ARTICLE

De Novo Variants in MAPK8IP3 Cause
Intellectual Disability with Variable Brain Anomalies
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Using exome sequencing, we have identified de novo variants in MAPK8IP3 in 13 unrelated individuals presenting with an overlapping
phenotype of mild to severe intellectual disability. The de novo variants comprise six missense variants, three of which are recurrent, and
three truncating variants. Brain anomalies such as perisylvian polymicrogyria, cerebral or cerebellar atrophy, and hypoplasia of the corpus
callosum were consistent among individuals harboring recurrent de novo missense variants. MAPKS8IP3 has been shown to be involved in the
retrograde axonal-transport machinery, but many of its specific functions are yet to be elucidated. Using the CRISPR-Cas9 system to target
six conserved amino acid positions in Caenorhabditis elegans, we found that two of the six investigated human alterations led to a signifi-
cantly elevated density of axonal lysosomes, and five variants were associated with adverse locomotion. Reverse-engineering normalized
the observed adverse effects back to wild-type levels. Combining genetic, phenotypic, and functional findings, as well as the significant
enrichment of de novo variants in MAPK8IP3 within our total cohort of 27,232 individuals who underwent exome sequencing, we implicate
de novo variants in MAPKS8IP3 as a cause of a neurodevelopmental disorder with intellectual disability and variable brain anomalies.

Introduction

The prevalence of intellectual disability (ID) in the general
population is estimated to be around 1% and has become
the most frequent reason for referral to pediatric genetic
services."” Genetically, ID is extremely heterogeneous,
and de novo variants detected via trio exome sequencing
are the major etiology in children of unrelated parents.”*
Disease-related genes of developmental delay (DD) or ID
can be identified through the widespread use of next-
generation-sequencing followed by collaborative efforts

for further investigation in light of the established role
that MAPKSIP3 orthologs play in axonal transport in verte-
brates and invertebrates.” In addition, three de novo
variants had been separately published in individuals
with a neurodevelopmental disorder.**” Through interna-
tional collaboration, we identified 13 individuals with DD
and/or ID who harbor heterozygous de novo variants in
MAPKS8IP3. Through in silico molecular modeling and
functional analyses in Caenorhabditis elegans, we provide
further evidence for pathogenicity and causality, as well
as primary insights into the specific role of certain domains

and the use of matchmaking platforms to prove causation in MAPKS8IP3's diverse functions.
through accumulating a sufficient number of individuals
with overlapping phenotypes and de novo variants in the
same gene, as well as through functional analyses in model
organisms. After the initial identification of a de novo
missense variant in MAPK8IP3 (MIM 605431) in an indi-

vidual with ID, the gene became an appealing candidate

Material and Methods

Study Subjects
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international collaborative efforts, we identified 13 individuals who
harbored heterozygous de novo variants in MAPK8IP3 and had an
overlapping phenotype of DD and/or ID; these individuals were
referred from different centers in Brazil, Germany, Israel, Italy, the
USA, and the Netherlands. Referring physicians provided detailed
clinical information via a uniform clinical questionnaire. Informed
consent was obtained from all examined individuals or their legal
guardians. In some cases, testing was done as part of routine clinical
care and therefore institutional ethics approval was not required. If
done in a research setting, the testing was approved by the ethics
committees of the respective centers. All families provided
informed consent for clinical testing and publication.

Identification and Evaluation of Variants

Exome sequencing via standard commercial products was per-
formed within diagnostic or research settings in a total cohort of
27,232 affected individuals (Supplemental Material and Methods).
Candidate variants were prioritized on the basis of gene and
variant attributes, minor-allele frequency, effect on protein func-
tion, status determined by in silico prediction tools, phenotype,
family history, and inheritance according to the local proceedings
in the respective centers. Individuals 1 and 4 were identified in a
cohort of 5,926 individuals with neurodevelopmental disorders
(NDDs); individual 2 was identified in a cohort of 4,600 individ-
uals with a variety of clinical indications; individuals 3, 6, 9, 10,
and 12 were identified in a cohort of 14,113 individuals with
NDD; individuals 5 and 8 were identified in a cohort of 393 indi-
viduals with NDD; individual 7 was identified in a cohort of 200
individuals with NDD; individual 11 was identified in a cohort
of 1,400 individuals with NDD; and individual 13 was identified
in a cohort of 600 individuals with NDD. De novo occurrence
was confirmed in all individuals. The families of all individuals,
except for individual 2, underwent trio exome sequencing. The
de novo nonsense variant in individual 2 was identified by single-
exome sequencing and a subsequent search for truncating variants
among highly constrained genes with a probability of loss-of-func-
tion intolerance score (pLI-score) >0.95.7 The de novo occurrence
was confirmed with Sanger sequencing. The Exome Aggregation
Consortium (ExAC) database and the Genome Aggregation Data-
base (gnomAD) served as control populations.’

Statistical Analysis for Enrichment of De Novo Variants in
MAPK8IP3

The statistical analysis was done with R. We used a binomial test
and an established framework of gene-specific mutation rates'’
to test whether the occurrence of the number of de novo variants
in MAPKSIP3 in our cohort was significantly greater than would
be expected by chance.

Structural Modeling

Structural analysis of the variants p.Leu444Pro and p.Glu461Gly’
was performed on the basis of the known crystal structures of the
leucine zipper domain of murine MAPKSIP3 (PDB: 6EJN'"), which
exhibits 99% sequence identity to human MAPKSIP3. We
modeled the structure of the MAPK8IP3 WD40 repeat that harbors
the variants p.His994Gln and p.Arg1146Cys by using the homol-
ogous domain from Ciaol (PDB: 3FM0'?) as a template. For the re-
maining variants, modeling was not possible because of the lack of
suitable template structures. Amino acid exchanges were modeled
with SwissModel,'* and structure visualization was performed
with RasMol.'* All sequence positions reported for the structures

were adjusted to match those of the MAPKS8IP3 isoform investi-
gated in the present study.

Caenorhabditis elegans Functional Analyses

De novo variants in MAPKS8IP3 have so far been reported on three
separate occasions in three individuals with neurodevelopmental
disorders. The reported variants are c.281A>G (p.Tyr94Cys),°
c.1382A>G (p.Glu461Gly),” and c.3436C>T (p.Argl146Cys).*
These three variants from the literature and the variants in our
cohort (the missense variants ¢.1331T>C [p.Leu444Pro] and
c.1574G>A [p.Arg525GIn] and the truncating variant c.111C>G
[p.Tyr37*]) affect amino acid positions that are conserved up to
C. elegans, enabling us to perform functional analyses (Figure 3A).
In C. elegans, the MAPKS8IP3 ortholog is known as UNC-16, which
is encoded by the unc-16 gene. C. elegans unc-16 loss-of-function
mutations are recessive and are associated with sluggish locomo-
tion and impaired clearance of organelles from axons.'>”'’ In
mutants lacking UNC-16, axonal transport is disrupted such that
a subset of cell soma organelles, including lysosomes, early endo-
somes, and Golgi, aberrantly enter axons and accumulate in the
synaptic region. This function of UNC-16 is conserved in mam-
mals; as an example, mouse neurons lacking MAPKS8IP3 (known
as JIP3 in mammals) accumulate lysosomes in their axons.'®

To determine the extent to which these six variants disrupt the
function of UNC-16, we used CRISPR genome editing to engineer
the six variants onto the native C. elegans unc-16 gene. Then we as-
sayed the six mutant strains for locomotion function and lysosome
accumulation in the axons. We then compared the strains to wild-
type and an unc-16 reference null mutant. "> To control for off-target
effects, we again used CRISPR genome editing to reverse-engineer
each mutant allele back to its wild-type sequence; this produced
“rescued” alleles, which were subjected to the same assays.

To visualize individual lysosomes in neurons, we crossed mu-
tants with a genomically integrated transgene that expresses fluo-
rescently tagged lysosomes in a set of nine ventral cord cholinergic
motor neurons. We then counted lysosomal puncta exceeding a
pre-defined threshold.">!”

Placing C. elegans in liquid over a smooth agar surface induces
an escape response in which the animal alters its locomotion
pattern and attempts to escape the liquid via high frequency
swimming. For each strain, we counted swimming cycles in 72 an-
imals for 3 min per animal and obtained averages. At 23° C, wild-
type has ~100 swimming cycles per min (i.e., over 20,000 cycles
for the 72 animals). To assay locomotion function in the mutants,
we quantified the rate of swimming cycles. We performed swim-
ming-cycle assays by using a modification of the originally
described “thrashing assay.”'® When counting swimming cycles,
we focused on one side of the animal in the middle of the body
and counted each time that part went through a complete cycle.
We started the timer when the animal was beginning the cycle,
such that the first count represents one complete cycle (for further
details on C. elegans functional analyses, see Supplemental Mate-
rial and Methods).

Results

Clinical Description

An overview of the main clinical symptoms of 13 indi-
viduals harboring de novo variants in MAPKS8IP3 is pre-
sented in Table 1 (see Table S1 for detailed phenotypic
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Table 1. Summary of Clinical Features of Individuals with Causative De Novo Variants in MAPKS8IP3.

Individual De Novo Variant p. Sex Age DDandID (1Q) ASD Sz Neurological Exam Microcephaly Brain Anomalies Other

1 c.65delG p-(Gly22Alafs*3) M 14 yr moderate (48) + - MH, ataxia - cerebellar atrophy, white-matter scoliosis
hyperintensity in posterior limbs
of internal capsules

2 c.79G>T p-(Glu27%*) M  4yr severe - - MH, ataxia - no -
3 c.111C>G p-(Tyr37%) M 4yr moderate - - MH - no -
4 c.1198G>A p-(Gly400Arg) M 7yr mild + - - - NA -
5 c.1331T>C p-(Leu444Pro) M  10yr moderate (49) - 1x gSz MH - perisylvian polymicrogyria scoliosis
6 F 9yr mild - - MH - perisylvian polymicrogyria -
7 c.1574G>A p-(Arg525GIn) F 3yr mild - - - —2.7 SD. no -
8 c.1732C>T p-(Arg578Cys) F Syr severe - 1x gSz MH, SP —2.5SD. cerebral atrophy, white-matter volume short stature
loss, thin CC with hypoplasia of rostrum
and splenium, cerebellar atrophy
9 F 6 yr  moderate - 1x gSz MH, SP —2.5SD. cerebral atrophy, white-matter volume short stature
loss, thin CC, cerebellar hypoplasia
predominant in inferior vermis
10 c.2982C>G p-(His994Gln) M 4yr moderate - g5z MH - no -
11 ¢.3436C>T p-(Argl146Cys) F 11 yr mild - - SP - mild cerebral atrophy, white-matter cortical visual impairment
volume loss, thin CC
12 F 4yr severe - - sp - short CC -
13 F 19 yr moderate (49) - - MH, unstable gait - white-matter volume loss, thin CC cortical visual impairment,

scoliosis

Variant nomenclature corresponds to GenBank: NM_015133.4. Abbreviations are as follows: ASD = autism spectrum disorder; CC =corpus callosum; DD = developmental delay; ID = intellectual disability; F = female;
M = male; MH = muscular hypotonia; NA = not available; SP = spasticity; and gSz = generalized seizures. Further clinical details are provided in Table ST1.




descriptions). The onset of symptoms was noted in infancy
or early childhood; all 13 individuals displayed DD and
a variable degree of ID between mild (4/13; 31%), moder-
ate (6/13; 46%), and severe (3/13; 23%). Furthermore,
two individuals were diagnosed with an autism spec-
trum disorder (ASD). 11 individuals showed abnormalities
of muscular tone (hypotonia in nine and spasticity in four;
two individuals showed both). Two individuals presented
with signs of ataxia, and one presented with an unstable
gait. In addition, two individuals had cortical visual impair-
ment, and three individuals had scoliosis. Growth develop-
ment of individuals in our cohort was mostly normal,
although short stature in two and microcephaly of —2.5,
—2.5, and —2.7 standard deviations in three individuals
were exceptions. One individual had recurrent generalized
seizures, and three individuals had events involving one
generalized seizure only. None of the individuals was re-
ported to show signs of developmental regression, and there
was no consistent finding of facial dysmorphism.

Brain Imaging

Cranial MRI was performed for all individuals, apart from in-
dividual 4. The MRIs of four individuals (individuals 2, 3, 7
and 10) were reported to be unremarkable. The cranial
MRIs of all remaining individuals (individuals 1, 5, 6, 8, 9,
11, 12, and 13) were evaluated for this study and showed a
variety of brain anomalies affecting both cerebral and cere-
bellar structures (Figure 1). Two individuals presented with
bilateral perisylvian polymicrogyria with otherwise normal
brain structures. One individual showed mild cerebellar at-
rophy and white-matter hyperintensity in the posterior
limbs of the internal capsules. A very thin or short corpus cal-
losum was noted in five individuals, three of whom also
showed signs of cerebral atrophy, and four of whom pre-
sented with considerable white-matter volume loss.

Causative Variants

By using exome sequencing, we identified de novo protein-
affecting, single-nucleotide variants in MAPK8IP3 in 13 indi-
viduals (Figure 2A). All identified variants were absent from
gnomAD. All three of the truncating variants are located in
the first exon of MAPKSIP3; thus, nonsense-mediated
mRNA decay is likely.”” The six missense variants, three of
which are recurrent, affect amino acids that are highly
conserved up to zebrafish, or even further, and all are pre-
dicted to be deleterious by multiple in-silico prediction pro-
grams (Table S2). According to data from ExAC, MAPKSIP3
is a gene with a significantly reduced number of truncating
and missense variants in controls, indicating a selective
constraint on both types of variants in a control population
that lacks severe, early-onset phenotypes such as DD and ID
(pLI score = 1.00; z score for missense variants = 4.06).”

Enrichment of De Novo Variants in MAPK8IP3 in 27,232
Individuals

Altogether, we performed exome sequencing in 27,232
individuals, a majority of whom had been diagnosed

with a neurodevelopmental disorder. Because the esti-
mated probability of mutation (missense, nonsense,
frameshift) for MAPKSIP3 is roughly 0.629%10°*,'° the
occurrence of 13 de novo variants is highly unlikely to
have occurred by chance (p = 6.165%10°). This is prob-
ably a conservative estimate; the de novo nonsense
variant in individual 2 was identified through single-
exome sequencing in a cohort of 4,600 individuals with
a variety of clinical indications and a subsequent segrega-
tion analysis of only truncating variants in genes with a
pLI > 0.95.°

In Silico Structural Modeling

A structural analysis of MAPKS8IP3 indicates that the
variant-affected amino acid positions Leu444 and
Glu461 are located in the leucine zipper domain, which
forms a homodimeric structure consisting of two o heli-
ces oriented in a parallel fashion. Leu444 is located
immediately adjacent to the binding site of the KLC2
tetratricopeptide (TPR) domain (Figure 2B). A closer
inspection of the zipper structure reveals that the
Leu444 side chains from both subunits form contacts
with each other (Figure 2C), but these contacts are
absent in the p.Leu444Pro variant (Figure 2D). In addi-
tion, proline is known to act as a strong a helix breaker,
and thus this exchange is expected to severely affect
both the structure of the helical subunits and the homo-
dimer formation and, consequently, the interaction with
TPR-domains.

In contrast, the structural effect of the p.Glu461Gly’
variant appears to be less severe. The Glu461 side chain
forms weak electrostatic interactions with Lys466; these in-
teractions are absent in the p.Glu461Gly variant (Figures
2E and 2F). In addition, p.Glu461Gly might have a nega-
tive effect on helix stability because of enhanced backbone
flexibility.

Inspection of the WD40-domain model indicates that
His994 and Argl1146 are oriented toward the solvent and
do not form significant interactions with other residues
of the domain. This observation, together with the high
sequence-conservation among orthologs, might indicate
that the respective residues play a role for protein-protein
interactions rather than for WD40-domain stability.
WD40 domains are a large group of protein-interaction
domains, which recognize protein ligands via divergent
surface patches.”!

Axonal Lysosomal Density in C. elegans

The MAPKS8IP3 mutant corresponding to p.Tyr37* had
an axonal lysosomal density about 88-fold higher than
that of wild-type (Figures 3B and 3C). This was slightly
greater than that of the reference null mutant, which corre-
sponds to p.Asn316* in MAPKS8IP3. The p.Tyr37* mutant
phenotype was entirely caused by the disrupted function
of UNC-16: reverse engineering the sequence back to the
wild-type sequence corrected the lysosomal density to the
wild-type density (Figure 3C). In addition to modeling
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the nonsense variant, we engineered five missense mutants,
but the remaining three variants were not conserved in
C. elegans and were thus not included. Of the five missense
mutants, only that corresponding to p.Leu444Pro had a
significantly elevated axonal lysosome density (~15-fold
higher than that of wild-type; Figures 3B and 3C). Reverse
engineering the proline 444 back to leucine corrected the
axonal lysosome density to alevel not significantly different
from that of the wild-type (Figure 3C). The remaining four
variants produced non-significant results.

Figure 1. MRI of Individuals with Brain
Anomalies

Images of affected individuals are labeled
with numbers as listed in Table 1, and
there are two images for each individual.
N represents a T1 sagittal midline (left)
and a T2 axial (right) image of a healthy in-
dividual.

(1.1 and 1.2) T1 midline sagittal and T2
axial images taken at the age of 10 years
show mild cerebellar vermis hypoplasia
(black asterisk) and hyperintensity in the
posterior limbs of the internal capsules
(white arrows).

(8.1 and 8.2) T2 midline sagittal and axial
images taken at the age of 3 years demon-
strate very thin corpus callosum with hy-
poplasia of the rostrum and splenium
(black arrows), cerebral atrophy with broad
sulci, and reduced white-matter volume
and cerebellar atrophy.

(9.1 and 9.2) T1 midline sagittal and T2
axial images taken at the age of 5 years
show a thin corpus callosum (white ar-
rows) and cerebellar and cerebral atrophy
with white-matter volume loss.

(11.1 and 11.2) T2 midline sagittal and T1
IR axial images taken at the age of 3 years
show a thin corpus callosum (white ar-
rows) and mild cerebral atrophy with
white-matter volume loss, predominantly
in the occipital lobes, as well as enlarged
lateral ventricles (white asterisk).

(12.1 and 12.2) T1 midline sagittal and
axial images taken at the age of 26 months
demonstrate short and thin corpus cal-
losum but otherwise normal morphology.
(5.1 and 5.2) T2 axial image and a T1
sagittal image (viewed through the right
sylvian fissure) taken at the age of 3 years
show bilateral perisylvian polymicrogyria
(arrow heads and triple arrows).

(6.1 and 6.2) T1 axial and T2 midline
sagittal images taken at the age of 8 years
show bilateral perisylvian polymicrogyria
(white arrowheads) with otherwise unre-
markable midline structures.

Locomotion Assay in C. elegans

The unc-16 reference null mutant had
a swimming-cycle rate that was ~35%
of the wild-type rate (Figure 3D).
Overall, five of the six investigated
mutants had swimming-cycle rates
that were significantly lower than their reverse-engineered
counterparts. The mutant corresponding to MAPKSIP3
p-Tyr37* had a swimming rate similar to that of the refer-
ence null mutant (Figure 3D). The mutant corresponding
to MAPKSIP3 p.Leu444Pro had a swimming rate that was
~50% of the wild-type rate and only 55% higher than
that of the reference null mutant, again indicating a strong
loss of function for this mutant (Figure 3D). Three of the
other mutants had swimming rates that were 93%-94%
of their reverse-engineered counterparts, but this was still
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Figure 2. De Novo Variants in MAPK8IP3 and Structural Effects in the Leucine Zipper Domain

(A) Location of de novo single-nucleotide variants in MAPKS8IP3 with respect to domain structure (GenBank: NM_015133.4). Red trian-
gles = individuals from this cohort. Blue triangles = published variants in individuals with a neurodevelopmental disorder. Abbrevia-
tions are as follows: LZ =leucine zipper; RH1 and RH2 = Rab-interacting lysosomal protein (RILP) homology 1 and 2.

(B) Crystal structure of the MAPKS8IP3 leucine zipper (cyan and blue) in complex with two TPR domains of the kinesin light chain
(orange and red). The sites of the sequence variants detected in the present study are shown in space-filled presentation.

(C) The Leu444 sidechains of the homodimeric leucine zipper interact with each other (a prime denotes residues of the second subunit).
(D) In the p.Leu444Pro variant, these interactions are lost as a result of the shorter proline sidechain (dotted circle). In addition, the cyclic
proline sidechain causes a steric clash with the backbone of adjacent helix residues (magenta arrows). Both effects are expected to cause a

drastic destabilization of the helix and to impede homodimer formation.
(E) The Glu461 side chain forms weak inter-subunit electrostatic interactions with Lys466 (green dotted lines).
(F) The p.Glu461Gly variant cannot form these polar interactions because there is no charged sidechain.

highly significant because of the large sample size and large
number of swimming cycles counted for each strain
(Figure 3D). The mutants with milder, but statistically sig-
nificant, locomotion phenotypes correspond to MAPK8IP3
p-Tyr94Cys, p.Arg525Gln, and p.Glu461Gly. The remain-
ing mutant, corresponding to p.Argl146Cys, showed
non-significant results.

Discussion

In this study, we describe in detail 13 individuals with in-
tellectual disability and variable brain anomalies. All indi-
viduals harbor de novo truncating or missense variants
in MAPKSIP3; this represents a significant statistical
enrichment within our cohort in light of the fact that
this gene is under constraint of such variants. To further
underscore pathogenicity, we modeled adverse structural
effects of variants located in the leucine zipper domain,
and we functionally characterized a subset of variants

in C. elegans showing increased lysosomal density and
abnormal locomotion. Thus, taking all lines of evidence
together, we firmly establish de novo variants in MAPK8IP3
as a cause of developmental delay and/or intellectual
disability with variable brain anomalies such as perisylvian
polymicrogyria, as well as cerebral and cerebellar atrophy.

MAPKS8IP3 has been shown to be part of the axonal
transport machinery, which is essential for the function
and maintenance of neurons.’ It supplies the synapse
with newly synthesized proteins and lipids while damaged
or misfolded proteins are cleared. Defects in axonal trans-
port can lead to progressive neuronal cell death?* and
have initially been associated with a wide range of neuro-
degenerative diseases, for example hereditary spastic
paraplegia, Parkinson disease, Alzheimer disease, and
other forms of dementia.”®> But certain components of
the axonal transport machinery, such as the dynein
heavy chain 1 (DYNC1H1) and BICD2 have also been
implicated in childhood-onset neurodevelopmental disor-
ders comprising ID and a spectrum of malformations of

208 The American Journal of Human Genetics 104, 203-212, February 7, 2019



A Pair C. elegans Human Figure 3. Impact of Variants on Axonal
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1 unc-16(ce483) null wild-type p.GIn304~ p.Asn316* (A) List of all C. elegans unc-16 mutations
2 unc-16(ce357) unc-16(ce858) p.Tyrd9” p-Tyr37* produced in the study, along with their
3 unc-16(ce853) unc-16(ce859) p.Tyr106Cys p.Tyr94Cys corresponding wild-type revertants. “Pair
4 unc-16(ce856) unc-16(ce863) p.Leu393Pro p.Leu444Pro ”
5 unc-16(ce852) Unc-16(ce862) p.Glu411Gly p.GIlu461Gly n;lm?ler Ieferf; to f}gmberﬁ on the X ane
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wild-type amino acid sequence. The
amino acid positions of each mutation
on the UNC-16 protein in C. elegans and
MAPKS8IP3 in H. sapiens (GenBank:
NM_015133.4) are indicated.

(B and C) Representative images and quan-
tification of lysosome density in DB6 and
DA6 motor neuron axons in the indicated
genotypes. The rectangle in the drawing
indicates the imaged region. The lysosome
marker CTNS-1-RFP is expressed from the
integrated transgene cels56. Representa-
tive images were chosen on the basis of
density per pm and are identically scaled.
Graph data depict lysosome number per
um of axon length exceeding a threshold
intensity and are means and standard er-
rors (SEMs) from 57-68 animals each. No
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6
Pair number (see Table)

cortical development (MCD), such as lissencephaly and
(bilateral perisylvian) polymicrogyria.”*?’ In addition,
the disruption of proteins (such as CDK5'” and NTRK2%®
[alternative name TRKB]) that directly interact with
MAPKSIP3 has been shown to cause childhood-onset phe-
notypes of ID, lissencephaly, and cerebellar hypoplasia.”’
*? Taken together, these overlapping phenotypic effects of
ID and variable brain anomalies due to the disruption of
other parts of the axonal transport machinery provide
another line of evidence for the causal role of MAPKS8IP3
in the genesis of ID and variable brain anomalies.
Although our observations are based on a small cohort of
13 individuals, we observe several hints for genotype-
phenotype correlations, which are especially striking
with respect to brain anomalies in individuals harboring
recurrent missense variants: (1) both individuals with
the missense variant p.Leu444Pro presented with a very
similar bilateral perisylvian polymicrogyria (PMG) with
otherwise normal brain structures; (2) both individuals
with the missense variant p.Arg578Cys presented with
an overlapping phenotype of cerebral atrophy, consider-

4
Pair number (see Table)

wild-type value. Red asterisks compare
the indicated two bars in a group. * and
*** indicate p < 0.05 or < 0.001, respec-
tively. n.s. = not significant.

able white-matter volume loss, and a very thin corpus cal-
losum, as well as cerebellar atrophy or hypoplasia; and (3)
two of three individuals with the missense variant
p-Argl1146Cys showed white-matter volume loss and a
thin corpus callosum. In comparison, the third individual
with the p.Arg1146Cys variant showed a short corpus
callosum only. This mostly consistent overlap of brain
anomalies in individuals with recurrent de novo missense
variants could suggest variant-specific functional conse-
quences possibly related to MAPK8IP3's domain constitu-
tion. Further studies with additional individuals harboring
the same de novo variants will have to investigate whether
these preliminary observations can be confirmed in a
bigger cohort. Other aspects of a possible genotype-pheno-
type correlation include signs of an ataxic gait in two of
three individuals with truncating variants; spasticity, short
stature, and microcephaly in both individuals harboring
the variant p.Arg578Cys; and the occurrence of spasticity
and cortical visual impairment in two individuals with
the p.Argl146Cys variant. Although these phenotypic
presentations recurred within our cohort, there is only
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very limited evidence that seizures are truly part of the
phenotypic spectrum of MAPKSIP3-related neurodevelop-
ment disorders: three individuals had only one event of a
generalized seizure each, and two of these occurred during
febrile episodes; and individual 10, who had recurrent
generalized seizures, in fact harbors a second de novo
missense variant in SLC6A1 (MIM: 1371635), a gene associ-
ated with myotonic-atonic epilepsy (see Table S1). This
could be a rare case of an individual in whom two mono-
genic disorders both cause an NDD phenotype.

PMG constitutes an MCD with a plethora of non-genetic
causes, such as congenital infections and hypoxia, in
contrast to a wide range of monogenic causes.”’ The
most common location for PMG is the perisylvian re-
gion.”* PMG is poorly understood in regard to its origin
in brain development, and the term “polymicrogyria”
has been used imprecisely in the literature.>® Presently,
PMG in humans is not thought to arise because of disrup-
ted migration of cortical neurons; instead it more likely
represents a postmigration disorder involving the fusion
of cortical laminae.>>*° In a recent study,”” MAPKSIP3's
mediation of NTRK2 axonal anterograde transport impli-
cated it in the regulation of radial migration, and the
expression of MAPKS8IP3 was shown to gradually increase
from embryonic day 10 to postnatal day 10; especially
elevated periods occurred at the time of migration.

De novo variants in MAPK8IP3 have so far been indepen-
dently reported in three individuals with an NDD. Only
one detailed phenotypic description is available: that of a
ten-year-old female with a tentative clinical suspicion
of Smith-Magenis-Syndrome.” The girl showed moder-
ate ID and muscular hypotonia fitting the spectrum of
MAPKS8IP3-related neurodevelopmental disorders described
in our cohort. The other two reported de novo missense
variants comprise (1) a variant found in the context of the
Deciphering Developmental Delay study,* c.3436C>T
(p.-Arg1146Cys), which we also identified in three individ-
uals in our cohort, and (2) ¢.281A>G (p.Tyr94Cys) in an in-
dividual with autistic features.® Interestingly, the latter
de novo variant was identified in a male individual with an
1Q > 90. Nonetheless, combined with the observation of
autistic features in two individuals in our cohort, this
strengthens the possibility that ASD is part of the spectrum
of MAPKSIP3-related neurodevelopmental disorders. ID
and ASD show a significant molecular overlap. However, it
is unclear whether this overlap is due to shared molecular
pathways between two distinct neurodevelopmental disor-
ders or whether it represents two aspects of clinical presen-
tation within a certain genetic disorder.***

The truncating variants p.Tyr37* and p.Leu444Pro
constitute the variants displaying the most drastic changes
in the model and functional assays we studied, but the
intellectual outcome was in fact more severe in other
individuals. Four of the six missense variants had rela-
tively mild functional consequences with respect to axonal
lysosome accumulation and locomotion, and the variant
p-Arg1146Cys showed only non-significant alterations

despite constituting the most recurrent de novo variant
(seen in four individuals overall). This is not surprising
because MAPKSIP3 is a large protein and appears to
have evolved at least two independent functions that are
distinguished by different cargos and interactions with
different motors.” One function, assayed in this study,
is the organelle clearance function, which appears to
be conserved from C. elegans to mammals'>'® and func-
tions independently of the Kinesin-1 motor.>'> However,
MAPKSIP3 also has a Kinesin-1-dependent adaptor func-
tion that appears to connect the Kinesin-1 motor to Kine-
sin-1 cargoes that are carried on or within small transport
vesicles.® So far, the only MAPKSIP3 adaptor cargo that
has been clearly defined is NTRK2,”**? which is a receptor
for brain-derived neurotrophic factor (BDNF) that has no
homologs in C. elegans. Other studies have found that
MAPKSIP3's Kinesin-1-dependent function(s) are impor-
tant for axonal elongation.*’*?> One of these studies
provided evidence that MAPKSIP3 itself was the relevant
Kinesin-1 cargo for axonal elongation and found that
MAPKS8IP3 had a stimulatory effect at growing axon
tips.” In C. elegans there are no assays for the Kinesin—
dependent functions of MAPKS8IP3, and there is no evi-
dence for axonal elongation defects in C. elegans mutants
lacking MAPKS8IP3. We hypothesize that the four variants
with no detectable organelle-clearance defects disrupt pro-
tein domains that are not required for organelle clearance
but that are required for one or more of MAPK8IP3's func-
tions, such as Kinesin-1-dependent axonal development.

In summary, we establish de novo variants in MAPK8IP3
as a cause of ID and variable brain anomalies, further impli-
cating defects in the axonal transport machinery in neuro-
developmental disorders.
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