE=0.009) or bias due to horizontal pleiot-
ropy (MR-Egger intercept=— 0.0122, p =0.248).

Discussion

ALS is a complex neurological disorder related to the degen-
eration of the upper and lower motor neurons (Oskarsson
et al. 2018; Rowland and Shneider 2001). Its sporadic form,
the most common, is due to a complex genetic architec-
ture characterized by the additive effect of many risk loci
with small individual effects. Consistent with the missing
heritability observed for complex traits (Genin 2020), we
observed that the SNP-based heritability assessed from
GWAS data (3%) was much lower than the heritability esti-
mated by previous family-based analyses (~50%; Ryan et al.
2019; Trabjerg et al. 2020). Nevertheless, the previous stud-
ies showed ALS polygenic risk overlap with schizophrenia,
educational attainment, tobacco smoking, and several other
traits assessed in large GWAS meta-analyses (Bandres-Ciga
et al. 2019; Restuadi et al. 2022; van Rheenen et al. 2021).
In the present study, we used genome-wide association
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statistics available from UKB to investigate ALS genetic
liability in the context of a wider range of human traits and
diseases. Through this phenome-wide screening approach,
we identified putative causal effects and genetic mecha-
nisms shared between ALS and other health outcomes. Our
genetic-correlation analysis showed that the polygenic archi-
tecture of ALS is correlated with traits related to different
domains. In line with the enrichments for brain regions and
cells observed in the ALS GWAS (van Rheenen et al. 2021),
we observed ALS genetic correlations with multiple traits
related to cognitive function and educational attainment.
Previous GWAS of educational attainment and related phe-
notypes showed how their genetic effects have a pattern of
enrichments related to brain regions and cells with stronger
evidence related to neurons rather than to astrocytes and
oligodendrocytes (Okbay et al. 2022). Regarding cogni-
tive functions, we observed ALS genetic correlations with
phenotypes related to fluid intelligence (i.e., the ability to
generate, transform, and manage different types of new
information, in real time) and prospective memory (i.e.,
the ability to remember to perform learned actions, in the
future). Additionally, our genetically informed causal infer-
ence analysis showed that ALS genetic liability may affect
prospective memory.

ALS patients can manifest a series of cognitive impair-
ments, including abstract reasoning (Elamin et al. 2013).
There is still a debate whether cognitive impairment is an
early ALS symptom, or a condition related to the long-term
consequence of the disease progression (Bersano et al. 2020;
Elamin et al. 2013). Our findings indicate that ALS poly-
genic risk could have a direct effect on cognitive function,
supporting that cognitive impairment is an early symptom
of the disease.

Another domain with multiple ALS genetically correlated
traits is related to the assessment of dietary habits. Although
diet is a factor that has been reported to alter ALS risk (Pape
and Grose 2020), our findings appear to indicate a more
complex scenario. Indeed, while ALS genetic liability is cor-
related with cheese intake, semi-skimmed milk preference,
dried fruit intake, and red wine intake, we also observed a
putative causal effect of the genetic liability to ALS to the
“number of diet questionnaire complete”. Studies in UKB
cohort showed that participation in optional components
such as the diet questionnaire is associated with loci associ-
ated with educational attainment and Alzheimer’s disease
(Tyrrell et al. 2021). Additionally, dietary patterns assessed
in UKB participants appear to be causally influenced by
factors correlated with education (Cole et al. 2020). Con-
sidering these previous findings and our current results, we
believe that the study of diet as a possible factor to modify
ALS risk should carefully account for the relationship of
ALS with cognitive function and educational attainment.

Several ALS genetically correlated traits were related
to leisure or social activities. In most of the cases, there
was a negative association where ALS genetic effects were
correlated with reduced leisure or social activities in differ-
ent contexts (i.e., group activities, adult education classes,
and religious groups). Additionally, the genetic liability to
ALS appears to have a possible causal effect on participat-
ing in leisure group activities. This observation is in line
with previous evidence reporting that cognitively intact ALS
patients manifest impairments in social skills, manifesting
as an inability to recognize others' emotions and a change in
behavior toward apathy (Girardi et al. 2011). Although our
findings highlight a general pattern of reduced social activi-
ties with respect to increased genetic risk of ALS, we also
observed an ALS positive genetic correlation with leisure
or social activities in pubs or social clubs, which is consist-
ent with the genetic correlation mentioned previously with
red wine intake. The relationship between ALS and alco-
hol consumption is unclear with a recent large case—control
study reporting a non-significant association (D'Ovidio et al.
2019). However, similar to other conditions, the study of
alcohol consumption can be biased by misreports and lon-
gitudinal changes (Xue et al. 2021). Accordingly, further
studies accounting for these possible confounders are needed
to understand the potential effect of alcohol consumption
on ALS.

Another aspect highlighted by our phenome-wide analy-
sis is the genetic overlap between ALS and mental health.
Specifically, we observed genetic correlation with severe
psychiatric traits, including "ever thought that life was not
worth living”, “ever contemplated self-harm”, and “ever
diagnosed with panic attacks”. The latter genetic relation-
ship appears to be due to a potential causal effect of the
genetic liability to ALS on the risk of panic attacks. Several
studies highlighted the increased risk of ALS patients to be
at increased risk of being diagnosed with anxiety, depres-
sion, and other internalizing disorders (Caga et al. 2019).
Our findings support that the psychiatric comorbidity of
ALS could be due to shared genetic mechanisms in addition
to the negative impact of ALS on the quality of life for the
affected individuals.

Among the putative causal effects identified in our geneti-
cally informed causal inference, we observed that only
the genetic liability to gastritis could be associated with
increased ALS risk. This result was specifically related to a
phecode related to gastritis and duodenitis [i.e., other gastri-
tis (incl Duodenitis)]. Other gastritis phenotypes were also
available in UKB, but for most of them, the number of cases
was much lower than the one observed for gastritis—duodeni-
tis phecode (< 1,800 vs. 10,518, respectively). Another gas-
tritis—duodenitis UKB phenotype (i.e., ICD-10 K29 Gastritis
and duodenitis) with a similar number of cases is available
and it showed a genetic correlation with ALS that was just
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outside the significance threshold defined for multiple test-
ing correction (rg=0.23, p=0.004, FDR ¢=0.064). This
less informative phenotype was based on a single ICD code
rather than a phecode combining information from multi-
ple ICD codes. Although this putative causal effect is sup-
ported only by the LCV method and not the MR analysis,
we speculate that this may be related to the interplay among
gut microbiota and the enteric neuro-immune system as a
pathogenic path to ALS and other neurodegenerative dis-
eases (Pellegrini et al. 2018). In this context, our findings
could point toward the effect of gastritis on microbiome
composition (Nardone and Compare 2015) as a novel area
for the exploration of ALS pathogenicity.

Our study has four main limitations to consider. Similar
to the majority of large-scale genetic studies, we investi-
gated genome-wide data generated mostly from individuals
of European descent because of the lack of large cohorts
representative of other ancestry groups. Accordingly, further
studies in more diverse datasets will be needed to assess the
generalizability of the associations identified in the present
study. Another limitation of our study is related to the MR
analysis. Indeed, because of the limited number of variants
reaching genome-wide significance, we had to include sug-
gestive loci in the instrumental variables tested. This has
likely limited the statistical power of our MR analysis and
may have contributed to the limited concordance between
LCV and MR results. We performed sex-stratified genetic
correlation and LCV analyses that did not show statistically
significant differences in ALS pleiotropy between males and
females. However, this analysis should be considered as very
preliminary, because it was conducted testing sex-stratified
UKB genome-wide association statistics with respect to sex-
combined ALS genome-wide association statistics due to the
lack of sex-specific ALS GWAS. Finally, our UKB-based
analyses were underpowered to investigate phenotypes with
low prevalence in the general population. Accordingly, we
were not able to follow up findings from studies that focused
on uncommon conditions (e.g., schizophrenia, Restuadi et al.
2022) or on traits assessed in large GWAS meta-analyses
(e.g., tobacco smoking, Bandres-Ciga et al. 2019).

In conclusion, our phenome-wide study highlighted
mechanisms by which ALS genetic liability may be linked to
different health domains. In particular, the present findings
(1) contributed to the understanding of the possible direction-
ality linking ALS genetic liability to cognitive function, (ii)
highlighted the need for further studies to assess the impact
of alcohol consumption and dietary habits on ALS risk, and
(iii) opened a new possible direction in the study of ALS
genetics.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00439-023-02525-5.
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