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The ability to finely control our movement is key to achieving many of the educational
milestones and life-skills we develop throughout our lives. Despite the centrality of
coordination to early development, there is a vast gap in our understanding of the
underlying biology. Like most complex traits, both genetics and environment influence
motor coordination, however, the specific genes, early environmental risk factors and
molecular pathways are unknown. Previous studies have shown that about 5% of
school-age children experience unexplained difficulties with motor coordination. These
children are said to have Developmental Coordination Disorder (DCD). For children with
DCD, these motor coordination difficulties significantly impact their everyday life and
learning. DCD is associated with poorer academic achievement, reduced quality of
life, it can constrain career opportunities and increase the risk of mental health issues
in adulthood. Despite the high prevalence of coordination difficulties, many children
remain undiagnosed by healthcare professionals. Compounding under-diagnosis in the
clinic, research into the etiology of DCD is severely underrepresented in the literature.
Here we present the first genome-wide association study to examine the genetic basis
of early motor coordination in the context of motor difficulties. Using data from the
Avon Longitudinal Study of Parents and Children we generate a derived measure of
motor coordination from four components of the Movement Assessment Battery for
Children, providing an overall measure of coordination across the full range of ability.
We perform the first genome-wide association analysis focused on motor coordination
(N = 4542). No single nucleotide polymorphisms (SNPs) met the threshold for genome-
wide significance, however, 59 SNPs showed suggestive associations. Three regions
contained multiple suggestively associated SNPs, within five preliminary candidate
genes: IQSEC1T, LRCC1, SYNJ2B2, ADAMZ20, and ADAMZ21. Association to the gene
IQSECT suggests a potential link to axon guidance and dendritic projection processes
as a potential underlying mechanism of motor coordination difficulties. This represents
an interesting potential mechanism, and whilst further validation is essential, it generates
a direct window into the biology of motor coordination difficulties. This research has
identified potential biological drivers of DCD, a first step towards understanding this
common, yet neglected neurodevelopmental disorder.

Keywords: coordination, development, dyspraxia, neurodevelopment, GWAS, ALSPAC, developmental
coordination disorder, motor coordination
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INTRODUCTION

Developmental  coordination  disorder (DCD) is a
neurodevelopmental condition defined by the DSM-5 as
a severe impairment of motor skills, usually presenting in
early childhood, and in the absence of any other explanatory
factor such as a known neurological disorder (e.g., cerebral
palsy, acquired brain injury, visual impairment, or intellectual
disability) (American Psychiatric Association, 2013).

Developmental coordination disorder is thought to affect
approximately 5% of 7-8-year-old children (American
Psychiatric Association, 2013), although the estimates vary
considerably between study populations and methodological
approaches (Wright and Sugden, 1996; Tsiotra et al., 2006;
Lingam et al., 2009). In practice, this means there are one or
two children with DCD in every school class. Despite this high
prevalence and official recognition as a neurodevelopmental
disorder in the DSM-IV and -5, DCD remains chronically
underdiagnosed by healthcare professionals (Blank et al., 2019).
DCD is similarly underrepresented in the research literature,
with ten-fold fewer research articles published on DCD than
dyslexia between 1985 and 2009 (Bishop, 2010).

Children with DCD have difficulty acquiring fine and/or gross
motor skills, making learning age-appropriate activities such as
riding a bicycle or catching a ball extremely challenging, even
given opportunity to practice. They are more likely to struggle
with daily tasks, academically and socially, and are more likely
to have overall poorer quality of life in adulthood (Stephenson
and Chesson, 2008; Summers et al., 2008; Harrowell et al., 2018;
Cleaton et al., 2019). These motor difficulties initially manifest in
early childhood and have been shown to persist into adolescence
in approximately half of individuals (Losse et al., 1991; Cantell
etal., 1994) and a similar proportion continue to be affected into
adulthood (Kirby et al., 2008, 2011). There is a current absence
of longitudinal data to understand whether the proportion of
individuals who improve is a result of access to intervention,
developing their own coping strategies, through extensive and
deliberate practice or through some other mechanism (Kirby
et al,, 2011). Therefore, the impact of DCD persisting into adult
life is likely to be underestimated.

Many children receive their initial referral for motor function
assessment because of their poor handwriting (Barnett and
Prunty, 2020). This is when coordination problems are often first
noticed in school and begin to affect their academic achievement.
Poor academic outcomes are reported in children with DCD.
A recent study found that individuals with DCD were less likely
to finish school with 5 or more GCSEs (OR 0.27, 95% CI 0.21-
0.34), placing them at a considerable disadvantage compared to
other students (Harrowell et al., 2018).

Children with DCD require substantial extra support to
successfully perform daily activities, as they often find basic
tasks such as eating, washing, or cleaning their teeth extremely
challenging (Summers et al., 2008). This extra support impacts
upon family quality of life and can have a substantial
financial and time cost to their carers (Cleaton et al., 2019).
Further contributing to this, behavioral problems and difficulties
with social interactions can make these relationships more

challenging, with these problems often persisting into adulthood
(Stephenson and Chesson, 2008).

Co-occurrence with other neurodevelopmental conditions
is extremely common, particularly with attention deficit
hyperactivity disorder (ADHD) and developmental language
disorder (DLD) (Lingam et al., 2010). The reason for these
co-occurring conditions is unknown; whether they are
due to shared genetic and/or environmental risk factors,
or perhaps that one may act as a risk factor for another.
Anxiety and depression are commonly associated with
DCD, placing individuals at a greater risk of a lifetime of
increased vulnerability to mental health issues (Kirby et al,
2008). Individuals with DCD are less likely to participate in
physical activities (Cantell et al, 1994) and have a higher
chance of becoming overweight (Cairney et al, 2005),
increasing their long-term risk of developing obesity related
health problems.

The underlying etiology of DCD is multifactorial, and both
environmental and genetic factors are thought to play a role. One
major risk factor that has been repeatedly associated with DCD
risk is premature birth (and therefore low birth weight) (Lingam
et al., 2009; Larsen et al., 2013). Similarly, low socio-economic
status (SES) has been shown to correlate with increased risk of
DCD (Lingam et al., 2009). While these environmental factors
have been robustly associated with increased risk of DCD, the
mechanism by which they act upon early motor development
remains unknown.

It is also widely accepted that genetics play a major role in
an individual’s risk for developing DCD, although no specific
genes or molecular pathways have been reported, to date.
Several twin studies have examined the heritability of DCD
and revealed genetic contribution estimates from 0.44 (Moruzzi
et al., 2010), through to 0.7 (Lichtenstein et al., 2010) and
0.8 (Martin et al., 2006). Although these studies are relatively
small scale and vary in their inclusion criteria, they indicate a
relatively high potential genetic contribution, particularly for a
neurodevelopmental disorder.

Genetic investigations into the underlying cause of other
neurodevelopmental disorders such as dyslexia and DLD have
identified both Mendelian variants and complex genetic models
of susceptibility to contribute to their genetic basis (Becker et al.,
2017; Mountford and Newbury, 2017). Mendelian variants are
usually single genetic variants that have a negative impact on their
resulting protein, preventing it from functioning as it should.
This type of Mendelian genetic variation generally results in
specific (and often more severe) forms of neurodevelopmental
disorders and are extremely rare.

Complex genetic models consider genetic susceptibility or risk
conferred by genetic variants that are more commonly found in
the general population and interact with environmental factors
to increase overall risk of developing a condition. Environmental
influences can also act as protective factors, such as participation
in sporting activities. So far, other neurodevelopmental disorders
have examples from both of these genetic models. It is therefore
highly likely that DCD will have a similar genetic etiology
combining rare Mendelian variants in some rare cases, but more
commonly an overall complex genetic risk which is influenced
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by risk and protective environmental factors. It is likely to
be genetically and environmentally multi-factorial, with many
subtle influences.

There have only been a few studies into the genetic basis of
DCD, and so far, no genes have been identified as causative.
One study reported a large Canadian family where five of seven
children and their mother had a diagnosis of DCD (Gaines et al.,
2008). This inheritance pattern is strongly suggestive of a fully
penetrant dominant Mendelian genetic variant, which has been
inherited from the affected mother, however, no investigation
into the underlying genetic cause was reported.

Copy number variations (CNVs), large insertions and
deletions of regions of the genome, have also been implicated in
DCD and other neurodevelopmental disorders such as autism
spectrum disorder (ASD) (Sanders et al, 2015), intellectual
disability (Coe et al,, 2014) and ADHD (Lionel et al, 2011).
These insertions or deletions of genetic material can be inherited
or occur sporadically. CNVs occur as a normal part of our
individual genomic variation, and we each carry about ten unique
or very rare changes. The presence of some specific CNVs results
in a clear syndrome, for example certain deletions carried on
16p11.2 (chromosome 16) cause a specific type of language
impairment called childhood apraxia of speech (CAS) (Newbury
etal., 2013; Fedorenko et al., 2016). More frequently, the effect of
an individual CNV is difficult to determine, depending on which
genes are contained within the deleted or duplicated region and
how much it affects their ability to function. Perhaps surprisingly,
the majority of CNVs have no clear role or effect on cell function
and appear to be completely tolerated.

The presence of more and/or larger genomic regions, known
as enrichment or increased burden of CNVs have also been
detected in individuals with DLD when compared to controls
with typical language development (Simpson et al., 2015; Kalnak
et al, 2018). Individuals with a higher burden, ie., more
CNVs or larger regions of their genomes contained CNVs, tend
towards a more severe phenotype. In all these CNV studies,
the statistical differences are extremely subtle, and difficult to
detect. This is further hindered by individual CNVs resulting
in highly heterogeneous phenotypes, and even some of the
most common and best understood show a varied phenotype
(Mountford et al., 2020).

Enrichment of CNVs has been reported in individuals with
DCD (Mosca et al., 2016). This provides a direct link between
the overall number and size of copy number changes and DCD,
as has been established in other neurodevelopmental disorders.

Also, in cases where individuals carried a pathogenic CNV
known to cause other neurodevelopmental disorders (e.g., the
16p11.2 deletion which results in CAS), Cunningham et al. (2019)
showed that carriers of these pathogenic CNVs were more likely
to have coordination difficulties. While this does not demonstrate
a clear association between specific CNVs and coordination, it
suggests a link between known causes of neurodevelopmental
disorders and motor function. Taken together, these two studies
are suggestive of a role of CN'Vs in motor coordination, and an
interesting avenue for further investigation.

For common genetic disorders, the first line of investigation
usually comprises of a genome-wide association study (GWAS),

in which common genetic variants are compared between
unrelated cases and controls. These genetic variants are single
base pair changes, called single nucleotide polymorphisms
(SNPs), and represent common variation within the general
population. Only one GWAS has so far been performed to
look for regions of the genome which are commonly shared by
individuals with DCD. The study looked at 890 individuals with a
diagnosis of DCD co-occurring with ADHD, and did not find any
variants that reached genome-wide significance, but did report
an enrichment for common variants located within genes with a
known neurological function (Fliers et al., 2012). A particularly
interesting finding from this study, was that eight of the nine
genes that contained variants of suggestive association, played a
role in mechanisms of neurite outgrowth and muscle function.
Although this is a small and underpowered study, they suggest
that motor coordination difficulties with ADHD are associated
with genes with both neurological and muscular functions,
however, this is yet to be fully elucidated.

In a wider sense, the underlying systems through which
DCD and early coordination difficulties manifest are unknown
and remains a major unanswered question in the DCD field.
The current literature tends towards the theory that subtle
neurological changes in the brain, including the cerebellum, may
underlie DCD, as opposed to motor or muscular function (Licari
et al., 2015; Blank et al., 2019). A recent study used diffusion
tensor imaging (DTI) to identify differences in white matter
between children with DCD and neurotypical controls (Brown-
Lum et al., 2020). They detected white matter differences in three
pathways: the corticospinal tract, posterior thalamic radiation,
and cerebellar pathways. All three white matter pathways
are involved in motor or sensorimotor function, providing
compelling evidence that differences in axonal development in
these regions may underlie DCD. The identification of genes
associated with motor coordination may help to further delineate
the underlying etiology and has the potential to link neurological
changes to gene function.

One approach to the specific investigation of a disorder in
clinical cohorts is the investigation of underlying traits in the
general population. This can help to increase sample size and
identify underlying molecular mechanisms. Here, we use the
Avon Longitudinal Study of Parents and Children (ALSPAC)
population data set to perform the first quantitative GWAS
of motor coordination in a population cohort. We use four
measures from the Movement Assessment Battery for Children
(MABC) (Henderson and Sugden, 1992), the gold-standard
measure of motor coordination difficulties in the ALSPAC
dataset. The ALSPAC cohort provides data on a subset of children
across four of the individual MABC tasks: heel-to-toe walking,
placing pegs, threading lace and throwing a bean bag into a
box (Henderson and Sugden, 1992). Collectively, these test items
represent the most robust measure of fine and gross coordination
in children with associated genetic data. Lingam et al. (2009) used
three of these measures in ALSPAC (heel-to-toe walking, placing
pegs, throwing a bean bag) along with additional criteria (see
“Discussion”) to estimate that 1.8% of children at 7 years old meet
the diagnostic criteria for DCD, and an additional 2.23% have
probable DCD. Although the full MABC has not been performed
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in this cohort, Lingam et al. (2009) showed that the three MABC
tasks reported in their study provide a reliable measure of three
main domains of motor coordination (balance, manual dexterity,
and ball skills). Lingam et al. (2009) further showed that these
tasks had concurrent validity with other coordination tests from
their own measures and from other studies (Van Waelvelde
et al., 2004). In the current study we strengthen the measure
of motor coordination by supplementing the three MABC tasks
with an additional manual dexterity task (“threading lace” from
the MABC) also used by Lingam et al. (2009).

Here we report the first genes to be directly implicated in
motor coordination in children, generating the first window into
the genetic basis of DCD.

MATERIALS AND METHODS
Ethical Approval

Ethical approval for this study was obtained from Oxford Brookes
University Research Ethics Committee (UREC #191311).

Ethical approval for ALSPAC (B2341) was obtained from the
ALSPAC Ethics and Law Committee and the Local Research
Ethics Committees'. Informed consent for the use of data
collected via questionnaires and clinics was obtained from
participants following the recommendations of the ALSPAC
Ethics and Law Committee at the time. Consent for biological
samples has been collected in accordance with the Human
Tissue Act (2004).

Avon Longitudinal Study of Parents and
Children Population Cohort

The study was performed using a large UK population cohort;
the Avon Longitudinal Study of Parents and Children (ALSPAC)
consisting of 14,541 pregnancies to mothers in the Avon region
with anticipated delivery dates of between 1st April, 1991, and
31st December, 1992 (Boyd et al., 2013; Fraser et al,, 2013). Of
these initial pregnancies, there were a total of 14,676 fetuses,
resulting in 14,062 live births and 13,988 children who were alive
at 1 year of age.

Avon Longitudinal Study of Parents and Children offers a
broad range of developmental phenotype measures spanning
the participants’ lives, including measures of gross and fine
motor skills. Please note that the study website contains details
of all the data that are available through a fully searchable
data dictionary and variable search tool http://www.bristol.ac.uk/
alspac/researchers/our-data/

A subset of children (N = 8,365) was genotyped by
ALSPAC using Illumina Human Hap 550-quad arrays which
allows the direct characterization of more than half a million
common European genetic variants across the Human genome.
These data were jointly phased using SHAPEIT2 (Delaneau
et al., 2013), which uses relationship information to improve
phasing accuracy, and imputed to the 1,000 Genomes v1.3.
This imputation phase allows the prediction of uncharacterized
variation using genetic data from unrelated individuals. The

Uhttp://www.bristol.ac.uk/alspac/researchers/research-ethics/

imputation dataset was filtered to include SNPs with an
imputation quality score >0.8 (i.e., those with high confidence
genotype calls).

Children were excluded from the current study if there were
missing data from one of the four measures of coordination
from the MABC (Henderson and Sugden, 1992); heel-to-toe
walking (F7CR015), placing pegs with preferred hand (F7CR105),
threading lace (F7CR211), and throwing a beanbag into a box
(F7CR331). In total, data were available for 6500 children across
all four measures.

DSM-1V/5 criteria for DCD include a qualification that
children with a visual or physical disability which limits
movement, or moderate intellectual disability should be excluded
from a diagnosis of DCD. Children with a parental report
of eyesight problems requiring special arrangements at school
(age 7.5-KR566) or visual impairment (age 8.5-SA036A) were
excluded. Similarly, parents who reported the child has physical
problems requiring special arrangements at school (age 7.5-
KR567), the child has ever had a physical disability at (age
8.5-SA037A), or the school reported the child has sensory and/or
physical needs (visual impairment, hearing impairment, multi-
sensory impairment, physical disability) requiring formalized
government special education needs support at (age 11-12-
PLASCC65) (N = 159) were excluded. Individuals were excluded
if they answered yes to any of the five visual or physical
exclusions, if the answers were inconsistent between measures
across the time points, or if they were missing data across all
three time points.

Finally, children were excluded if they showed evidence of
moderate to severe intellectual disability (Weschler Intelligence
Score for Children III-Full IQ < 50 at age 8.5-F8WS112)
(N = 669). Children with missing IQ data were excluded
unless they scored above expected (level 5) in the nationally
administered key stage 3 (KS3) assessments at age 13-14 in
English (ks3_leve), math (ks3_levm), and science (ks3_levs)
and were not reported as ever needing provisions for special
educational support (age 7.5-KR561, age 8.5-SA030, and age
11-12-PLASCC40). We could confidently conclude that these
children did not have moderate intellectual disability. Individuals
missing 1Q, KS3, and special educational support provision
data were excluded.

Individuals were further excluded from this dataset if they
did not have imputed genetic data available (N = 1097).
Finally, to ensure that all children in the cohort are unrelated,
in the case of twins one twin from each pair was removed
from analyses (N = 33). The final cohort consisted of 4,542
children (2183M, 2359F).

Phenotype and Derived Measures

Four components of the MABC (Henderson and Sugden, 1992)
were identified as representative measures of motor coordination
at age 7. The four tasks assess three aspects of coordination:
balance (heel-to-toe walking), manual dexterity (placing pegs,
threading lace), and ball skills (throwing bean bag into box).
Heel-to-toe walking (F7CR015) measures the number of steps
the child takes before stepping off a straight line. Throwing a
beanbag (F7CR331) is the number of throws out of 10 where the
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beanbag is successfully thrown into a box using their preferred
hand. Finally, the placing pegs task (F7CR105), inserting 12 pegs
into a board, and the threading lace task (F7CR211), threading
a lace through a series of holes in a board, are both measured as
completion time. These raw scores for each individual measure
were age-adjusted (Age in months at test), and the distributions
of these individual measures are shown in Figure 1.

Scores were then expressed as percentile performance against
the entire cohort. The placing pegs and threading lace scores were
inverted so that for all scores a higher percentile denotes better
performance. Each age-adjusted percentile score was transformed
into an inverted point scale across the full range (such that
individuals scoring between the 0 and 10th percentiles score 9,
between the 10 and 20th percentiles score 8, and so on through
to individuals between the 90 and 100th percentiles who score
0). Scores were summed across all four measures to generate
a summed measure of overall motor coordination (SumQMS4)
which was normally distributed (Figure 2) and ranged from
0 to 36 (mean 18.02, SD 6.71), where a higher score denotes
worse performance. Note that although these measures spread
across the full range of performance, the MABC was designed
such that there will be a ceiling effect in typically developing
children. As such, this test does not sensitively allow us to
distinguish between children at the top of the motor skill range
(Henderson et al., 2007).

In addition to the quantitative measure of motor ability,
a binary measure of motor coordination was also derived.
In this binary measure, each of the individual four motor

measures were transformed to a point scale, this time focusing
upon the lower tail of the distribution-the individuals with the
poorest performance. Individuals scoring between the 0 and
2nd percentiles scored 5, between the 2 and 5th percentiles
scored 4, between the 5 and 10th percentiles scored 3,
between the 10 and 15th percentiles scored 2, between the
15 and 25th percentiles scored 1, and anyone above the 25th
percentile scored 0, where again, a higher score denoted worse
performance. Cases with motor coordination difficulties were
defined as having a total summative score of >8 across all
four tasks (a score that would require an average performance
below the 10th percentile across all four tasks, N = 214).
Controls were defined as individuals with score = 0 (>25th
percentile on all four tasks, N = 1737). The number of cases
falling below this categorical cutoff was N = 214 or 5% of
included children.

The available test battery does not allow us to unequivocally
say that the children with motor coordination difficulties had
DCD, as not all diagnostic criteria could be applied. We thus refer
to this group as “probable” DCD (pDCD), allowing us to perform
a case-control GWAS. Please note, this differs from the criteria
used by Lingam et al. (2009) who also considered impact upon
daily life as criteria for DCD and pDCD in accordance with the
DSM-1V. All other individuals were excluded from analyses.

Graphs were plotted using the ggplot2 package’ (Wickham,
2016) within RStudio (v3.5.1).

Zhttps://ggplot2.tidyverse.org

A Heel-to-toe balance (F7CRO15)
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| )
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FIGURE 1 | Distribution of MABC test items age adjusted. (A) Heel-to-toe walking (F7CR015) showing the number of steps taken (high score denotes good
performance). (B) Placing pegs (F7CR105) showing the time taken to complete the task (low score denotes good performance). (C) Threading lace task (F7TCR211)
showing the time taken to complete the task (low score denotes good performance). (D) Throwing bean bag (F7CR331) showing the number of throws that
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Summed motor coordination measure (SumQMS4)
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FIGURE 2 | Distribution of summed motor coordination measures (SumQMS4) derived from the MABC test components to reflect an overall motor coordination

score, and a maximum possible score of 40.

T T T 1
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Genome Wide Association Study

The imputed genotype dataset contained 4,774,020 autosomal
and X chromosome SNPs (chrs1-23) for the 4,542 individuals
included in the study. A power calculation indicated that
this sample provides 90.4% power to detect a variant that
explains 1% of trait variance at a genome-wide threshold of
significance and 99.0% power at a significance threshold of
1 x 1072 [assuming a minor allele frequency (MAF) of 0.1,
complete linkage disequilibrium (LD) between marker and causal
variant]. This means we have sufficient power to detect common
contributory variants that account for 1% of the population
variation in motor control ability.

Standard quality control measures were performed on
genome-wide SNP data prior to analysis (Anderson et al., 2010);
SNPs with a minor allele frequency <5%, a per SNP call rate
of <5%, a Hardy-Weinberg equilibrium P < 5 x 10~7 (N = 70)
or a heterozygosity rate more than 3SD from the mean were
excluded from analysis. Genotype rates were compared between
motor difficulty cases and controls, and SNPs with a differential
missing rate (P < 1 x 107>, N = 4) were excluded from further
analysis, leaving a total of 4,774,020 high quality SNPs. Individual
genotype rate was checked, however, as this was an imputed
dataset, all individuals had >95% coverage across SNPs.

One factor that can impact genetic association is differences
in ancestry between individuals. To avoid this, genetic ethnicity
was checked using a Principal Component Analysis (PCA)
with the smartpca perl script’ from the Eigensoft package

Shttps://github.com/chrchang/eigensoft/wiki/smartpca

(Patterson et al., 2006; Price et al, 2006). These analyses
compared a pruned set of low LD SNP data (95,225 variants)
with the Human Genome Diversity Project (HGDP) dataset®
which includes seven populations of broad ethnicity (African,
American, Central South Asia, East Asia, European, Middle East,
and Oceania). The first and second Principal Components were
plotted using the ggplot2 package (see footnote text 2) (Wickham,
2016) within RStudio (v3.5.1). All individuals appeared to be of
European descent.

A set of 4,774,020 SNPs were analyzed for association
using a general linear regression model within PLINK for the
quantitative measure of coordination (SumQMS4), and a logistic
model for the binary pDCD case/control phenotype. Genome-
wide Manhattan and QQ plots were plotted in the qqman
package (Turner, 2014) in RStudio (v3.5.1). Zoomed-in plots for
suggestively associated loci were generated using Locus Zoom
v0.12.0 (locuszoom.org). Genome-wide power calculation was
performed using the online Genetic Power Calculator®.

RESULTS
Quantitative Motor Coordination GWAS

Here we describe the first genome-wide association analysis of
overall quantitative motor coordination (SumQMS4) in 4,542
children. This approach examines common genetic variants
(SNPs) that are correlated with behavioral outcomes. No SNPs

*https://www.internationalgenome.org/data- portal/data-collection/hgdp
*https://zzz.bwh.harvard.edu/gpc
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met genome-wide association (P < 5 x 1078), however, we
identified 59 SNPs across seven genomic regions that met the
threshold for suggestive significance at P < 1 x 10~ (Figure 3).
These regions contain several potential genes of interest, that
form potential pathways to investigate in future studies.

Figure 3A shows a Manhattan plot indicating suggestively
associated regions on chromosomes 3, 4, 5, 6, 14, 15, and 20.
Figure 3B shows the QQ plot of expected versus observed
SNP association P values, indicating the absence of population
stratification or other confounding variables.

Table 1 lists the seven chromosomal regions associated
with SumQMS4, including flanking SNPs and genes. The full
association results for all 59 top SNPs with P < 5 x 107> can be
found in the supplementary materials (Supplementary Table 1).

From the seven associated regions, three chromosome
regions (3p25.2, 6pl2.1, and 14q24.2) contained more

than one suggestively statistically associated SNP, which is
considered a marker of “true” association. Region 3p25.2
spans chr3:13076226-13114852 (rs11128630-rs62232913) and
contains 16 SNPs with a P < 8.34 x 107°. Figure 4A shows
a zoomed in view of the locus, showing that the association
region lies within the gene IQSECI. Region 6p12.1 spans region
chr6:53632969-53654299 (rs9395876-rs4610551) and contains
eight SNPs with a minimum P value of 9.43 x 107°. The
zoomed in locus view (Figure 4B) shows that this region of
high association does not include any coding variants but is
directly flanked by LRRCI. The most significantly associated
SNP was rs8008210 (P = 1.88 x 10~°) which falls within the
14q24.2 region (chr14:70875943-70935875) (Figure 4C). This
region contains 31 significant SNPs (rs8012142 to rs2293877)
and overlaps fully with the entire ADAM?21 gene, the 3’ end of
ADAMZ20 and the 5’ of SYNJ2BP (Figure 4C).
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FIGURE 3 | (A) Genome-wide association shown by a Manhattan plot indicating regions of nominal significance. Each point refers to a single genetic variation (SNP).
The X-axis shows the position of SNPs along each of the 23 chromosomes. The Y axis shows the log-P-value indicating the strength of correlation between the
genetic variant and the behavioral outcome (SumQMS4). (B) QQ plot showing the observed and expected association values are free from confounding population
stratification.
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TABLE 1 | Motor coordination (SumQMS4) GWAS top-hits by regions.

Position Region Flanking SNPs No. SNPs Min P value Gene Flanking genes pDCD
Case/control min
P value
chr3:13076226-13114852 3p25.2 rs11128630- 16 3.07 x 1076 IQSEC1 - 0.06095
rs62232913
chr4:157215618 4g32.1 rs17034349 1 7.90 x 1076 - CTSO-PDGFC 0.07066
chr5:110555735 5022.1 rs75575712 1 8.05 x 1076 - WDR36-CAMK4 0.006457
chr6:53632969-53654299 6p12.1 rs9395876— 8 9.17 x 1076 - KLHL31-LRRCT 0.4283
rs4610551
chr14:70875943-70935875 14024.2 rs8012142— 31 1.88 x 1076 SYNJ2BR, - 0.01161
rs2293877 SYNJ2BP-COX16,
ADAM21, and
ADAM20P1
chr15:100783527 15026.3 rs12324426 1 8.48 x 1076 ADAMTS17 - 0.06136
chr20:51577026 20q13.2 rs2904292 1 7.78 x 106 - LINCO1524- 0.03321
TSH7Z2

The flanking SNPs, minimum P value are reported for each region. Genes contained within the associated region are listed, and in the case of intragenic regions we list
flanking genes. The minimum P value from the corresponding region of the pDCD case/control GWAS is also listed (Bonferroni corrected P = 8.5 x 10~4).

Association With pDCD Case Control

As the quantitative motor coordination score looks for
association with motor coordination across the whole population
regardless of ability, we then examined the top 59 most significant
SNPs for association with the binary coordination difficulties
status (pDCD cases = 214, controls = 1,737). The minimum P
value associated with each region is reported in Table 1. None
of the top 59 SNPs from the motor coordination GWAS were
found to be associated with motor difficulty case-control status
(Bonferroni correct P threshold is set to 8.5 x 10~ to account
for multiple testing). Individual association results for of the 59
top SNPs for the motor difficulties case/control association each
can be found in Supplementary Table 1.

DISCUSSION

Here we report the first genetic association study of quantitative
motor coordination in a population-based cohort of children.
While no SNPs reached the threshold for genome-wide
significance (P < 5 x 1078), three chromosome regions (3p25.2,
6pl2.1, and 14q24.2) contained more than one suggestively
associated SNP (P < 1 x 107°). The identification of a potential
association of motor coordination with the genes IQSECI,
LRRCI, SYNJ2BP, ADAM20, and ADAM?21 do not offer a single
clear potential molecular mechanism for motor coordination.

In a GWAS approach, we observe a statistical correlation
between genetic variants and outcomes. This method does not
provide information regarding the functional actions of those
genetic variants. However, some information can be gained
by considering the roles of the genes in which the associated
variants fall. The 38Kb region on 3p25.2 (P < 8.34 x 1079)
lies across the 5’ end of IQSECI, including the 5 untranslated
region and coding exon 1. IQSECI (OMIM *610166) also referred
to as BRAG2 or GEP100, the IQ motif and SEC7 domain
containing-protein are involved in a wide range of cellular
processes including cancer metastasis, angiogenesis, myoblast

fusion and integrin trafficking (D’Souza and Casanova, 2016).
IQSEC1 plays an important role in the structural organization
and regulation of neurotransmitters present at the postsynaptic
surface and is implicated in axon guidance through the Slit-robo
pathway (Onel et al., 2004). Recessive, rare mutations in IQSECI
are associated with intellectual developmental disorder with
short stature and behavioral abnormalities (OMIM #618687).
Ansar et al. (2019) recently reported the first case of bi-allelic
pathogenic variants in IQSECI. Functional studies suggested
that the pathogenic IQSECI variants resulted in defects in axon
guidance and dendritic projection processes. Affected family
members presented with severe intellectual disability, short
stature, speech aphasia and behavioral problems. Note that the
variants described by Ansar differ from the common variations
analyzed in the present study. The Ansar variants are rare
pathogenic variations that have a clearly detrimental effect upon
protein function, while the variants identified in the GWAS
are common variants that may not directly impact protein
coding, and are therefore expected to have only subtle effects on
protein function. Interestingly, Ansar et al. reported that motor
milestones were delayed, however, this is a common presentation
in severe intellectual disability. Its known role in axon guidance
and neurodevelopmental disorders make IQSECI a plausible and
interesting candidate for motor coordination, however, follow-up
studies are necessary to validate this.

Interestingly, and perhaps relevant to a potential muscular
process in DCD, IQSECI is known to play a role in myoblast
fusion, through the formation and repair of muscle (D’Souza
and Casanova, 2016). Initially identified in fruit flies, and later
confirmed in mammalian cell lines, IQSEC1/BRAG2 knockouts
showed impaired myoblast fusion (Chen et al., 2003). Although
there is insufficient evidence for a direct effect, this highlights the
potential for investigating underlying molecular mechanisms for
DCD in model organisms.

The 21Kb region located on 6p12.1 (P < 1 x 10~°) overlaps
with the non-coding region immediately upstream of LRRCI,
leucine rich repeat containing 1. LRRCI (OMIM *608195) is not
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reported to be associated with any genetic disorders. Research
on the function of this gene is limited, however, it is reported
to be involved in the Wnt/B-catenin signaling pathway, which
is important in early development, and plays a role in cancer
(Daulat et al., 2019).

The most significantly associated SNP fell within a 60Kb
region within 14q24.2, overlapping with the 5’ region SYNJ2BP,
the 3" end of ADAM?20, and the entirety of ADAM21. SYNJ2BP,
synaptojanin 2 binding protein (OMIM *609411) is located on
the outer membrane of the mitochondria (Hartmann et al,
2020) and forms an unusual gene read-through product with
neighboring gene COX16 (OMIM *618064) (Figure 4), a known
mitochondrial complex IV assembly factor (Cerqua et al,
2018). Mitochondria play a vital role in brain function, and

therefore this represents an interesting potential mechanism
to further explore. On the other hand, ADAM20 (OMIM
*603712) and ADAM21 (OMIM *603713), metallopeptidase
domain 20 and 21, have not been previously reported to be
associated with disease, and both are testes specific proteins
(Hooft van Huijsduijnen, 1998).

Fliers et al. (2012) reported an enrichment of genes implicated
in neurite outgrowth and muscle function in their GWAS of
motor coordination measures in a cohort of children who met
the criteria for ADHD. The genes and pathways identified in this
study comprise a similar narrative - that genes with a known
involvement in neuronal function are enriched. The total number
of genes that were robustly associated in our study are too low to
undertake a pathway analysis. The results of both studies indicate
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that neuronal mechanisms play a role in motor coordination, and
that this is a promising area of future research.

Neither Fliers et al. (2012) nor the present study identified
any SNPs that met the threshold for genome-wide significance.
This is likely due to the relatively small sample sizes in both
studies. As we could detect only a moderate effect size, far larger
sample sizes are necessary to obtain statistically robust results.
For example, a recent GWAS on schizophrenia successfully
identified several novel and biologically validated regions of
association (Schizophrenia Working Group of the Psychiatric
Genomics Consortium., 2014). The success of this study is
in part due to the sample size of more than 36,000 cases
and 110,000 controls. The present study case/control analysis
had only 214 cases and 1,737 controls, which meant that
analyzing the derived quantitative measure of coordination
(SumQMS4) provided more power than a case/control GWAS.
Sample size is a major limitation of this study, and hence the
findings should be considered as preliminary. Larger sample
sizes, in the tens of thousands, are necessary for future GWAS,
making meta-GWAS that combine multiple datasets a viable
and potentially fruitful direction, although these approaches can
present their own difficulties in terms of robust and consistent
phenotype measurement.

The ALSPAC study contained a limited range of measures
relating to motor coordination, however, the four components
of the MABC are included in the current edition (MABC-
2; Henderson et al,, 2007) and are widely used for assessing
and diagnosing motor coordination difficulties (Henderson and
Sugden, 1992; Henderson et al., 2007; Blank et al., 2019). The
complete MABC/MABC-2 is intended for identifying children
with coordination difficulties and is not designed to accurately
measure subtle differences in children within the typical range of
ability. By deriving a composite measure of motor coordination
(SumQMS4) using the four MABC elements, we were able to
produce a general approximation of coordination ability at age 7
using the available data. Using a derived quantitative measure of
coordination permitted us a far larger sample size (N = 4542) than
a case-control analysis (motor difficulties case N = 214, controls
N = 1737).

We are able to resolve the “tail” of children with coordination
difficulties more reliably than those within the typical range. By
defining the binary motor difficulties case group based on poor
performance across multiple tests (<10th percentile), we defined
an approximation for pDCD cases. It should be noted that this
“case” definition is limited, and a full test battery is required to
confidently diagnose DCD cases.

Lingam et al. (2009) used the same ALSPAC cohort to report
the prevalence of DCD as 1.8%, and 2.23% met the criteria
for probable DCD. The full available cohort (N = 7399) was
included in their analysis as they were not limited to participants
with available genotype data (N = 6500), prior to exclusions.
Lingam et al. used three of the MABC elements (heel-to-toe
walking, placing pegs and throwing a bean bag into a box) to
represent each of the realms of coordination. Additional criteria
(evidence that coordination difficulties impact their daily life)
were applied to robustly define a DCD diagnosis in accordance
with the DSM-1IV definition. A DCD diagnosis was only applied

if children had substantial handwriting difficulties at key stage
1 (age 7) and a parent reported difficulties with daily living.
As in our study, Lingam et al. also excluded children with
known non-developmental explanatory conditions (i.e., visual
impairment, or medical condition), and children with mild
intellectual disability (WISC FIQ < 70). In comparison, our
inclusion criteria are more relaxed to allow us to capture motor
difficulties more broadly, rather than a confident diagnosis of
DCD or pDCD. While we recognize that using the additional
life impact criteria would greatly improve confidence of
diagnosis, it would have further reduced the already limited
sample size, highlighting the need for balance between power
and specificity.

Our results suggest a potential neuronal etiology to motor
coordination difficulties, supported by the current literature
(Licari et al., 2015; Blank et al, 2019; Brown-Lum et al,
2020). The identification of suggestive association of motor
coordination with the genes IQSECI, LRRCI, SYNJ2BP,
ADAM?20, and ADAM?21 do not offer a single clear potential
molecular mechanism for motor coordination. Instead, it
indicates IQSECI, and the potential role of axon guidance
and dendritic projection processes in motor coordination.
This represents the most interesting candidate gene, although
further validation would be necessary to understand the
underlying mechanism.

Evidence that axonal development may be disrupted in
children with DCD comes from a recent DTI study which
compared the white matter structure of 31 children with a
diagnosis of DCD to 30 neurotypical children (Brown-Lum et al.,
2020). They found that children with DCD showed white matter
differences in the corticospinal tract, posterior thalamic radiation,
and the cerebellar pathways; all three of these regions have known
roles in motor coordination. The low axial diffusivity observed
in these areas are strongly suggestive of alterations in axonal
structure and/or function within these regions (Brown-Lum et al.,
2020). Brown-Lum et al. (2020) observed evidence of axonal
changes in these regions, further supporting the potential role for
axonal function in DCD.

Other neurodevelopmental disorders such as DLD provide
a model for the genetic study of DCD and have uncovered
underlying molecular mechanisms in related pathways.
For example, Prasad et al. (2012) discovered a rare copy
number variant in the gene ROBO2 that was associated
with ASD, while common variants in the same gene have
been associated with expressive vocabulary development
in infants (St Pourcain et al, 2014). The association of
common variants in ROBO2 with expressive vocabulary
directly implicates the Slit-robo pathway and axon guidance
as potential mechanisms for language development, and
this mechanism is reflected in the association observed
here with IQSECI. A second example is the gene FOXP2
in which some specific rare genetic variants result in a sub-
type of language disorder called childhood apraxia of speech
(CAS OMIM #602081) (Lai et al., 2001). In contrast to this
specificity between genotype and phenotype, common variant
within the FOXP2 gene have been associated with both
ADHD (Demontis et al., 2019; Soler Artigas et al., 2020) and
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intelligence (Lam et al., 2019) in GWAS studies. The role of rare
and common variants specific to DLD and language disorders

was comprehensively reviewed by Mountford and Newbury (2017).

It is highly likely that DCD will have a similar pattern
to that seen in DLD, ASD, and other neurodevelopmental
disorders, whereby there are both familial inherited variants that
underlie specific phenotypes, and common variants in genes that
contribute to motor coordination difficulties. The identification
of these genes through a combination of family and large
GWAS studies will contribute greatly to the underlying causes
of DCD and help to support its recognition as an important
neurodevelopmental disorder.
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