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Background Childhood neurodevelopmental disorders, including autism spectrum disorder (ASD), attention-deficit
hyperactivity disorder (ADHD), and Tourette syndrome (TS), comprise a major cause of health-related disabilities in
children. However, biomarkers towards pathogenesis or novel drug targets are still limited. Our study aims to pro-
vide a comprehensive investigation of the causal effects of the plasma proteome on ASD, ADHD, and TS using the
two-sample Mendelian Randomization (MR) approach.

Methods Genetic associations with 2994 plasma proteins were selected as exposures and genome-wide association
data of ASD, ADHD, TS were utilized as outcomes. MR analyses were carried out using the inverse-variance
weighted method, and the MR-Egger and weighted median methods were used for sensitivity analysis.

Findings Using single-nucleotide polymorphisms as instruments, the study suggested increased levels of MAP-
KAPK3 (OR: 1.09; 95% CI: 1.05�1.13; P = 1.43 £ 10�6) and MRPL33 (OR: 1.07; 95% CI: 1.04�1.11; P = 5.37 £ 10�6)
were causally associated with a higher risk of ASD, and increased MANBA level was associated with a lower risk of
ADHD (OR: 0.91; 95% CI: 0.88�0.95; P = 8.97 £ 10�6). The causal associations were robust in sensitivity analysis,
leave-one-out analysis and Multivariable MR, and no pleiotropy was observed. No significant risk protein was identi-
fied for TS.

Interpretation The study findings support the idea that the MAPK/ERK signaling pathway and mitochondrial dys-
function are involved in the pathogenesis of ASD, while a deficiency in beta-mannosidase might play a role in the
development of ADHD.

Copyright � 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction
Childhood is a time of fun and games; however, it could
be a frustrating period with suffering, for some families.
Childhood neurodevelopmental disorders, including
autism spectrum disorder (ASD), attention-deficit
hyperactivity disorder (ADHD), and Tourette syndrome
(TS), account for 15% to 30% of the disability-adjusted
life-years (DALYs), and they are a major cause of health-
related disability in this age group.1,2 Patients with such
disorders frequently have learning difficulties, as well as
*Corresponding author at: Department of Psychiatry, The First

Affiliated Hospital of Xi’an Jiaotong University, Xi'an, China.
E-mail address:maxiancang@163.com (X. Ma).

1 These authors contributed equally to this work.

www.thelancet.com Vol 78 Month April, 2022
attainment, work, and interpersonal problems; the
symptoms persist in adulthood for a substantial propor-
tion of the population.3�7 Recent technological advan-
ces, particularly genome-wide association studies
(GWASs), have successfully identified a number of
novel biomarkers for these disorders.8�12 However, fur-
ther evidence regarding their pathogenesis and the
development of drug targets is required.

Proteins are important intermediate phenotypes that
can provide valuable insights into the complex pro-
cesses influencing human biology and disease patho-
physiology. With the recent advent of proteomic
profiling technologies, more than 5,000 circulating
plasma proteins in the human body can now be
detected. This provides a window through which an
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Research in context

Evidence before this study

Childhood neurodevelopmental disorders, including
autism spectrum disorder, attention-deficit hyperactiv-
ity disorder, and Tourette syndrome, comprise a major
cause of health-related disabilities, and are known to
have a strong genetic component. Proteins are impor-
tant intermediate phenotypes that can provide valuable
insights into the complex processes influencing human
biology and disease pathophysiology. A recent
genome-wide association study has built a large geno-
mic atlas of the human plasma proteome, which offers
great opportunity to identify disease related risk pro-
teins using genetic epidemiology strategies.

Added value of this study

In this two-sample Mendelian randomization study
using genetic instruments from large-scale genome-
wide association studies, increased levels of MAPKAPK3
and MRPL33 were associated with a higher risk of
autism spectrum disorder, and increased levels of
MANBA were associated with a lower risk for attention-
deficit hyperactivity disorder.

Implications of all the available evidence

These findings support the idea that the MAPK/ERK sig-
naling pathway and mitochondrial dysfunction have
pathogenic roles in the autism spectrum disorder and
that beta-mannosidase deficiency has a role in atten-
tion-deficit hyperactivity disorder.
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individual’s physiology and health status can be
assessed.13,14 Moreover, a growing body of studies have
focused on integrating information from genomics and
proteomics to identify disease-related biomarkers,
uncover potential drug targets, reveal biologically func-
tional pathways, and elucidate disease patho-
genesis.15�18 The GWASs on the human plasma
proteome have reported thousands of associations
between single-nucleotide polymorphisms (SNPs) and
circulating protein levels. These offer a great opportu-
nity to investigate the causal effects of a large number
of potential biomarkers on human diseases, using a
Mendelian randomization (MR) approach.19

MR analysis is a novel genetic epidemiological study
design that can elucidate the causal association between
a modifiable exposure and disease outcome by using
SNPs as instrument variables.20 Conceptually, MR has
similarities with randomized controlled trials (RCTs),
following the foundational principle that genetic var-
iants are naturally randomly assigned to offspring
before birth; therefore, the individuals are consequently
randomized into different levels of exposure.21
Genotypes are assigned before birth and are not suscep-
tible to environmental confounders; therefore, MR has
the ability to expose unbiased causality of modifiable
exposures on disease outcomes of interest.22 The MR
study design is the most common, and it utilizes genetic
associations with exposure and outcome generated from
non-overlapping samples.23 In this study, we applied a
MR to investigate the causal effects of the human
plasma proteome on three childhood neurodevelopmen-
tal disorders, ASD, ADHD, and TS.
Methods

Study design and data sources
The overall design used for this work is illustrated in
Figure 1. We employed a MR analysis to investigate the
causal associations between genetically predicted
plasma protein levels and three childhood psychiatric
disorders. The basic principle of MR is that genetic
instruments, which could predict the level of a modifi-
able exposure, should be causally associated with the
exposure-related outcome.20 Three assumptions are
required for a valid genetic instrument: (i) it is causally
related with the exposure; (ii) it is independent of con-
founders; (iii) it is only associated with the outcome
through the exposure. In this present study, genetic
instruments for the plasma proteins were obtained
from a large-scale GWAS on 3301 healthy adults of
European ancestry.19 Plasma proteome were quantified
using an aptamer-based multiplex protein assay
(SOMAscan) and the robustness of protein measure-
ments were further verified using several subsequent
experiments. Quality control processes were performed
at both the sample and the protein levels, leaving 3283
SOMA aptamers (SOMAmers) mapping to 2994
plasma proteins for inclusion in final GWAS analysis.
Outcomes datasets included GWAS summary statistics
of ASD (18,381 cases and 27,969 controls),9 ADHD
(20,183 cases and 35,191 controls),11 and TS (4819 and
9488 controls)12 from the Psychiatric Genomics Con-
sortium (PGC). We also extracted GWAS datasets of
gestational duration,24 birth weight,25 and childhood
obesity26 from the Early Growth Genetics (EGG) Con-
sortium as potential confounders (Table S1).
Selection of genetic instruments for plasma proteins
Genetic instruments were extracted from the large
genetic atlas of the human plasma proteome according
to the unified standards. All relevant SNPs in each data-
set met the significance threshold of P � 1 £ 10�5. The
relatively relaxed threshold for the genetic instruments
was used in the MR investigations when there were
only a few significant and genome-wide SNPs
(P < 5 £ 10�8) available.27,28 We performed linkage dis-
equilibrium (LD) clumping to identify independent
www.thelancet.com Vol 78 Month April, 2022



Figure 1. Study overview and MR model
All summary-level GWAS data were derived from participants of predominantly European ancestry. B2 is the causal association of interest (2,994 plasma proteins on three childhood neu-

rodevelopmental disorders: ASD, ADHD, and TS), estimated using B2 =B1/B3. B1 and B3 are the direct associations of the genetic variants on the exposure (plasma proteins) and outcomes
(ASD, ADHD, TS). IVW, inverse variance weighted.
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Method No. of SNPs MR analysis Heterogeneity test MR-Egger intercept P

OR (95%) P Cochran’s Q I2 P

MAPKAPK3 on ASD

IVW 20 1.09(1.05,1.13) 1.43e-06 15.2 0% 0.710 -

MR-Egger 20 1.10(1.03,1.18) 7.61e-03 15.2 0% 0.711 0.843

Weighted median 20 1.09(1.04,1.15) 3.03e-04 - - - -

MRPL33 on. ASD

IVW 23 1.07(1.04,1.11) 5.37e-06 16.3 0% 0.800

MR-Egger 23 1.12(1.07,1.17) 5.63e-07 12.8 0% 0.939 0.011

Weighted median 23 1.08(1.03,1.13) 8.33e-04 - - -

MANBA on ADHD

IVW 14 0.91(0.88,0.95) 8.97e-06 15.1 13.6% 0.304 -

MR-Egger 14 0.86(0.81,0.93) 3.68e-05 11.2 0% 0.596 0.072

Weighted median 14 0.89(0.85,0.94) 3.65e-06 - - - -

Table 1: Mendelian randomization results of causal risk proteins on childhood neurodevelopmental disorders.
a,b

Abbreviations: MR, Mendelian Randomization; ASD, autism spectrum disorder; ADHD, attention-deficit hyperactivity disorder.
a Results from 2-sample MR analysis; main analysis method: outliers identified and removed by MR PRESSO tool; estimated associations reported as OR of

outcome per unit increase in log odds of the quantification of specific protein.
b Genetic instruments selected from GWAS of plasma proteome, selection threshold P less than 1 £ 10�5, pruned at linkage disequilibrium R2 less than

.001 (10 megabytes pair window); No. of SNPs refers to the number of genetic instruments included in final MR analysis.
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SNPs (r2 < 0.001 within 10 Mb), using the 1000
Genomes Project Phase 3 (EUR) as the reference panel.
We harmonized exposure and outcome datasets,
obtained SNP effects and corresponding standard
errors, and removed palindromic SNPs with interme-
diate allele frequencies. We used proxy SNPs (LD at
r2 > 0.8) when no SNP was available for predicting
a specific protein for the outcome. Two parameters,
the proportion of variance (R2) explained by the
SNPs and the F statistic, were used to evaluate the
instrument strength for each protein.29 Typically, an
F statistic >10 is considered sufficiently informative
for MR analyses.30 In this present study, we
extracted a range of 9�42 SNPs explaining an aver-
age R2 of 17.8% (range 5.7�82.2%), and the mini-
mum F statistic was 21.83, suggesting all
instrumental variables were sufficiently informative
(F statistic >10) for MR analyses (Table S2).
Datasets of outcomes
The PGC unified much of the psychiatric genetics and
aimed to enable rapid progress in elucidating the
genetic basis of psychiatric disorders.31 They have per-
formed statistically rigorous and comprehensive GWAS
meta-analyses for most psychiatric disorders, including
ASD, ADHD, and TS. GWASs of ASD and ADHD were
both performed by combining samples from Integrative
Psychiatric Research (iPSYCH) and the PGC.9,11 The
iPSYCH samples were collected from a population-
based cohort of all children born in Denmark between
1981 and 2005, whereas the PGC samples were
extracted from several European cohorts. GWAS of TS
was performed using samples from four European
cohorts by the PGC.12 All GWAS analysis including
quality control, imputation, and primary association
analysis were conducted according to the PGC Ricopili
GWAS pipeline.32
Statistical analysis
The inverse variance-weighted (IVW) method was
used as the primary MR analysis. This method pro-
vided a high-powered estimate and relied on the
assumption that all SNPs were valid genetic instru-
ments.30 The weighted median method and MR-
Egger method were adopted as sensitivity analyses to
evaluate the robustness of causality and detect pleiot-
ropy. The weighted median method could provide a
consistent estimate if less than 50% of the SNPs
were invalid instruments.33 The MR-Egger method
was useful when up to 100% of the SNPs came
from invalid instruments.34 We tested for pleiotropy
by performing MR-Egger intercept test,35 Cochran’s
Q test,36 and leave-one-out analyses.37 What’s more,
to further avoid the bias introduced by pleiotropic
outliers, we used the MR pleiotropy residual sum
and outlier (MR-PRESSO) method to detect potential
outliers and re-performed the MR analyses (using
IVW, MR-Egger, and the weighted median methods)
after removing these outliers.38 Multivariable MR
analyses were performed to statistically adjust for
potential confounders. Genetic instruments from
three datasets were included, respectively, in the
multivariable MR model: 1 genome-wide significant
SNP with gestational duration,24 146 genome-wide
significant SNPs with birth weight,25 and 18
genome-wide significant SNPs with childhood
www.thelancet.com Vol 78 Month April, 2022
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obesity.26 All analyses were carried out using the
TwoSampleMR package in R Software 3.6.1. A multi-
ple-testing threshold of P < 1.52 £ 10�5 (0.05/3283)
was adopted to declare a statistical significance using
the Bonferroni method.
Ethics
All datasets were publicly available, and ethical approval
was acquired for all original studies.
Role of funding source
The funding sources had no role in study design, data
collection, analysis, or interpretation, or any aspect per-
tinent to the study.
Results

Causal estimates of genetically predicted proteins on
ASD
The MR estimates identified two causal risk proteins for
ASD (Fig. S1) and one risk protein for ADHD (Fig. S2).
Using 20 SNPs as genetic instruments, we observed
that each 1-standard deviation (SD) increase in the level
of MAPKAPK3 would result in an approximately 10%
higher risk of ASD (IVW odds ratio [OR], 1.09 for per 1-
SD increase in protein quantification; 95% CI:
1.05�1.13; P = 1.43 £ 10�6; Tables 1, S3; Figure 2a). The
causal estimates were broadly consistent, when using
the additional methods for sensitivity analysis (MR-
Egger OR: 1.10; 95% CI: 1.03�1.18; P = 7.61 £ 10�3;
weighted median OR: 1.09; 95% CI: 1.04�1.15;
P = 3.03 £ 10�4). Horizontal pleiotropies were not
observed in the MR-Egger intercept test (P = 0.843),
Cochran’s Q test (IVW derived Q statistic = 15.2;
P = 0.338), or leave-one-out analyses (Figure 2b). Simi-
lar results were observed for the causality of MRPL33 on
ASD (IVW OR: 1.07; 95% CI: 1.04�1.11;
P = 5.37 £ 10�6; MR-Egger OR: 1.12; 95% CI: 1.07�1.17;
P = 5.63 £ 10�7; weighted median OR: 1.08; 95% CI:
1.03�1.13; P = 8.33 £ 10�4; Tables 1, S4; Figure 2c). Bias
from horizontal pleiotropies could be largely ruled out
using the Cochran’s Q test (IVW derived Q statis-
tic = 16.3; P = 0.800) and leave-one-out analyses
(Figure 2d).
Causal estimates of genetically predicted proteins on
ADHD and TS
The genetically predicted levels of beta-mannosidase
(MANBA) were associated with a decreased risk of
ADHD (IVW OR: 0.91; 95% CI: 0.88�0.95;
P = 8.97 £ 10�6; MR-Egger OR: 0.86; 95% CI:
0.81�0.93; P = 3.68 £ 10�5; Weighted median OR:
0.89; 95% CI: 0.85�0.94; P = 3.65 £ 10�6; Tables 1,
S5; Figure 3a). However, the causal estimate was largely
www.thelancet.com Vol 78 Month April, 2022
affected by a single SNP, rs227370 (Figure 3b). The MR-
Egger intercept test (P = 0.072) and Cochran’s Q test (Q
statistic = 15.1; P = 0.304) indicated no evidence of plei-
otropy; therefore, it is necessary to verify whether
rs227370 is a pleiotropic variant. On further analysis,
rs227370 was found to be located in the intron region of
MANBA. Therefore, the causal association between
MANBA and ADHD was robust, and the rs227370
could have an essential role in determining this relation-
ship. No significant risk protein was identified for TS
(Fig. S3).
Multivariable MR estimates
In the multivariable MR models, the causal effects of
MAPKAPK3 on ASD were broadly consistent, when
adjusted for gestational duration (OR: 1.11; 95% CI:
1.05�1.17; P = 1.80 £ 10�3; Figure 4), birth weight (OR:
1.10; 95% CI: 1.04�1.16; P = 6.75 £ 10�4), and child-
hood obesity (OR: 1.09; 95% CI: 1.02�1.16; P = 0.013).
The results of the associations between MRPL33 and
ASD were also robust, when adjusted for gestational
duration (OR: 1.07; 95% CI: 1.04�1.11;
P = 2.78 £ 10�4), birth weight (OR: 1.06; 95% CI:
1.03�1.10; P = 3.99 £ 10�4), and childhood obesity (OR:
1.07; 95% CI: 1.03�1.11; P = 1.41 £ 10�3). Similar results
were observed for the association between MANBA and
ADHD, when adjusted for gestational duration (OR:
0.91; 95% CI: 0.87�0.95; P = 2.36£ 10�3), birth weight
(OR: 0.92; 95% CI: 0.87�0.96; P = 3.50 £ 10�4), and
childhood obesity (OR: 0.91; 95% CI: 0.87�0.96;
P = 1.22 £ 10�3).
Discussion
We investigated the causal associations between the
genetically predicted plasma proteome and three child-
hood neurodevelopmental disorders. We found genetic
evidence that the increased levels of MAPKAPK3 and
MRPL33 in human blood were associated with a higher
risk of ASD, while increased levels of MANBA were
associated with a lower risk of ADHD. No significant
risk protein was identified for TS.

The MAPKAPK3 belongs to the Ser/Thr protein
kinase family, which functions as a mitogen-activated
protein (MAP) kinase. MAP kinases are also known as
extracellular signal-regulated kinases (ERKs). The
MAPK/ERK signaling pathway participates in impor-
tant biological processes in the central nervous system,
both temporally and spatially.39 It is involved in the
pathogenesis of multiple neurological disorders, includ-
ing ASD,40 Parkinson’s disease,41 Alzheimer’s dis-
ease,42 amyotrophic lateral sclerosis,43 and
Huntington’s disease.44 The role of the MAPK/ERK
pathway in such diseases may be related to the glial cell
function and inflammatory responses.39 During embry-
onic development and the early postnatal period, ERK
5



Figure 2. Scatterplot and leave-one-out analysis of genetic risk of MAPKAPK3 and MRPL33 on ASD
Scatter plots of MR-derived associations between genetically predicted levels of MAPKAPK3 (a) and MRPL33 (c) with ASD, calcu-

lated using the inverse variance�weighted (IVW), weighted median, and MR-Egger methods. The slopes represent the causal associ-
ation for each method. Leave-one-out analysis indicates fluctuant MR associations of MAPKAPK3 vs. ASD (b) and MRPL33 vs. ASD (d).
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participates in the maturation process of dendritic trees
and synaptogenesis.39 Conditional inactivation of ERK
signa.ls promote neurogenesis and repress
gliogenesis.45,46 CD93 knockout mice showed an
increase in astrocytes and a decrease in neurogenesis in
the cerebral cortex, and they presented autism-like
behavior.47 In addition, an ASD mouse model displayed
autistic-like behaviors (impaired social interaction and
communication as well as increased repetitive behav-
iors) and exhibited abnormal growth of its dendritic
tree; this was associated with dysregulated MAPK/ERK
signaling.48

MRPL33 is another protein that is causally associated
with ASD. MRPL33 is a mitochondrial ribosomal pro-
tein involved in protein synthesis within the mitochon-
drion. The mitochondrial bioenergetics defects are a
www.thelancet.com Vol 78 Month April, 2022



Figure 3. Scatterplot and leave-one-out analysis of genetic risk of MANBA on ADHD
a. Scatter plots of MR-derived associations between genetically predicted levels of MANBA with ADHD, calculated using the inverse variance weighted (IVW), weighted median, and MR-

Egger methods. The slopes represent the causal association for each method. b. Leave-one-out analysis shows the fluctuant MR associations of MANBA with ADHD.
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Figure 4. Multivariate MR associations of causal risk proteins with childhood neurodevelopmental disorders adjusted for potential
confounders

Estimates reported as odds ratios (OR) of childhood neurodevelopmental disorders per 1-SD increase in quantification of specific
proteins, accounting for gestational duration, birth weight, and childhood obesity.
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causal factor of ASD.49�52 ASD could occur when mito-
chondrial function falls below the brain’s minimum
needs, because the human brain is a complex system
and the organ with the highest mitochondrial energy
demand.53 Specific biological mechanisms are involved
in neurogenesis, neuronal migration, synaptic function,
and signal transduction.54 There is a potential interac-
tion between the mitochondrial function and the
MAPK/ERK signaling pathway in neurologic disor-
ders.55 In this study, genetic predictions for the level of
MRPL33 were causally associated with ASD, which sup-
ported the hypothesis that mitochondrial dysfunction
could be a cause of ASD. Furthermore, we identified a
valuable target that could improve our understanding of
the mechanisms underlying the mitochondrial dysfunc-
tion in the pathogenesis of ASD.

This study identified MANBA, as a causal risk pro-
tein for ADHD. Deficiency in MANBA is associated
with hypotonia in the newborn, followed by global
development delay, behavioral problems, and intellec-
tual disability.56,57 Beta-mannosidosis is a disorder char-
acterized by the accumulation of disaccharides resulting
from insufficient lysosomal MANBA activity. Sedel
et al. summarized the characteristics of 14 patients with
MANBA; 78% presented with mental retardation, and
64% presented behavioral problems, including hyperac-
tivity and/or aggressiveness.58 Furthermore, some cases
with MANBA developed to ADHD.58,59 This study
showed that lower levels of MANBA were associated
ADHD, which was consistent with previous findings.
Although evidence from large-scale epidemiological
studies is still lacking, this study provides novel insights
in improving our understanding of the pathogenesis of
ADHD.

This study had several limitations. First, although
genetic instruments for plasma proteins were extracted
from the largest current GWAS source of plasma pro-
teomes, there were still only a few genome-wide signifi-
cant SNPs available for MR analysis. To address this, we
adopted a relatively relaxed threshold for selecting
genetic instruments, by referring to similar cases. We
evaluated the strength for these genetic instruments
and they were suitable for MR analysis. Second, all pro-
teins in the human plasma were quantified in the
GWAS proteome. Blood was a logical choice for the bio-
marker applications considering its convenience; how-
ever, we do not know whether these proteins had
similar roles in specific brain regions, because of the
existence of the blood-brain-barrier. Third, we per-
formed an MR study and identified two causal risk pro-
teins for ASD and one risk protein for ADHD. MR is an
efficient tool for inferring causality; however, our find-
ings need further experimental verification, and the
mechanisms need further exploration. Nevertheless,
our study might identify novel biomarkers for ASD and
ADHD, and the results provide valuable information for
www.thelancet.com Vol 78 Month April, 2022
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better understanding the pathogenesis of childhood
neurodevelopmental disorders.

In conclusion, our study supported the idea that
increased levels of MAPKAPK3 and MRPL33 were caus-
ally associated with a higher risk of ASD, and increased
level of MANBA was associated with a lower risk of
ADHD. Our study highlighted the role of the MAPK/
ERK signaling pathway and mitochondrial dysfunction
in the pathogenesis of ASD, as well as the deficiency of
MANBA in the development of ADHD. Our study
might provid novel insight for understanding the patho-
genesis and uncovering drug targets for childhood neu-
rodevelopmental disorders.
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