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Abstract

Background: Neurodegenerative diseases are among the most prevalent and devastating neurological
disorders, with few effective prevention and treatment strategies. We aimed to integrate genetic and

proteomic data to prioritize drug targets for neurodegenerative diseases.

Methods: We screened human proteomes through Mendelian randomization to identify causal mediators
of Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS), frontotemporal dementia, and Lewy body dementia. For instruments, we used brain and
blood protein quantitative trait loci (pQTLSs) identified from one GWAS with 376 individuals and another
with 3,301, respectively. Causal associations were subsequently validated by sensitivity analyses and

colocalization. The safety and druggability of identified targets were also evaluated.

Results: Our analyses showed targeting BIN1, GRN, and RET levels in blood, as well as ACE, ICALL,
MAPLS, SLC20A2, and TOM1L2 levels in brain might reduce AD risk, while ICA1L, SLC20A2, and
TOM1L2 were not recommended as prioritized drugs due to the identified potential side-effects. Brain
CD38, DGKQ, GPNMB, and SEC23IP were candidate targets for PD. Among them, GPNMB was the
most promising target for PD with their causal relationship evidenced by studies on both brain and blood
tissues. Interventions targeting FCRL3, LMANZ2, MAPK3 in blood and DHRS11, FAM120B, SHMT1,
TSFM in brain might affect MS risk. The risk of ALS might be reduced by medications targeting DHRS11,

PSMB3, SARM1, and SCFDL1 in brain.

Conclusions: Our study prioritized 22 proteins as targets for neurodegenerative diseases and provided

preliminary evidence for drug development. Further studies are warranted to validate these targets.
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Introduction

Neurodegenerative diseases, characterized by the progressive loss of vulnerable neurons and brain
function decline, are a group of age-related disorders with highly heterogeneous pathophysiologies and
clinical presentations (1). Since life expectancy has increased dramatically, neurodegenerative diseases
have become more devastating and burdensome than ever before (2). Despite the compelling clinical need,
effective therapeutic and prevention strategies for neurodegenerative diseases are rarely available in
clinical practice. Besides, an incredibly high drug development failure rate was observed for
neurodegenerative diseases (3). Fortunately, it has been shown that drug targets supported by human
genetic evidence are more likely to succeed in clinical trials (4). Mendelian randomization (MR) is an
analytic approach that uses genetic variants as instruments to infer causal relationships between exposures
and outcomes. As genetic variants are randomly allocated at conception, the MR approach is less likely to
be affected by confounding factors and reverse causality than observational studies, thus it has been

considered a “natural” randomized controlled trial (RCT).

Human proteins play direct roles in biological processes and constitute the primary source of drug
targets. Recent proteomic studies have identified an abundance of protein quantitative trait loci (pQTLS) in
both blood and brain, enabling MR analysis at the proteomic level (5, 6). Proteomic data derived from
brain and blood each have their own advantages. The human proteome in brain is more closely associated
with the pathology of neurodegenerative disorders in the central nervous system, and the abundance of
blood proteins is easier to be directly controlled by medications due to the blood-brain barrier. Hence,
taking both brain and blood proteomic data into account would provide new insights into the drug
development. In addition, it has been revealed that pQTLs located in the vicinity of the encoding genes,
namely cis-pQTLs, are more likely to influence the protein level by directly influencing the transcription
or translation. In contrast, trans-pQTLs might influence the protein level via indirect mechanisms (7).
Thus, the use of cis-pQTLs for analysis would substantially minimize the pleiotropy caused by indirect

pathways.

Here, we integrated genetic and proteomic data from the brain and blood to prioritize genetically-
supported drug targets for neurodegenerative diseases. By combining state-of-the-art methods, we assessed

the causal relationships between human proteomes and neurodegenerative diseases after taking
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consistency, pleiotropy, confounding, aptamer-binding effect, linkage, and reverse causality into account
(Figure S1). The potential on-target side-effects and druggability of the identified targets were also

evaluated.

Methods and Materials

Study design

This study was based on publicly available summary data of QTLs and neurodegenerative diseases
(Table S1). Data were collected from November 2020 to June 2021 and analyzed in 2021. A flow chart of
the overall study design is presented in Figure 1. Firstly, we selected independent cis-pQTLs from
comprehensive pQTL datasets as instruments and filtered the instruments via consistency and specificity
tests. Secondly, we screened the human proteomes through MR to identify candidate causal mediators of
neurodegenerative diseases. Thirdly, the identified causal relationships were further validated by multi-cis
analysis, as well as the heterogeneity, pleiotropy, and directional tests. Fourthly, we investigated whether
the protein and the disease share a common causal variant by Bayesian colocalization. Fifthly, replication
and correlation analyses were conducted to estimate the consistency of results within and across brain and
blood. Sixthly, we summarized the evidence of causality for all candidate drug targets and expanded our
analysis pipeline to the phenome-wide to evaluate the safety by predicting the side-effects resulting from
targeting the proteins. Finally, the druggability of the prioritized protein targets was checked according to

two large databases.

Data Sources

The discovery brain pQTL data were generated from post-mortem samples of the dorsolateral
prefrontal cortex (dPFC) donated by 376 individuals in ROS/MAP (8). The proteomic profiles included
8,356 proteins labeled by isobaric tandem mass tag peptide and analyzed by liquid chromatography
coupled to mass spectrometry (LC-MS) (9, 10). The discovery blood pQTL data originated from the
INTERVAL study, and the proteomic profiles were generated from 3,301 blood donors and included 3,622
plasma proteins measured by SOMAscan (5). We also obtained two brain and two blood pQTL datasets
from independent cohorts for replication (11, 12), as well as an eQTL data for the analysis of aptamer-

binding effects (13). Details of the replication datasets are presented in the Supplementary Methods.
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The summary statistics of GWAS for Alzheimer’s disease (AD, Ncases = 75,024, Ncontrols = 397,844)
(14), Parkinson’s disease (PD, Ncases = 33,674, Ncontrols = 449,056) (15), amyotrophic lateral sclerosis (ALS,
Neases = 27,205, Neontrots = 110,881) (16), multiple sclerosis (MS, Neases = 14,802, Neontrols = 26,703) (17),
frontotemporal dementia (FTD, Ncases = 2,154, Neontrols = 4,308) (18), and Lewy body dementia (LBD, Ncases
= 2,981, Neontrots = 2,173) (19) were obtained from large consortia. All individuals of GWAS included in
this study were of predominantly European descent. No sample overlap between QTL datasets and GWAS
for neurodegenerative diseases was detected. Detailed descriptions of all GWAS used in this study can be

found in Table S1.

Instrument selection and validation

We first mapped the genetic variants to genome build GRCh37/hg19 and selected cis-pQTLs from the
brain and blood proteomes according to Ensembl v104 (http://grch37.ensembl.org). The cis-pQTLs were
defined as genome-wide significant (P < 5 x 10%) and LD-independent genetic variants fell within 500 kb
upstream or downstream of the transcription start site of the gene encoding the protein. LD clumping was
achieved based on r?<0.001 using the 1000G European reference panel. All rare variants with minor allele
frequency (MAF) less than 0.01 were excluded from further analysis. Variants located within the human

major histocompatibility complex region (chr6:26-34MB) were removed before analysis.

Next, we performed the cross-study consistency and specificity tests to validate the identified
instruments. We checked the LD of sentential cis-pQTLs and the direction of effect estimates to evaluate
the instrument consistency across proteomic studies. For instrument specificity, the number of proteins
associated with each instrument (P < 5 x 108) was counted. If an instrument and its proxies (r>> 0.8) were
associated with more than five proteins, the instrument was considered highly pleiotropic and thus
excluded from further analysis. The PhenoScanner was used to help identify other known genotype-protein
associations in blood (9, 11, 20-23). We manually counted the number of brain proteins associated with
each instrument (6, 9, 24). Specifically, if cis-pQTL data from more than one SOMAmer reagent of a
certain protein were available, we chose the reagent with the highest instrument consistency and
specificity. If different SOMAmers shared the same cis-pQTL, we would select the one with the lowest P-
value for the following analysis. Instrument strength was measured by the F-statistic, while an F-statistic of

at least 10 indicates the instrument is not weak (25).
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Mendelian randomization

After validation of the genetic instruments, we extracted the effect estimates of the same variants or
their proxies in GWAS of neurodegenerative diseases for data harmonization. The primary MR analysis
was performed using the Wald ratio or inverse-variance weighted (IVW) method, depending on the
number of independent cis-pQTLs for each protein. Bonferroni correction for the number of proteins was
conducted to control multiple comparisons (Bonferroni threshold: 0.05/608 for brain and 0.05/613 for

blood).

MR results with a single instrument of a protein might be distorted if the instrument was an outlier.
To address this concern and boost statistical power, we next conducted the multi-cis MR analysis using
cis-acting genome-wide significant instruments in weak LD (r?> < 0.6) for the associations identified by
primary analysis (clumping at r> < 0.001) (26). Multiple MR analytical approaches, including IVW, Egger,
weighted median, and weighted mode were applied for validation, of which IVW was chosen as the
primary approach according to the recommendation (27). The heterogeneity was quantified by the IVW Q
statistic, and the pleiotropy was evaluated by the MR-Egger intercept. The causal direction was assessed
by two analytical approaches, the Steiger filtering and the reverse MR. Reverse MR could only be
performed with blood proteins due to data accessibility. In the validation, heterogeneity, pleiotropy, and
directional analyses, uncorrected P-values less than 0.05 were considered significant. All MR analyses

were undertaken with the “TwoSampleMR” package in R (28).

Sensitivity analysis considering the aptamer-binding effects

As the blood proteins were measured by SOMAmers and were susceptible to aptamer-binding effects,
we looked up the function of blood pQTL variants and their proxies in HaploReg v4.1 (29). Sensitivity
analysis was performed after excluding all missense variants and variants in high LD (r> > 0.8) with
missense variants. Subsequently, we performed a transcriptional level MR using blood eQTL to validate
the association. eQTL data measured by RNA sequencing are less likely to be confounded by aptamer-

binding effects.

Replication and correlation analyses



©CO~NOOOTA~AWNPE

152
153
154
155
156
157

158

159
160
161
162
163

164

165
166
167
168
169

170

171
172
173
174
175
176
177
178

To understand the consistency of MR estimates within brain and blood tissues, we performed
replication MR analyses using replication datasets. Gene and protein names in different datasets were
aligned by UniPort ID. We also conducted beta-beta correlation analyses of MR estimates within and
across tissues using the Pearson test via “cor.test” function implemented in R. The correlation analyses
were first undertaken in all proteins and then limited to proteins at the nominal significance level (P <

0.05).

Bayesian colocalization

Bayesian colocalization was performed to further strengthen the evidence of causality by calculating
the posterior probability (PP) that the protein and disease share the same causal signal (H4). A posterior
probability for H4 (PP.H4) of at least 50% suggests likely to colocalize, and a PP.H4 of at least 80%
suggests highly likely to colocalize (7). Colocalization analysis was conducted within a 1-MB window on

either side of the sentinel variant by the “coloc” package in R software.

Drug target prioritization

After systematically operating the above analytical pipeline, we prioritized the identified drug targets
by their strength of causal evidence, considering the consistency, heterogeneity, pleiotropy, directionality,
and colocalization. Notably, targets with conflicting evidence in multi-cis or replication analysis, evidence
of aptamer-binding effects, or not likely to colocalize were rated as having a low level of causality and

were not considered credible targets.

Assessment of safety and druggability

Finally, we expanded our analytical pipeline to the phenome-wide to assess the safety of targets by
predicting on-target side-effects. Potential side-effects were extracted from the MRC IEU OpenGWAS
Project (28, 30) with European or predominantly European ethnicity. If the same phenotype was available
in more than one GWAS, we chose the one with the largest sample size to reduce the multiple testing
burden. Similar but not identical phenotypes were retained because the consistent results from similar
phenotypes would gain more confidence in the existence of side-effects. The overall level of safety was
approximated by the sum PP.H4 of all adverse effects passed the Bonferroni correction. The druggability

of each prioritized target was checked according to Finan’s criteria (31) and the DrugBank database (32).
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Results

Characterizing genetic instruments of protein abundance in brain and blood

After applying the prescribed quality control criteria, 616 brain cis-pQTLs for 608 proteins and 840
blood cis-pQTLs for 611 proteins were available for MR analysis (Tables S2-3). The instruments across
brain pQTL studies showed remarkable consistency, as 92.0% and 71.8% of sentinel cis-pQTLs in
ROS/MAP were in high LD (r> > 0.8) with that in the two replication datasets (Table S4). For the blood
proteome, the sentinel cis-pQTLs of 60.1% and 58.8% proteins in INTERVAL were in high LD (r> > 0.8)
with that in two replication cohorts (Table S5). The F-statistic of all instruments ranged from 30 to 1704

(Table S3 and Table S5).

Mendelian randomization and colocalization in the brain proteome

After Bonferroni correction for multiple testing, our primary MR analysis identified 18 proteins
whose abundance in brain was associated with risks of neurogenerative diseases (Figure 2A, Figure 3A,
and Table S6). Genetically determined higher levels of brain EPHX2 (OR = 1.42, P = 2.72x103),
TOM1L2 (OR = 3.85, P = 2.72x10®), and MAP1S (OR = 2.36, P = 3.17x10°) were associated with
greater risks of AD, while the genetically determined higher levels of ICALL (OR =0.38, P = 1.57x10),
SLC20A2 (OR = 0.45, P = 4.17x10%) and ACE (OR = 0.55, P = 5.76x10%) were associated with lower
risks of AD. The abundance of brain SCFD1 (OR = 5.42, P = 1.02x10%) and PSMB3 (OR = 2.24, P =
5.76x10%) might increase and SARM1 (OR = 0.31, P = 8.27x10°) and DHRS11 (OR = 058, P =
2.16x10°) might decrease ALS risk. In addition, five proteins in brain would elevate the risk of MS,
including TSFM (OR = 4.87, P = 1.38x101%), GALC (OR = 1.65, P = 1.01x107), SHMT1 (OR = 1.94, P
= 1.20x10%), DHRS11 (OR = 2.22, P = 3.02x10°®), and FAM120B (OR = 4.40, P = 5.10x10%).
Genetically predicted high levels of GPNMB (OR = 1.46, P = 2.48x10®) and SEC23IP (OR =7.88, P =
2.45x10%) were associated with an increased PD risk, while high levels of CD38 (OR = 0.32, P = 6.99x10
14) and DGKQ (OR = 0.14, P = 1.97x10°°) were associated with a decreased PD risk. All protein-disease
associations showed the correct causal direction in the Steiger filtering analysis (Table S7). Meanwhile, we
found that the results in multi-cis MR were in accordance with the primary analysis and consistent among
multiple MR approaches (Table S8). No pleiotropy was observed, while heterogeneity was detected in
three protein-disease pairs (EPHX2-AD, DHRS11-ALS, and GALC-MS). Bayesian colocalization analysis

8
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showed that all protein-disease associations except EPHX2-AD and GALC-MS were likely to be driven by

the same causal SNP (Table S9).

Mendelian randomization and colocalization in the blood proteome

After screening the human blood proteome through primary MR analysis, 16 proteins for five diseases
passed the Bonferroni correction (Figure 2B, Figure 3B, and Table S10). No reverse causation was
observed in either the Steiger filtering or reverse MR analysis (Tables S11-12). Seven proteins for AD
were identified in the primary MR, but only four of them showed evidence of colocalization (BIN1, OR =

1.87, P = 1.46x102%, PP.H4 = 69.6%; GRN, OR = 0.83, P = 2.99x10%, PP.H4 = 99.5%; CD33, OR =

1.06, P = 3.69x10%, PP.H4 = 99.8%; RET, OR = 1.18, P = 7.87x10%, PP.H4 = 74.7%). Notably, we
observed high heterogeneity (P = 1.64x10°) and pleiotropy (P = 5.54x10*) regarding circulating CD33
levels for AD risk (Table S13). For all FTD subtypes, only the protein WISP1 survived the Bonferroni
correction but did not pass the Bayesian colocalization (Table S14). Circulating a-synuclein (encoded by
SNCA) was highly associated with LBD and PD risks in MR analyses. However, the colocalization results
(PP.H4 = 17.2% and 0.0%) suggested the identified association might be a product of LD but not causality
(Table S14). Other drug targets both passed MR and colocalization analysis including GPNMB (OR =
1.51, P = 1.80x107, PP.H4 = 55.6%) and FCGR2A (OR = 1.06, P = 4.72x10°5, PP.H4 = 92.4%) for PD,
and FCRL3 (OR = 0.83, P = 8.93x10°?°, PP.H4 = 94.1%), MAPK3 (OR = 0.56, P = 4.94x10%, PP.H4 =
71.4%), AHSG (OR = 0.88, P = 2.37x10°%, PP.H4 = 96.4%), and LMAN2 (OR = 1.56, P = 7.19x10°,

PP.H4 = 83.4%) for MS.

As the blood pQTL studies measured proteins by aptamer-based approaches, we next investigated
whether the MR results were confounded by aptamer-binding effects (Table S15). The instruments for
CKM, FCRL3, BAGS, and parts of instruments for CD33 and FCGR2A were known missense variants or
in high LD with missense variants, which were susceptible to aptamer-binding effects. We did a sensitivity
analysis after excluding missense variants in CD33 and FCGR2A, and both analyses yielded non-
significant results. As not all proteins had enough instruments for sensitivity analysis, transcriptional level
MR of blood mRNA abundance was conducted for further validation. We found the increased abundance

of blood FCRL3 mRNA level could also decrease the MS risk (OR = 0.75, P = 1.03x108, PP.H4 = 97.9%,
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Table S15). As the transcriptional level results aligned with the protein level, we considered the association

between FCRL3 protein abundance and MS risk less likely to be confounded by aptamer-binding effects.

Consistency of results within and across brain and blood

All replication analyses of brain proteins using external replication datasets showed consistent results
with the primary analysis. For drug targets identified through MR with blood proteins, AHSG for MS was
not replicated, and RET for AD was only partially replicated (Table S16). Additionally, GPNMB for PD
was replicated in a second brain region, the parietal lobe cortex (OR = 1.51, P = 1.80x107, PP.H4 =
95.0%). Other replication analyses for different brain regions were not conducted due to the lack of

eligible instrumental variables.

The correlation analysis showed robust within-tissue consistency. For MR estimates of all brain
proteins, the correlation coefficients were 0.84 (P<0.001) and 0.95 (P<0.001) between the discovery
dataset and two replication datasets (Figure S2). For MR estimates of all blood proteins, the correlation
coefficients were 0.75 (P<0.001) and 0.72 (P<0.001). We also observed greater consistency of MR
estimates across studies in proteins whose instruments were in higher LD (Figures S2-4). However, only a
weak correction of MR estimates between brain and blood proteins was detected (r> = 0.16, P = 0.002),
although the coefficient increased (r?> = 0.50, P = 0.002) when the analysis was limited to proteins with at

least nominal significance in MR analysis (Figure S4).

Drug target prioritization and phenome-wide Mendelian randomization (phe-MR)

Finally, we prioritized 16 brain-based and seven blood-based proteins as drug targets for
neurodegenerative disorders, given the evidence of medium to high levels of causality. Remarkably, high
GPNMB abundance in both brain and blood increased the risk of PD (Table 1). We selected 826
phenotypes as potential side-effects from the MRC IEU OpenGWAS Project (28, 30) and performed
phenome-wide MR in combination with colocalization analysis among the prioritized drug targets (Table
S17). Encouragingly, targeting brain PSMB3, SARM1, DGKQ, and circulating BIN1, RET, MAPK3, and
GPNMB protein levels to reduce disease risk did not exhibit any significant adverse side-effect, indicating
the general safety of the hypothetical on-target interventions (Table S18). Besides, we found that 12 of 22

prioritized proteins are druggable, and their related approved drugs or candidates in clinical development

10
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are listed in Table S19 (31). The overall causality, safety, and druggability of each prioritized target are

illustrated in Figure 4.

Discussion

In this study, we prioritized 22 proteins that had possible causal relationships with neurodegenerative
diseases and showed little bias due to confounding, pleiotropy, linkage, or reverse causation. We assessed
the target-disease linkage, as well as the safety and druggability of targets, which were key aspects
highlighted in the GOT-IT recommendations for drug development (33). Given the enormous cost of
measuring thousands of proteins before disease onset in studies with large samples, findings from our
integrative analysis would substantially promote the cost-optimization and efficiency in drug development

for neurodegenerative disorders.

Our analysis prioritizes five proteins (ACE, ICALL, MAPL1S, SLC20A2, and TOM1L2) in brain and
three proteins (BIN1, GRN, and RET) in blood for AD. ACE is an established genetic locus contributing to
AD risk (14, 34). Our study further indicated that interventions to increase the abundance of protein ACE
in brain might decrease the AD risk yet elevate the blood pressure. This finding was supported by a recent
network meta-analysis that the ACE inhibitors showed significantly lower efficacy in reducing the risk of
dementia than other classes of antihypertensive drugs (35). ICALL, SLC20A2, and TOM1L2 were not
recommended as prioritized drugs due to their potential side-effects indicated by the phe-MR analysis. The
effect of brain TOM1L2 on cognition might be dynamic, which needs to be validated in future studies with
patients in different stages across the AD continuum. Progranulin (encoded by GRN) is a promising target
for AD. Previous mouse models had demonstrated the reduced amyloid plaque burden, downregulated
beta-secretase 1, and enhanced amyloid phagocytosis of microglia after the intrahippocampal injection of
progranulin (36). However, psychiatric side-effects should be considered when targeting circulating
progranulin to prevent or treat AD. Medications targeting circulating BIN1 and RET levels to reduce AD

risk may be generally safe, while the underlying mechanisms need to be further elucidated in the future.

GPNMB is an attractive drug target for PD, given that the increased protein levels in both blood and
brain were associated with the higher lifetime PD risk in our analysis. Targeting GPNMB would be
technically feasible due to its druggability, and the medications would be generally safe according to the
phe-MR analysis. A recent paper showed that plasma GPNMB levels were elevated in PD patients and

11
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associated with the disease severity (37). In a post-mortem study, GPNMB protein levels were elevated in
the substantia nigra in PD patients compared to healthy controls (38). Cell models also indicated that
GPNMB might confer PD risk through the interaction with a-synuclein (37). The mechanisms and clinical
utility of other protein targets (CD38, DGKQ, and SEC23IP) for PD warrant further exploration by

experimental studies.

We also prioritized seven targets (DHRS11, FAM120B, FCRL3, LMAN2, MAPK3, SHMT1, and
TSFM) for MS and four targets (DHRS11, PSMB3, SARML1, and SCFD1) for ALS. The safety of these
targets is generally acceptable, though there is still a lack of investigations at the protein level by
observational and experimental studies. An observational study at the transcriptional level reveled
downregulated FCRL3 expression in blood samples of MS patients compared to healthy controls,
consistent with our findings (39). It was suggested that FCRL3 might inhibit the secretion of inflammatory
factors by promoting IL-10 expression in B cells (39). Surprisingly, protein DHRS11 was identified as a
drug target for both ALS and MS. As DHRS11 is involved in steroid biosynthesis and most MS cases are

steroid responsive (40, 41), our findings could provide novel insights into the therapeutic strategy for ALS.

Compared with previous integrative studies (9, 42, 43), our study highlights the comparison of results
between different tissues at the protein level. The consistent results derived from brain and blood data
would support the effectiveness of targeting peripheral proteins to prevent or treat brain disorders through
non-invasive or minimally invasive approaches. Nonetheless, only one protein—disease linkage (GPNMB-
PD) was identified in both tissues in the current study, largely because of the lack of proteins with eligible
genetic instruments in both brain and blood. This issue could be addressed with the increased sample size
of proteomic studies in the future. Meanwhile, we only observed a significant but weak correlation of MR
estimates between brain and blood, indicating that findings from one tissue should not be directly
generalized to other tissues. The weak correlation could be explained by the existence of the blood-brain
barrier as well as the different protein expression patterns between the brain and blood. Other advantages
of this study include the standardized workflow for screening candidate causal targets, as well as the

assessment of safety and druggability, which would help promote the development of efficient drugs.

Several limitations should be addressed in this study. First, although MR has competitive advantages

over traditional observational studies and trials, the results could only provide evidence for but not prove

12
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causation. Second, since GWAS used in this study were based on lifetime risks of neurodegenerative
diseases at the group level, the translation to risk prediction, prevention, and prognosis monitoring at the
individual level still needs more investigation. Third, our analytical pipeline was not able to identify every
protein implicated in neurodegenerative disorders. As we had set stringent quality control criteria to
improve the reliability of identified targets, proteins without eligible instruments were not included in the
final analysis. Fourth, MR results derived from a single instrumental variable should be taken with caution,
especially for those whose sensitivity and replication analyses were not able to perform. Fifth, our analyses
were based on European samples, so the generalization to non-European ancestries needs to be validated in

the future.

In conclusion, this study prioritized 22 proteins whose abundance in brain or blood was associated
with lifetime risks of neurodegenerative diseases. Some proteins, such as GPNMB, not only demonstrated
a causal linkage to neurodegenerative diseases but also showed robust on-target safety and technical
feasibility, representing promising targets for current drug discovery. Future experimental studies are
warranted to assess the effectiveness and safety of the identified targets and decipher their underlying

biological mechanisms.
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Figure legends

Figure 1. Flow diagram of the study design.

First, selected independent cis-pQTLs from comprehensive pQTL datasets as genetic instruments and
filtered the instruments via consistency and specificity tests. Next, we screened the human brain and blood
proteomes through MR to identify candidate drug targets. Third, by applying multiple MR approaches, the
causal relationships between the identified targets and diseases were further validated. Fourth, we
investigated whether the protein and the disease share a common causal variant via Bayesian
colocalization. Fifth, replication and correlation analyses were conducted to estimate the consistency of
results within and across brain and blood. Sixth, we summarized the evidence of causality and expanded
our analysis pipeline to the phenome-wide to evaluate the safety of targets by predicting side-effects.

Finally, the druggability of the prioritized protein targets was checked.

Figure 2. Manhattan plots for the primary MR analysis of the brain and blood proteomes.

By screening the human brain and blood proteomes, 19 protein-disease associations in brain (A) and 17
protein-disease associations in blood (B) were identified. Each point represents a single MR test ordered
by chromosomal position of the sentinel cis-pQTL on the X axis and —logio P value on the Y axis. The red
dotted lines represent the Bonferroni multiple testing thresholds (0.05/608 for brain and 0.05/611 for

blood). Proteins that survived the Bonferroni threshold are colored by their associated diseases.

Figure 3. Heatmap for the causal relationship assessment of the identified drug targets.

The causal relationships of identified drug targets from brain (A) and blood (B) with neurodegenerative
diseases were further validated by the replication and multi-cis analyses, the heterogeneity, pleiotropy, and
directional tests, as well as sensitivity analysis regarding aptamer-binding effects. The depths of blue and
orange represent the size of P values in MR analyses, and the depth of green denotes the posterior
probability of colocalization. Targets with consistent evidence in all analyses were rated as a high level of

causality, while targets with conflict evidence in either replication or multi-cis analysis, evidence of
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aptamer-binding effects, or not likely to colocalize were rated as a low level of causality and thus were not

considered as credible targets.

Figure 4. Overall assessment of drug targets for neurodegenerative diseases.

This figure illustrates three critical assessment aspects of drug targets: causality (X-axis), safety (Y-axis),
and druggability (in bold). Incredible targets are not depicted in this figure. The evidence of causality was
rated according to six analyses and each contributes one point: 1) consistent in multi-cis MR 2) no
evidence of heterogeneity 3) no evidence of pleiotropy 4) true causal direction 5) replicated in other
datasets, and 6) highly likely to colocalize. The evidence of safety was approximated by the sum PP.H4 of
all adverse effects passed the Bonferroni correction. A target was rated druggable if identified in any
druggable tier according to Finan's criteria or had any related drug in the DrugBank database. Diamonds
refer to brain-based proteins and discs represent blood-based proteins. Proteins are colored according to
their associated diseases. Notably, the genetic association between protein GPNMB and PD risk was

identified in both brain and blood tissues.
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Table 1. Prioritized drug targets for neurodegenerative diseases.

Disease Protein OR (95% CI) P value PP.H4  Druggability® On-target adverse side-effects
identified by phe-MR analysis®
Brain proteome
AD ACE 0.55 (0.41-0.74) 5.76E-05  96.7% Tier 1 (A/V/IIE)  SBPt, DBP?t
ICALL 0.38 (0.24-0.59) 157E-05 98.1% NA CADft, MI1, DBP|
MAP1S 2.36 (1.58-355)  3.17E-05 957%  NA CAD1, MI1, lean mass]
SLC20A2  0.45 (0.31-0.66) 4.17E-05  93.2% NA (A) Hemoglobin|, lean mass|
TOM1L2  3.85(2.09-7.11) 153E-05 888%  NA CP|, WP|, MI1, prostate cancert
ALS DHRS11 0.58 (0.45-0.74) 2.16E-05 56.6% NA (E) MS1t
PSMB3 2.24 (1.51-3.33) 5.76E-05  97.0% Tier 3 (E) None
SARM1 0.31 (0.20-0.48) 8.27E-08  100.0% NA None
SCFD1 5.42 (3.53-8.32) 1.02E-14  98.3% NA Lung function|
MS DHRS11 2.22 (1.52-3.22) 3.02E-05 71.5% NA (E) ALS?
FAM120B  4.40 (2.15-9.03) 5.10E-05 95.8% NA SBP|, DBP|
SHMT1 1.94 (1.44-2.61) 1.20E-05  98.0% NA (A/VIN/IJE)  Triglyceridest, HDL cholesterol |
TSFM 4.87 (3.00-7.89) 1.38E-10  96.0%  NA 25(0H)D |, hemoglobin|
PD CD38 0.32 (0.24-0.42) 6.99E-14  100.0%  Tier 1 (A/I) Lung function|
DGKQ 0.14 (0.07-0.26) 197E-09 87.9% NA (A/VIN) None
GPNMB 1.46 (1.28-1.67) 2.48E-08  98.4% Tier1 (1) Grip strength|
SEC23IP 7.88(3.02-20.56)  2.45E-05  98.5% NA SBP?1
Blood proteome
AD BIN1 1.87 (1.66-2.12) 1.46E-23 69.6% NA None
GRN 0.83 (0.77-0.90) 2.99E-06  99.5% Tier 3 Worry?, mood swingst,
RET 1.18 (1.09-1.28) 7.87E-05 74.7% Tier 1 (A/I/E) None
MS FCRL3 0.83 (0.79-0.89) 8.93E-09  94.1% Tier 3 Hypothyroidism?
LMAN2 1.56 (1.25-1.95) 7.19E-05 83.4% NA Sleep duration|, red blood cell |
MAPK3 056 (0.44-0.72)  4.94E-06 71.4%  Tier 1 (A/I/E) None
PD GPNMB 1.51 (1.30-1.77) 1.80E-07 55.6%  Tier1(l) None

&The druggability was checked according to Finan’s criteria (druggable tiers) and the DrugBank database (drug relations). Briefly,

tier 1 included targets with approved drugs or drugs in clinical trials. Tier 2 contained targets with drug-like binding partners or

those in high identity with approved drug targets. Tier 3 was composed of targets encoding extracellular proteins and members of

major drug target families. Approved drugs (A) are officially accepted for commercialization, while vet-approved drugs (V) are

only accepted to be used in animals. Nutraceuticals (N) have demonstrable nutritional effects and are regulated and processed at a

pharmaceutical grade. Investigational drugs (I) have entered clinical trials and are being researched for a determinate condition.

Experimental drugs (E) are experimentally proven but have not reached clinical trials. ®On-target adverse side-effects that survive

the correction for multiple testing (P<0.05/824) with evidence of colocalization (PP.H4>50%) are displayed here. Abbreviations:

ALS, amyotrophic lateral sclerosis; CAD, coronary artery disease; CP, cognitive performance; DBP, diastolic blood pressure;

HDL, high-density lipoprotein; MI, myocardial infarction; MS, multiple sclerosis; NA, not available; phe-MR, phenome-wide

Mendelian randomization; PP.H4, posterior probability of colocalization; SBP, systolic blood pressure; WP, walking pace.
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Supplementary Methods
Human brain and blood-derived pQTL data

The discovery brain pQTL data were generated from post-mortem samples of the dorsolateral
prefrontal cortex (dPFC) donated by 376 individuals in ROS/MAP (1). The proteomic profiles
included 8,356 proteins labeled by isobaric tandem mass tag (TMT) peptide and analyzed by liquid
chromatography coupled to mass spectrometry (LC-MS) (2, 3). As the full discovery dataset
included cognitively impaired participants, we used the same dataset restricted to 144 cognitively
normal individuals for replication (4). Another brain pQTL data derived from 149 donors from the
Banner Sun Health Research Institute were used for cross-study replication (5). The proteomic data
in the Banner study were profiled using similar approaches to ROS/MAP (4). Besides, the
Washington University cohort has identified brain pQTLs in the parietal lobe cortex recently, and
the pQTL data were used for the replication analysis of different brain regions in this study (6).

The discovery blood pQTL data originated from the INTERVAL study, which was nested in an
RCT of varying blood donation intervals and comprised around 50,000 generally healthy
participants (7). The proteomic profiles of the INTERVAL study were generated from 3,301 blood
donors and included 3,622 plasma proteins measured by SOMAscan. We leveraged pQTL data from
two independent SOMAmer—based blood proteomic datasets (AGES Reykjavik, n = 3,200 and
KORA, n = 997) for cross-study replication (8, 9). The INTERVAL study was utilized for the
primary analysis owing to its large sample size and availability of the complete summary data.
Additionally, blood expression quantitative trait loci (eQTLs) from the Genotype-Tissue Expression
(GTEX) project were used for target validation considering the aptamer-binding effects (10). Further
details of all QTL studies are listed in Table S1.
Principal assumptions of MR

The MR approach builds upon principal assumptions (Figure S1). The three fundamental
assumptions of MR analysis are: 1) the instruments must be truly associated with the exposure, 2)
the instruments should not be associated with confounders, and 3) the instruments affect the
outcome only through the exposure (11). To satisfy assumption 1, we selected instruments only
strongly (P < 5 x 10-8) associated with the protein abundance and later conducted a sensitivity
analysis considering the aptamer-binding effect. For assumption 2, we checked the instrument

specificity and excluded all variants (and their proxies) associated with more than five proteins



before performing MR analysis. Additionally, we only selected cis-acting pQTLs for analysis to
reduce the horizontal pleiotropy (violation of assumption 3) and further tested the existence of
horizontal pleiotropy by Egger intercept. Although the second and third assumptions could not be
fully validated in MR practice, our endeavors would minimize the bias due to violations of the above
assumptions.
Hypotheses of Bayesian colocalization

Bayesian colocalization was performed to strengthen the evidence of causality by calculating
the posterior probability (PP) that the protein and disease share the same causal signal (H4). It is
opposed to other hypotheses: 1) no causal signal (HO), 2) only one causal signal for either the protein
or the disease (H1/H2), and 3) two distinct causal signals were identified in the region (H3). A
posterior probability for H4 (PP.H4) of at least 50% (i.e., the highest among all five hypotheses)

suggests likely to colocalize, and a PP.H4 of at least 80% suggests highly likely to colocalize (12).
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Figure S1. MR assumptions and possible explanations for the observed associations between

pQTL and neurodegenerative diseases
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The three basic assumptions of MR analysis are: 1) the instruments must be truly associated with
the exposure, 2) the instruments should not be associated with confounders, and 3) the instruments
affect the outcome only through the exposure (A). If the risk of a neurodegenerative disease is
affected by the abundance of a protein only through the instrument, it is known as causality (B).
Aptamer-binding effects indicate that the protein-altering variants (PAVs) in aptamer-based
proteomic studies may yield artifactual pQTLs by influencing the molecular structure of the protein
and then the binding affinity instead of the protein abundance. In this case, the causal association
identified by MR analysis based on the PAVs might be attributed to different protein isoforms but

not the protein abundance (C). Violation of assumption 2 often occurs when there are confounders



(e.g., ancestry) of the associations between instruments and outcome (D). Instruments associated
with large amounts of proteins are more likely to affect the disease risk through indirect pathways,
which was a manifestation of horizontal pleiotropy (E). Reverse causality may occur when the
instrument has a stronger association with the outcome than the exposure (F). In some cases, SNP
associated with the protein is in linkage disequilibrium with another SNP that independently

influences the neurodegenerative disease (G).



Figure S2. Correlation analysis of MR estimates within brain proteomes
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The correlation analyses of MR estimates indicated remarkable consistency within brain pQTL
datasets. The correlation coefficient was 0.84 (P<0.001) between ROS/MAP and BANNER (A),
and 0.95 (P<0.001) between the discovery dataset and same the dataset limited in the normal
cognition (B). Restricting the analyses to proteins with at least nominal significance yielded
similar correlation coefficients (C and D). Proteins with instruments in higher LD showed greater

consistency of MR estimates across studies.



Figure S3. Correlation analysis of MR estimates within blood proteomes
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Strong consistency was also identified in the correlation analyses of MR estimates within blood
pQTL datasets. The correlation coefficient was 0.75 (P<0.001) and 0.72 (P<0.001) between
INTERVAL and two replication datasets (A and B). Restricting the analyses to proteins with at
least nominal significance would lead to stronger correlations (C and D). Proteins with

instruments in higher LD showed greater consistency of MR estimates across studies.



Figure S4. Correlation analysis of MR estimates between brain and blood
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Only a weak correction of MR estimates between brain and blood proteins was detected (correlation
coefficient=0.16, P=0.002) (A), although the coefficient increased (correlation coefficient=0.50,
P=0.002) when the correlation analysis was limited in proteins with at least nominal significance

in MR analysis (B). Instruments of brain and blood proteins were generally in low LD.
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Women" (phs001040.v3.p1) was performed at the Broad Institute of MIT and Harvard
(3RO1HL092577-06S1). Genome sequencing for “NHLBI TOPMed: The Genetics and
Epidemiology of Asthma in Barbados" (phs001143.v2.p1) was performed by Illumina Genomic
Services (3RO1THL104608-04S1). Genome sequencing for “NHLBI TOPMed: The Vanderbilt
Genetic Basis of Atrial Fibrillation" (phs001032.v4.p2) was performed at the Broad Institute of MIT
and Harvard (3R01HL092577-06S1). Genome sequencing for “NHLBI TOPMed: Heart and
Vascular Health Study (HVH)" (phs000993.v3.p2) was performed at the Broad Institute of MIT and
Harvard (3RO1HL092577-06S1) and at the Baylor Human Genome Sequencing Center
(3U54HG003273-12S2, HHSN268201500015C). Genome sequencing for “NHLBI TOPMed:
Genetic Epidemiology of COPD (COPDGene)" (phs000951.v3.p3) was performed at the University
of Washington Northwest Genomics Center (3RO1HL089856-08S1) and at the Broad Institute of
MIT and Harvard (HHSN268201500014C). Genome sequencing for “NHLBI TOPMed: The

Vanderbilt Atrial Fibrillation Ablation Registry" (phs000997.v3.p2) was performed at the Broad
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Institute of MIT and Harvard (3U54HG003067-12S2, 3U54HG00306713S1). Genome sequencing
for “NHLBI TOPMed: The Jackson Heart Study" (phs000964.v3.pl) was performed at the
University of Washington Northwest Genomics Center (HHSN268201100037C). Genome
sequencing for “NHLBI TOPMed: Genetics of Cardiometabolic Health in the Amish"
(phs000956.v3.p1) was performed at the Broad Institute of MIT and Harvard (3RO1IHL121007-
01S1). Genome sequencing for “NHLBI TOPMed: Massachusetts General Hospital Atrial
Fibrillation (MGH AF) Study" (phs001062.v3.p2) was performed at the Broad Institute of MIT and
Harvard (3R01HL092577-06S1, 3U54HG00306712S2, 3U54HG003067-13S1, 3UMTHGO008895-
01S2). Genome sequencing for “NHLBI TOPMed: The Framingham Heart Study"
(phs000974.v3.p2) was performed at the Broad Institute of MIT and Harvard (3U54HG003067-
12S2). Core support including centralized genomic read mapping and genotype calling, along with
variant quality metrics and filtering were provided by the TOPMed Informatics Research Center
(3ROTHL-117626-02S1; contract HHSN268201800002I). Core support including phenotype
harmonization, data management, sample-identity QC, and general program coordination were
provided by the TOPMed Data Coordinating Center (RO1HL-120393; UO1HL-120393; contract
HHSN2682018000011). We gratefully acknowledge the studies and participants who provided
biological samples and data for TOPMed. The Atherosclerosis Risk in Communities study has been
funded in whole or in part with Federal funds from the National Heart, Lung, and Blood Institute,
National Institute of Health, Department of Health and Human Services, under contract numbers
(HHSN2682017000011, HHSN2682017000021, HHSN2682017000031, HHSN2682017000041,
and HHSN2682017000051). The authors thank the staff and participants of the ARIC study for their
important contributions. The research reported in this article was supported by grants from the
National Institutes of Health (NIH) National Heart, Lung, and Blood Institute grants RO1 HL090620
and RO1 HL111314, the NIH National Center for Research Resources for Case Western Reserve
University and Cleveland Clinic Clinical and Translational Science Award (CTSA) UL1-RR024989,
the Department of Cardiovascular Medicine philanthropic research fund, Heart and Vascular
Institute, Cleveland Clinic, the Fondation Leducq grant 07-CVD 03, and The Atrial Fibrillation
Innovation Center, State of Ohio. This research was supported by contracts HHSN268201200036C,
HHSN268200800007C, N01-HC85079, NO1-HC-85080, NO1HC-85081, NO1-HC-85082, NO1-

HC-85083, NO1-HC-85084, N01-HC-85085, NO1-HC-85086, NO1-HC-35129, NO1-HC-15103,
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NO1-HC-55222, NOI1-HC-75150, NO1-HC-45133, and NOI- HC-85239; grant numbers UO1
HL080295 and U01 HL130014 from the National Heart, Lung, and Blood Institute, and RO1
AGO023629 from the National Institute on Aging, with additional contribution from the National
Institute of Neurological Disorders and Stroke. A full list of principal CHS investigators and
institutions can be found at https://chs-nhlbi.org/pi. This manuscript was not prepared in
collaboration with CHS investigators and does not necessarily reflect the opinions or views of CHS,
or the NHLBI. We thank the Broad Institute for generating high-quality sequence data supported by
the NHLBI grant 3R01HL092577-06S1 to Dr. Patrick Ellinor. Funded in part by grants from the
National Institutes of Health, National Heart, Lung and Blood Institute (HL66216 and HL83141)
and the National Human Genome Research Institute (HG04735). The Women's Genome Health
Study (WGHS) is supported by HL 043851 and HL099355 from the National Heart, Lung, and
Blood Institute and CA 047988 from the National Cancer Institute, the Donald W. Reynolds
Foundation with collaborative scientific support and funding for genotyping provided by Amgen.
AF endpoint confirmation was supported by HL-093613 and a grant from the Harris Family
Foundation and Watkin's Foundation. The Genetics and Epidemiology of Asthma in Barbados is
supported by National Institutes of Health (NIH) National Heart, Lung, Blood Institute TOPMed
(RO1 HL104608-S1) and: RO1 AI20059, K23 HL076322, and RC2 HL101651. The research
reported in this article was supported by grants from the American Heart Association to Dr. Darbar
(EIA 0940116N), and grants from the National Institutes of Health (NIH) to Dr. Darbar (HL092217),
and Dr. Roden (U19 HL65962, and UL1 RR024975). This project was also supported by CTSA
award (UL1TR000445) from the National Center for Advancing Translational Sciences. Its contents
are solely the responsibility of the authors and do not necessarily represent official views of the
National Center for Advancing Translational Sciences of the NIH. The research reported in this
article was supported by grants HL068986, HL085251, HL095080, and HL073410 from the
National Heart, Lung, and Blood Institute. This manuscript was not prepared in collaboration with
Heart and Vascular Health (HVH) Study investigators and does not necessarily reflect the opinions
or views of the HVH Study or the NHLBI. This research used data generated by the COPDGene
study, which was supported by NIH grants U01 HL089856 and U01 HL089897. The COPDGene
project is also supported by the COPD Foundation through contributions made by an Industry

Advisory Board comprised of Pfizer, AstraZeneca, Boehringer Ingelheim, Novartis, and Sunovion.
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Centralized read mapping and genotype calling, along with variant quality metrics and filtering were
provided by the TOPMed Informatics Research Center (3RO1HL-117626-02S1; contract
HHSN268201800002I). Phenotype harmonization, data management, sample-identity QC, and
general study coordination were provided by the TOPMed Data Coordinating Center (3RO1HL-
120393-02S1; contract HHSN2682018000011). We gratefully acknowledge the studies and
participants who provided biological samples and data for TOPMed. This study is part of the Centers
for Common Disease Genomics (CCDG) program, a large-scale genome sequencing effort to
identify rare risk and protective alleles that contribute to a range of common disease phenotypes.
The CCDG program is funded by the National Human Genome Research Institute (NHGRI) and
the National Heart, Lung, and Blood Institute (NHLBI). Sequencing was completed at the Human
Genome Sequencing Center at Baylor College of Medicine under NHGRI grant UM1 HG008898.
The research reported in this article was supported by grants from the American Heart Association
to Dr. Shoemaker (11CRP742009), Dr. Darbar (EIA 0940116N), and grants from the National
Institutes of Health (NIH) to Dr. Darbar (R01 HL092217), and Dr. Roden (U19 HL65962, and UL1
RR024975). The project was also supported by a CTSA award (UL1 TR00045) from the National
Center for Advancing Translational Sciences. Its contents are solely the responsibility of the authors
and do not necessarily represent official views of the National Center for Advancing Translational
Sciences or the NIH. The Jackson Heart Study (JHS) is supported and conducted in collaboration
with Jackson State University (HHSN2682018000131), Tougaloo College (HHSN2682018000141),
the Mississippi State Department of Health (HHSN268201800015I1/HHSN26800001) and the
University of Mississippi Medical Center (HHSN2682018000101, HHSN2682018000111 and
HHSN2682018000121) contracts from the National Heart, Lung, and Blood Institute (NHLBI) and
the National Institute for Minority Health and Health Disparities (NIMHD). The authors also wish
to thank the staff and participants of the JHS. The Amish studies upon which these data are based
were supported by NIH grants RO1 AG18728, U01 HL072515, RO1 HL088119, RO1 HL121007,
and P30 DK072488. See publication: PMID: 18440328. The research reported in this article was
supported by NIH grants K23HL071632, K23HL114724, R21DA027021, RO1HL092577,
RO1HL092577S1, RO1HL104156, K24HL.105780, and U01HL65962. The research has also been
supported by an Established Investigator Award from the American Heart Association

(13E1IA14220013) and by support from the Fondation Leducq (14CVDO01). This manuscript was not
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prepared in collaboration with MGH AF Study investigators and does not necessarily reflect the
opinions or views of the MGH AF Study investigators or the NHLBI. The Framingham Heart Study
is conducted and supported by the National Heart, Lung, and Blood Institute (NHLBI) in
collaboration with Boston University (Contract No. NO1-HC-25195, HHSN2682015000011 and
75N92019D00031). This manuscript was not prepared in collaboration with investigators of the
Framingham Heart Study and does not necessarily reflect the opinions or views of the Framingham
Heart Study, Boston University, or NHLBI. R.H.R was supported through the award of a Leonard
Wolfson Doctoral Training Fellowship in Neurodegeneration. Raffaele Ferrari was supported by the
Alzheimer’s Society (grant number 284). This work was supported by the UK Dementia Research
Institute which receives its funding from DRI Ltd, funded by the UK Medical Research Council,
Alzheimer’s Society and Alzheimer’s Research UK. Dr. Hardy gratefully acknowledges support
from the Wellcome Trust (award number 202903/Z/16/Z), the Dolby Family Fund, National Institute
for Health Research University College London Hospital Biomedical Research Centre, the
BRCNIHR Biomedical Centre at University College London Hospital NHS Foundation Trust and
University College London. Dr. Tienari gratefully acknowledges grant support from the Helsinki
University Hospital, Finnish Academy (grant No. 134150) and Sigrid Juselius Foundation. Dr.
Myllykangas gratefully acknowledges grant support from the Helsinki University Hospital and
Finnish Academy (grant No. 294817). This work was supported by the Scripps Research
Translational Institute, an NIH-NCATS Clinical and Translational Science Award (CTSA; 5 UL1
RR025774). This study used the high-performance computational capabilities of the Biowulf Linux

cluster at the National Institutes of Health, Bethesda, Maryland, USA (http://biowulf.nih.gov).

GWAS of amyotrophic lateral sclerosis by the Project MinE

The GWAS summary statistics generated in this study are publicly available in the NHGRI-EBI
GWAS Catalog at https://www.ebi.ac.uk/gwas/ (accession IDs GCST90027163 and
GCST90027164 for cross-ancestry and European ancestry meta-analyses, respectively) and through
the Project MinE website (https://www. projectmine.com/research/download-data/). W.v.R. is
supported by funding provided by the Dutch Research Council (NWO) [VENI scheme grant
09150161810018] and Prinses Beatrix Spierfonds (neuromuscular fellowship grant W.F19-03).

JJF.AVV. is funded by Projectnumber W.OR20-08 (The “Repeatome” as a basis for new

29



treatments of ALS) of the Prinses Beatrix Spierfonds. K.P.K. is supported by funding provided by
the Dutch Research Council (NWO) [VIDI grant 91719350]. G.S. was supported by a PhD
studentship from the Alzheimer’s Society. E.H. and J.M. were supported by Medical Research
Council (MRC) grant KO13807 (awarded to J.M). mQTL SMR data analysis was undertaken using
high-performance computing supported by a Medical Research Council (MRC) Clinical
Infrastructure award M008924 (awarded to J.M.). French ALS patients of the Pitié-Salpétriere
hospital (Paris) have been collected with ARSla funding support. D.B. and T.R.G. received funding
from Biogen and UK Medical Research Council (MRC Epidemiology Unit, MC _UU 00011/1 and
MC_UU 00011/4) for this project. G.D.S. works in the Medical Research Council Integrative
Epidemiology Unit at the University of Bristol MC UU 00011/1. D.B., E. Tsai and H.R. are
employees of Biogen. J.P.R. is funded by the Canadian Institutes of Health Research (FRN 159279).
A.A K is supported by The Motor Neurone Disease Association (MNDA) and NIHR Maudsley
Biomedical Research Centre. R.J.P. is supported by the Gravitation program of the Dutch Ministry
of Education, Culture, and Science and the Netherlands Organization for Scientific Research NWO;
BRAINSCAPES). Project MinE Belgium was supported by a grant from IWT (n° 140935), the ALS
Liga Belgié, the National Lottery of Belgium and the KU Leuven Opening the Future Fund (awarded
to P.V.D.). P.V.D holds a senior clinical investigatorship of FWO-Vlaanderen and is supported by
the E. von Behring Chair for Neuromuscular and Neurodegenerative Disorders, the ALS Liga Belgié¢
and the KU Leuven funds “Een Hart voor ALS”, “Laeversfonds voor ALS Onderzoek™ and the
“Valéry Perrier Race against ALS Fund”. Several authors of this publication are members of the
European Reference Network for Rare Neuromuscular Diseases (ERN-NMD). The authors are
pleased to acknowledge the contribution of “Live now” Charity Foundation and Moscow ALS
palliative care service for supporting patients with ALS and their families. G.A.R is supported by
the Canadian Institutes of Health. Research Australia including its Ice Bucket Challenge Grant. This
work was supported in part by the Intramural Research Programs of the NIH, National Institute on
Aging (Z01-AG000949-02). We acknowledge funding from the National Health and Medical
Research Council (NHMRC) (1078901, 1083187, 1113400, 1095215, 1121962, 1173790, Enabling
Grant #402703). S.T.N. is supported by funding through the FightMND Mid-Career Fellowship.
The Older Australian Twins Study (OATS, used for controls) acknowledges funding from the

NHMRC/Australian Research Council Strategic Award (401162) and NHMRC (1405325, 1024224,
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1025243, 1045325, 1085606, 568969, 1093083). OATS was facilitated through access to Twins
Research Australia, a national resource supported by a NHMRC Centre of Research Excellence
Grant (1079102). The Sydney Memory and Ageing Study (Sydney MAS, used for controls) has
been funded by three NHMRC Program Grants (350833, 568969, and 1093083). We also
acknowledge the OATS and Sydney MAS research teams: https://cheba.unsw.edu.au/research-
projects/sydney-memory-and-ageing-study; https://cheba.unsw.edu.au/project/older-australian-
twins-study. D.C.W. is supported by a Research Fellowship [APP1155413] from the National Health
and Medical Research Council of Australia (NHMRC). The QSkin Study is supported by Grants
[APP1185416, APP1073898, APP1063061] from the National Health and Medical Research
Council of Australia (NHMRC). Several authors of this publication are members of the Netherlands
Neuromuscular Center (NL-NMD) and the European Reference Network for rare neuromuscular
diseases EURO-NMD. PJS is supported as an NIHR Senior Investigator and by the Sheffield NIHR
Biomedical Research Centre. This is in part an EU Joint Programme - Neurodegenerative Disease
Research (JPND) project. The project is supported through the following funding organisations
under the aegis of JPND - www.jpnd.eu (United Kingdom, Medical Research Council
(MR/L501529/1; MR/R024804/1) and Economic and Social Research Council (ES/L008238/1))
and through the Motor Neurone Disease Association. This study represents independent research
part funded by the National Institute for Health Research (NIHR) Biomedical Research Centre at
South London and Maudsley NHS Foundation Trust and King’s College London. A.A-C is
supported by an NIHR Senior Investigator Award. Samples used in this research were in part
obtained from the UK National DNA Bank for MND Research, funded by the MND Association
and the Wellcome Trust. We would like to thank people with MND and their families for their
participation in this project. We acknowledge sample management undertaken by Biobanking
Solutions funded by the Medical Research Council at the Centre for Integrated Genomic Medical
Research, University of Manchester. L.H.v.d.B. reports grants from The Netherlands Organization
for Health Research and Development (Vici scheme), grants from The European Community's
Health Seventh Framework Programme (grant agreement n° 259867 (EuroMOTOR)), grants from
The Netherlands Organization for Health Research and Development) the STRENGTH project,
funded through the EU Joint Programme — Neurodegenerative Disease Research, JPND). This
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Union's Horizon 2020 research and innovation programme (grant agreement n°® 772376 —
EScORIAL). The collaboration project is co-funded by the PPP Allowance made available by
Health~Holland, Top Sector Life Sciences & Health, to stimulate public-private partnerships. This

study was supported by the ALS Foundation Netherlands.

GWAS of frontotemporal dementia and its subtypes by the International Multiple Sclerosis
Genetics Consortium (IMSGC)

The summary statistics were requested from IMSGC (https://imsgc.net/?page_id=31). We thank the
Biorepository Facility and the Center for Genome Technology laboratory personnel (specifically S.
West, S. Clarke, D. Martinez, and P. Whitehead) within the John P. Hussman Institute for Human
Genomics at the University of Miami for centralized DNA handling and genotyping for this project.
The IMSGC acknowledges W. Edgerly and L. Edgerly, J. Carlos and E. Carlos, M. Crowninshield,
and W. Fowler and C. Fowler, whose enduring commitments were critical in creation of the
Consortium. We thank the volunteers from the Oxford Biobank (www.oxfordbiobank.org.uk) and
the Oxford National Institute for Health Research (NIHR) Bioresource for their participation. The
views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR, or the
Department of Health, German Ministry for Education and Research, German Competence Network
MS (BMBF KKNMS). This investigation was supported in part by grants from the National MS
Society (NMSS) to A.J.I. on behalf of the International MS Genetics Consortium (RG 4198-A-1
and AP-3758-A-16). Other grants include a Harry Weaver Neuroscience Scholar Award from the
NMSS to P.L.D. (JF2138A1) as well as NIH grants RC2 GM093080 and RO1AG036836. This work
was also supported by a postdoctoral fellowship from the National Multiple Sclerosis Society (FG
1938-A-1) and a Career Independence Award from the National Multiple Sclerosis Society (TA
3056-A-2) to N.A.P. and National Multiple Sclerosis Society award AP3758-A-16. N.A.P. has been
supported by Harvard NeuroDiscovery Center and an Intel Parallel Computing Center award, the
U.S. National Multiple Sclerosis Society (grants RG 4680-A-1), and the NIH/NINDS (grant
ROINS096212). T.A. was supported by the German Federal Ministry of Education and Research
(BMBF) through the Integrated Network IntegraMent, under the auspices of the e:Med Programme
(01ZX16141J), Swedish Medical Research Council; Swedish Research Council for Health, Working

Life and Welfare, Knut and Alice Wallenberg Foundation, AFA insurance, Swedish Brain

32



Foundation, and the Swedish Association for Persons with Neurological Disabilities. This study
makes use of data generated as part of the Wellcome Trust Case Control Consortium 2 project
(085475/B/08/Z and 085475/Z/08/Z), including data from the British 1958 Birth Cohort DNA
collection (funded by the Medical Research Council grant G0000934 and the Wellcome Trust grant
068545/7/02) and the UK National Blood Service controls (funded by the Wellcome Trust). The
study was supported by the Cambridge NIHR Biomedical Research Centre, UK Medical Research
Council (G1100125), and the UK MS society (861/07); NIH/NINDS: RO1 NS049477, NIH/NIAID:
RO1 AI059829, NIH/NIEHS: R01 ES0495103; Research Council of Norway grant 196776 and
240102; NINDS/NIH ROINS088155; Oslo MS association and the Norwegian MS Registry and
Biobank and the Norwegian Bone Marrow Registry; Research Council KU Leuven, Research
Foundation Flanders; AFM, AFM-Généthon, CIC, ARSEP, ANR-10-INBS-01 and ANR-10-
IAIHU-06; Research Council KU Leuven, Research Foundation Flanders; Inserm ATIP-Avenir
Fellowship and Connect-Talents Award; German Ministry for Education and Research, German
Competence Network MS (BMBF KKNMS); and Dutch MS Research Foundation. TwinsUK is
funded by the Wellcome Trust, Medical Research Council, European Union, the NIHR-funded
BioResource, Clinical Research Facility and Biomedical Research Centre based at Guy’s and St
Thomas’ NHS Foundation Trust in partnership with King’s College London. The recall process was
supported by the NIHR Oxford Biomedical Research Centre Programme; Italian Foundation of
Multiple Sclerosis (FISM grants, Special Project “Immunochip” 2011/R/1, 2015/R/10); NMSS (RG
4680A1/1); and the MultipleMS EU project. We acknowledge the Lundbeck Foundation and
Benzon Foundation for support (THP). This research was supported by grants from the Danish
Multiple Sclerosis Society, the Danish Council for Strategic Research [grant 2142-08-0039],
Novartis, Biogen (Denmark) A/S, the Sofus Carl Emil Friis og Hustru Olga Doris Friis Foundation,
and the Foundation for Research in Neurology. The Observatoire Francais de la Sclérose en Plaques
(OFSEP) is supported by a grant provided by the French government and handled by the Agence
Nationale de la Recherche, within the framework of the Investments for the Future program, under
the reference ANR-10-COHO-002, by the Eugéne Devic EDMUS Foundation against multiple

sclerosis, and by the ARSEP Foundation.

GWAS of Parkinson’s disease by the International Parkinson’s Disease Genomics Consortium
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(IPDGC)

GWAS summary statistics for the post-Chang 23andMe dataset and 23andMe summary statistics
included in the studies of Chang and colleagues and Nalls and colleagues will be made available
through 23andMe to qualified researchers under an agreement with 23andMe that protects the
privacy of the 23andMe  participants. Interested investigators  should  wvisit
http://research.23andme.com/dataset-access to submit a request. An immediately accessible version
of the summary statistics is available online, excluding Nalls and colleagues, 23andMe post-Chang
and colleagues and Web-Based Study of Parkinson’s Disease but including all analysed SNPs
(https://bit.ly/20fzGrk). After approval from 23andMe, the full summary statistics including all
analysed SNPs and samples in this GWAS meta-analysis will be accessible to approved researchers.
Underlying participant level International Parkinson’s Disease Genomics Consortium data are
available to potential collaborators, please contact ipdge.contact@gmail.com. We would like to
thank all of the subjects who donated their time and biological samples to be a part of this study.
This work was supported in part by the Intramural Research Programs of the National Institute of
Neurological Disorders and Stroke (NINDS), the National Institute on Aging (NIA), and the
National Institute of Environmental Health Sciences both part of the National Institutes of Health,
Department of Health and Human Services; project numbers 1ZIANS003154, Z01-AG000949-02
and Z01-ES101986. In addition this work was supported by the Department of Defense (award
W81XWH-09-2-0128), and The Michael J Fox Foundation for Parkinson’s Research. John Hardy’s
contribution was in part supported by MR/N026004/1. This work was supported by National
Institutes of Health grants ROINS037167, ROICA141668, PSONS071674, American Parkinson
Disease Association (APDA); Barnes Jewish Hospital Foundation; Greater St Louis Chapter of the
APDA. The KORA (Cooperative Research in the Region of Augsburg) research platform was started
and financed by the Forschungszentrum fiir Umwelt und Gesundheit, which is funded by the
German Federal Ministry of Education, Science, Research, and Technology and by the State of
Bavaria. This study was also funded by the German Federal Ministry of Education and Research
(BMBF) under the funding code 031A430A, the EU Joint Programme - Neurodegenerative Diseases
Research (JPND) project under the aegis of JPND -www.jpnd.eu- through Germany, BMBEF,
funding code 01ED1406 and iMed - the Helmholtz Initiative on Personalized Medicine. This study
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34



Fox Foundation, and MSA Coalition, USA (to M.S). The French GWAS work was supported by the
French National Agency of Research (ANR-08-MNP-012). This study was also funded by France-
Parkinson Association, Fondation de France, the French program “Investissements d’avenir”
funding (ANR-10-IAIHU-06) and a grant from Assistance Publique-Hopitaux de Paris (PHRC,
AORO08010) for the French clinical data. This study was also sponsored by the Landspitali
University Hospital Research Fund (grant to SSv); Icelandic Research Council (grant to SSv); and
European Community Framework Programme 7, People Programme, and IAPP on novel genetic
and phenotypic markers of Parkinson’s disease and Essential Tremor (MarkMD), contract number
PIAP-GA-2008-230596 MarkMD (to HP and JHu). Institutional research funding IUT20-46 was
received of the Estonian Ministry of Education and Research (SK). Finnish exome sequencing study
was partly funded by Sigrid Juselius Foundation. This study utilized the high-performance
computational capabilities of the Biowulf Linux cluster at the National Institutes of Health,
Bethesda, Md. (http://biowulf.nih.gov), and DNA panels, samples, and clinical data from the
National Institute of Neurological Disorders and Stroke Human Genetics Resource Center DNA and
Cell Line Repository. People who contributed samples are acknowledged in descriptions of every
panel on the repository website. We thank the French Parkinson’s Disease Genetics Study Group
and the Drug Interaction with genes (DIGPD) study group: Y Agid, M Anheim, F Artaud, A-M
Bonnet, C Bonnet, F Bourdain, J-P Brandel, C BrefelCourbon, M Borg, A Brice, E Broussolle, F
Cormier-Dequaire, J-C Corvol, P Damier, B Debilly, B Degos, P Derkinderen, A Destée, A Diirr, F
Durif, A Elbaz, D Grabli, A Hartmann, S Klebe, P. Krack, J Kraemmer, S Leder, S Lesage, R Levy,
E Lohmann, L Lacomblez, G Mangone, L-L Mariani, A-R Marques, M Martinez, V Mesnage, J
Muellner, F Ory-Magne, F Pico, V PlantéBordeneuve, P Pollak, O Rascol, K Tahiri, F Tison, C
Tranchant, E Roze, M Tir, M Vérin, F Viallet, M Vidailhet, A You. We also thank the members of
the French 3C Consortium: A Alpérovitch, C Berr, C Tzourio, and P Amouyel for allowing us to use
part of the 3C cohort, and D Zelenika for support in generating the genome-wide molecular data.
We thank P Tienari (Molecular Neurology Programme, Biomedicum, University of Helsinki), T
Peuralinna (Department of Neurology, Helsinki University Central Hospital), L Myllykangas
(Folkhalsan Institute of Genetics and Department of Pathology, University of Helsinki), and R
Sulkava (Department of Public Health and General Practice Division of Geriatrics, University of
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association data generated by the Wellcome Trust Case-Control Consortium 2 (WTCCC2) from UK
patients with Parkinson’s disease and UK control individuals from the 1958 Birth Cohort and
National Blood Service. Genotyping of UK replication cases on ImmunoChip was part of the
WTCCC2 project, which was funded by the Wellcome Trust (083948/Z/07/Z). UK population
control data was made available through WTCCCI. This study was supported by the Medical
Research Council and Wellcome Trust disease centre (grant WT089698/Z/09/Z to NW, JHa, and
ASc). As with previous IPDGC efforts, this study makes use of data generated by the Wellcome
Trust Case-Control Consortium. A full list of the investigators who contributed to the generation of
the data is available from www.wtccc.org.uk. Funding for the project was provided by the Wellcome
Trust under award 076113, 085475 and 090355. This study was also supported by Parkinson’s UK
(grants 8047 and J-0804) and the Medical Research Council (G0700943 and G1100643).
Sequencing and genotyping done in McGill University was supported by grants from the Michael J
Fox Foundation, the Canadian Consortium on Neurodegeneration in Aging (CCNA), the Canada
First Research Excellence Fund, awarded to McGill University for the Healthy Brains for Healthy
Lives (HBHL) program. The access to part of the participants in the McGill cohort has been made
possible thanks to the Quebec Parkinson’s Network (http://rpg-gqpn.ca/en/). Ziv GanOr is supported
by the FRQS Chercheurs-boursiers Award, granted by the Fonds de recherche du Québec — Santé
(FRQS) and Parkinson’s Quebec. We thank Jeffrey Barrett and Jason Downing for assistance with
the design of the ImmunoChip and NeuroX arrays. DNA extraction work that was done in the UK
was undertaken at University College London Hospitals, University College London, who received
a proportion of funding from the Department of Health’s National Institute for Health Research
Biomedical Research Centres funding. This study was supported in part by the Wellcome
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Key Resources Table Click here to access/download;Key Resources Table;Key Resources Table.xIsx %

KEY RESOURCES T/

Resource Type Specific Reagent or Resource Source or Reference

Include name of manufacturer,

Add additional rows as company, repository, individual, or

needed for each resource Include species and sex when applicable. research lab. Include PMID or DOI for

type references; use “this paper” if new.

Antibody NA NA

Bacterial or Viral Strain NA NA

Biological Sample NA NA

Cell Line NA NA

Chemical Compound or Drug NA NA

Commercial Assay Or Kit NA NA

Deposited Data; Public Database Phenome-wide GWAS summary data MRC IEU OpenGWAS Project

Deposited Data; Public Database Blood pQTL database PhenoScanner

Deposited Data; Public Database Dorsolateral prefrontal cortex pQTL ROSMAP;10.1038/s41588-020-00773-z

Deposited Data; Public Database Dorsolateral prefrontal cortex pQTL (controls only) ROSMAP;10.1016/j.ajhg.2021.01.012

Deposited Data; Public Database Dorsolateral prefrontal cortex pQTL BANNER;10.1016/j.ajhg.2021.01.012

Deposited Data; Public Database Parietal lobe cortex pQTL WU;10.1038/s41593-021-00886-6

Deposited Data; Public Database Plasma pQTL INTERVAL;10.1038/s41586-018-0175-2

Deposited Data; Public Database Plasma pQTL KORA;10.1038/ncomms14357

Deposited Data; Public Database Serum pQTL AGES Reykjavik;10.1126/science.aaql1327

Deposited Data; Public Database Whole blood eQTL GTEXx;10.1038/nature24277

Deposited Data; Public Database Alzheimer’s disease GWAS summary statistics UKB, ADGC, CHARGE, EADI;10.1038/s41588

Deposited Data; Public Database Amyotrophic lateral sclerosis GWAS summary statistics Project MinE;10.1038/s41588-021-00973-1

Deposited Data; Public Database Frontotemporal dementia GWAS summary statistics IFGC;10.1016/S1474-4422(14)70065-1



https://www.editorialmanager.com/bps/download.aspx?id=1262791&guid=8959b5e9-ef55-48da-811d-8b6ab895800e&scheme=1
https://www.editorialmanager.com/bps/download.aspx?id=1262791&guid=8959b5e9-ef55-48da-811d-8b6ab895800e&scheme=1

Deposited Data; Public Database

Lewy body dementia GWAS summary statistics

NA;10.1038/s41588-021-00785-3

Deposited Data; Public Database

Multiple sclerosis GWAS summary statistics

IMSGC;10.1126/science.aav7188

Deposited Data; Public Database

Parkinson’s disease GWAS summary statistics

IPDGC;10.1016/S1474-4422(19)30320-5

Genetic Reagent

NA

NA

Organism/Strain NA NA
Peptide, Recombinant Protein NA NA
Recombinant DNA NA NA
Sequence-Based Reagent NA NA

Software; Algorithm

R software v4.0.2.

Bell Laboratories

Transfected Construct

NA

NA

Other

NA

NA




ABLE

Identifiers

Additional Information

Include catalog numbers, stock numbers, database IDs or
accession numbers, and/or RRIDs. RRIDs are highly

encouraged; search for RRIDs at
https://scicrunch.org/resources.

Include any additional information or
notes if necessary.

NA

NA

NA

NA

NA

NA

https://gwas.mrcieu.ac.uk/

http://mww.phenoscanner.medschl.cam.ac.uk/

https://adknowledgeportal.org/

https://adknowledgeportal.org/

https://adknowledgeportal.org/

NA

http://www.phpc.cam.ac.uk/ceu/proteins/

NA

NA

https://cnsgenomics.com/software/smr/#eQTLsummarydata

https://www.ebi.ac.uk/gwas/studies/GCST90012877

https://www.projectmine.com/research/download-data/

https://ifgcsite.wordpress.com/data-access/



https://scicrunch.org/resources
https://scicrunch.org/resources
https://scicrunch.org/resources
https://scicrunch.org/resources
https://scicrunch.org/resources

https://www.ebi.ac.uk/gwas/studies/GCST90001390

https://imsgc.net/?page_id=31

https://bit.ly/20fzGrk

NA

NA

NA

NA

NA

SCR_001905

NA

NA




IN THIS ISSUE Statement

Neurodegenerative diseases are among the most prevalent and devastating neurological
disorders, but few effective prevention and treatment strategies are available. Through
integrating genetic and proteomic data, Ge et al. systematically screened and validated
the causal relationships between proteomes and risks of neurodegenerative diseases and
assessed the safety and druggability of targets. They prioritized 22 potential targets
associated with lifetime risks of neurodegenerative diseases. These findings will

facilitate the development of novel drugs for neurodegenerative diseases.





