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MARK2 variants cause autism spectrum disorder
via the downregulation of WNT/B-catenin
signaling pathway
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Summary

Microtubule affinity-regulating kinase 2 (MARK2) contributes to establishing neuronal polarity and developing dendritic spines.
Although large-scale sequencing studies have associated MARK2 variants with autism spectrum disorder (ASD), the clinical features
and variant spectrum in affected individuals with MARK2 variants, early developmental phenotypes in mutant human neurons, and
the pathogenic mechanism underlying effects on neuronal development have remained unclear. Here, we report 31 individuals with
MARK?2 variants and presenting with ASD, other neurodevelopmental disorders, and distinctive facial features. Loss-of-function (LoF)
variants predominate (81%) in affected individuals, while computational analysis and in vitro expression assay of missense variants sup-
ported the effect of MARK2 loss. Using proband-derived and CRISPR-engineered isogenic induced pluripotent stem cells (iPSCs), we
show that MARK2 loss leads to early neuronal developmental and functional deficits, including anomalous polarity and dis-organization
in neural rosettes, as well as imbalanced proliferation and differentiation in neural progenitor cells (NPCs). Mark2*'~ mice showed
abnormal cortical formation and partition and ASD-like behavior. Through the use of RNA sequencing (RNA-seq) and lithium treatment,
we link MARK2 loss to downregulation of the WNT/-catenin signaling pathway and identify lithium as a potential drug for treating
MARK2-associated ASD.

Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder (NDD) marked by difficulties in social communica-
tion and repetitive behaviors' that affects 0.7%-1.69% of
children worldwide.”® ASD shows high heritability, and
5%-30% of affected individuals have a Mendelian disor-
der.*® Advances in genomic technologies have allowed
the identification of over 300 risk ASD genes, including
100 high-confidence genes, through large-scale sequencing
studies of autism cohorts.®”” Most genes relevant to ASD are
highly intolerant to loss-of-function (LoF) variants in the

human genome but are enriched for de novo variants in
ASD individuals.®™

Microtubule affinity-regulating kinase 2 (MARK2;
MIM: 600526), also known as partitioning-defective 1b
(PAR1b), is a member of the evolutionarily conserved
PAR1/MARK serine/threonine kinase family,'”'' and it
plays essential roles in the central nervous system (CNS)
via several cell biological functions.'”"'” In mouse primary
hippocampal neurons in vitro, Mark2 negatively modulates
neuronal polarity and dendritic development,'® and
mouse neurons with Mark2 depletion in vivo exhibit unpo-
larized dendritic overgrowth with multiplex rather than
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single axons.'? Additionally, downregulation of Mark2 by
in utero electroporation inhibits neuronal migration in
the mouse cortex,'® and unpolarized neurons accumulate
in the intermediate zone (IZ) of the developing cerebral
cortex.”® Recently, Zhou et al. performed an integrated
analysis of the largest set of sequencing data from 42,607
individuals with ASD and identified MARK2 as a moder-
ate-risk gene for ASD.'® However, the clinical features
and variant spectrum of affected individuals with ASD
with MARK?Z2 variants (MARK2-associated ASD), as well as
the pathophysiological effect and molecular mechanism
of MARK?2 variants on human neurogenesis, especially on
human NPCs/stem cells, remain unclear.

Herein, we describe a cohort of 31 individuals with clin-
ically relevant MARKZ2 variants, mostly LoF variants (25/
31), who were gathered through GeneMatcher.'” All
affected individuals presented with ASD and other NDD
features, and the majority have distinctive facial features.
Using proband-derived induced pluripotent stem cells
(iPSCs) combined with CRISPR-engineered isogenic iPSCs,

more, in experiments with Mark2*'~ (HET) mice, we reca-
pitulated the pathophysiological deficits observed in
mutant NPCs and the ASD-related behaviors presented
by affected individuals. Importantly, we identified downre-
gulation of the WNT/B-catenin signaling pathway as the
molecular mechanism of MARK2 variant, and lithium
reversed abnormal cellular phenotypes of mutant NPCs
cells both in vitro and in vivo via re-activating the WNT/
B-catenin signaling pathway.

Material and methods

Ethics statement

The study was approved by the ethics committees of the respective
institutions, including the Capital Institute of Pediatrics
(SHERLL2021008), Mayo Clinic (IRB#19-003389), and Maternal
and Child Health Hospital of Guangxi Zhuang Autonomous Re-
gion (2017-3-11). This international individual cohort carrying
the MARK2 variant was recruited by the GeneMatcher data sharing
platform.'® Informed consent was obtained from all participants

we revealed the cellular phenotypes and transcriptomic
profiles of mutant neural progenitor cells (NPCs). Further-

or proband’s legal guardians prior to study inclusion. Additional
consent for the publication of photos was optional. The detailed
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clinical information was recorded by the referring clinician. Sam-
ple collection and consent was in accordance with the tenets of
the Declaration of Helsinki.

Detection of MARK2 variants

MARK?2 variants were detected in peripheral blood samples by pro-
band-only whole exome-sequencing (WES) or Trio whole-genome
sequencing (WGS) combined with Sanger sequencing. WES was
performed with commercial exome capture kits and was followed
by sequencing on the Illumina NovaSeq 6000 platform.

Variants were annotated based on transcript GenBank: NM_
001039469.3 using the reference human genome GRCh37(hg19)
version. The inheritance of MARK2 variants was confirmed in all
families by Sanger sequencing. Two pairs of primers were designed
to exclude amplification bias during PCR. For missense variants,
only those that were predicted as deleterious variants by more
than 2 software programs (PolyPhen2, SIFT, CADD, REVEL) were
included. The pathogenicity of each candidate mutation was clas-
sified according to the 2015 guidelines of American College of
Medical Genetics and Genomics (ACMG).2° The identities of bio-
logical parents were confirmed for all affected individuals before
using the PS2 criteria. The criteria for PP3%! and PVS1%* evidence
were modified based on the ACMG guidelines.

Expression vector construction, cell culture, transient
transfection
Two splicing variants (¢.337+1G>T, ¢.1514+2T>G) and 6 missense
variants (p.Ala80Val [c.239C>T], p.Gly135Arg [c.403G>A], p.Phe
194Ser [c.581T>C], p.Arg302GIn [c.905G>A], p.Val752Ala [c.
2255T>C], p.Arg764Pro [c.2291G>C]) were chosen for in vitro
transient transfection and functional assay. For splicing variants, 2
genomic fragments covering wild-type (WT) MARK2 ¢.337+1G
allele (1039bp, see Table S1 for primers) or covering the
¢.1514+-2T allele (2441bp, see Table S1 for primers) were amplified
by standard PCR or overlap-extension PCR and then cloned
into the pcDNA3.1 vector. For missense variants, full-length
WT MARK2 cDNA (2367bp, GenBank: NM_001039469.3) was syn-
thesized and cloned into pCMV-EGFP-Neo vector using 2 primers
containing Kpnl and Agel restriction enzyme sites. The mutant vec-
tors were constructed by site-specific mutant primers and overlap-
extension PCR (Table S1). All vectors were verified by sequencing.
Human embryonic kidney 293T (HEK 293T) cells and HeLa cells
(ATCC) were grown in minimum Eagle’s medium supplemented
with 10% fetal bovine serum and antibiotics. The cells were grown
to 70%-90% confluence before transient transfection (Lipofect-
amine 2000 reagent, Invitrogen). Forty-eight h later, transfected
cells were washed twice with cool 1x PBS and then collected for
RNA extraction (splicing variants), protein lysis, and western blot-
ting (missense variants). Total RNA was extracted (TRIzol, Omega)
and reverse transcribed into cDNA (SuperScript reverse transcrip-
tion kit, Thermo) followed by standard PCR (Table S1 for primers).
The PCR products were visualized on a 2% agarose gel and then
purified for Sanger sequencing.

Model construction and calculation

The protein accession number GenBank: NP_001034558.2 was
used. The structure of the kinase-associated domain 1 (KA1) of
human MARK2 is unknown, but the experimental structures of
all human KA1 domains are sufficiently identical (71%) to
generate a high-confidence KA1 model through homology-based
methods.”* The structures of the kinase and ubiquitin-associated

(UBA) domains of MARK2 have been experimentally determined
(PDB ID: 1zmu).** These independently generated models were in-
tegrated using information from AlphaFold2.%*

Regions of the protein that do not adopt secondary structures
and are likely to be intrinsically disordered regions (IDRs) were
loop modeled using Modeller version 10.2.>° The combined 3D
model was used for visualization and structure-based calculations
of stability alterations due to genomic variants.”” We assessed
short linear motifs (SLiMs) of each missense variant by program-
matically accessing the web of Eukaryotic Linear Motif (ELM,
http://elm.eu.org).?® In addition, we calculated the local stability
(AAGfold) and the balance of favorable and unfavorable local con-
tacts, termed frustration for missense variants.

Generation of iPSC lines from 2 affected individuals
Peripheral blood mononuclear cells (PBMCs) were reprogrammed
into iPSCs using a CytoTune-iPS 2.0 Sendai Reprogramming Kit
(Invitrogen) as we previously reported.”’ In brief, PBMCs were
seeded in 12-well plates and cultured for 14 days in PBMC me-
dium. Then, 2.5 x 10° PBMCs were infected with Sendai virus
and cultured for 48 h at 37°C. Then, the infected cells were added
to mouse embryonic fibroblast (MEF) feeders in iPSC medium. Af-
ter 2 weeks, individual iPSC colonies were picked manually, trans-
ferred to Matrigel (Corning)-coated dishes, and maintained in
mTeSR medium (Stem Cell Technologies). Routine testing revealed
that the cells were mycoplasma negative. After more than 10 pas-
sages, the characteristics of the iPSCs, including their pluripotency
and genomic background, were analyzed. For pluripotency anal-
ysis, we performed alkaline phosphatase (AP) staining and immu-
nofluorescence (IF) staining and assessed teratoma formation. To
evaluate genomic background, we performed karyotyping, short
tandem repeat (STR) site analysis, and array comparative genomic
hybridization (CGH) to confirm that the genomes were identical.
Two iPSC lines from 2 normal unrelated adults we previously re-
ported were used as control iPSCs.”’ Meanwhile, 2 isogenic iPSCs
were generated using CRISPR-Cas9 gene editing engineering to
delete the KA1 domain of MARK2 with heterozygous status, and
the top 6 off-target genes sorted by cutting frequency determina-
tion (CFD) off-target score were tested (CRISPR-Dell and
CRISPR-Del2, see Table S1 for guide RNA [gRNA] primers).

Neural differentiation of iPSCs

iPSCs were maintained on Matrigel (BD Biosciences) in mTeSR1
medium (StemCell Technologies) and performed for neural differ-
entiation. Between passages 12 and 30, iPSCs were used for neural
differentiation as previously described with minor modifica-
tions.>” In brief, 30,000 iPSCs were used for embryoid bodies
(EBs) culture, and after 24 h, EBs were planted to poly-L-orni-
thine/laminin-coated plates. Then, EBs were grown in a 1:1
mixture of N2- and B27-containing media (N1 medium) supple-
mented with EGF2 (Gibco, 1 mg/mL), Noggin (BD Biosciences,
250 ng/mL), SB431542 (Selleck, 10 mM), and Laminin (Gibco,
0.5 mg/mL) for 10 days. For neural differentiation, N1 medium
was changed to a 1:1 mixture of N2- and B27-containing media
(N2 medium) supplemented with FGF1 (Gibco, 1 mg/mL), EGF2
(Gibco, 1 mg/mL), BDNF (Gibco, 100 pg/mL), and Laminin
(Gibco, 0.5 mg/mL) for another 3 days. For neurospheres, EBs
were grown in suspension culture in DMEM/F12 supplemented
with 1x N2 (Gibco), 1x nonessential amino acids (Gibco),
Knockout Serum Replacement (Gibco), and Mercaptoethanol
(Sigma, 25 nM) for S days.
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RNA sequencing

Two iPSC-derived NPCs of P19 were used for this experiment. Total
RNA was extracted from iPSC-derived NPCs with TRIzol reagent (In-
vitrogen) according to the manufacturer’s protocol. Two micro-
grams of RNA were used for sequencing library generation using
the NEBNext Ultra RNA Library Prep Kit (NEB). The cDNA library
was preliminarily quantified using a Qubit RNA Assay Kit (Thermo
Fisher Scientific) and then diluted to 1 ng/pL. Insert size was as-
sessed using the Agilent Bioanalyzer 2100 system (Agilent Technol-
ogies) and quantified using StepOnePlus RT-PCR. The cDNA library
was sequenced with the [llumina HiSeq 2500 platform (Annoroad)
to generate 150-bp paired-end sequence reads. Read counts and
FPKM for genes were extracted using the standard RNA sequencing
(RNA-seq) analysis flowchart. Briefly, Fastq was used to assess
sequencing quality control and remove the reads containing
adapter sequences.’’ Reads were mapped to the GRCh38 version
of the human genome and transcriptome with Salmon (v.1.0.0,
SAF Pattern). Normalization and differential gene expression were
performed with DESeq2 Bioconductor package (https://github.
com/thelovelab/DESeq2) with the R statistical programming envi-
ronment (v.4.2.2). Genes were identified as significant genes
with a p value <0.05 and an absolute value of log,™? <"2"8° >1.5
and were used for gene function and pathway enrichment
analyses, including Gene Ontology (GO) analysis and gene set
enrichment analysis (GSEA) with clusterProfiler Bioconductor pack-
age (https://github.com/YuLab-SMU/clusterProfiler).

RT-quantitative PCR validation

Total RNA from iPSC-derived NPCs was reverse transcribed into
cDNA using the transcript one-step gDNA removal and cDNA syn-
thesis kit (TransGen Biotech), and the diluted (1:100) cDNA was
used as a template for QPCR. qPCR was performed on a 7500
FAST Real-Time PCR system (Life Technologies) using an SYBR
select master mix kit with specific primers. Relative gene expres-
sion was analyzed by the 2722¢T method, and GAPDH or actin
was used as an endogenous control. The RT-qPCR primers are
listed in Table S1.

Western blot analysis and IF staining

Total protein was extracted from cells or tissue using RIPA buffer
containing 10 mM PMSF (Beyotime Biotechnology), and the pro-
tein concentration was determined using a BCA protein assay kit
(Beyotime Biotechnology). The membranes were blocked in 5%
milk in TBST (0.1% Tween 20) and incubated with primary anti-
bodies at 4°C overnight. The membranes were then washed in
TBST for 10 min 3 times and incubated with secondary antibodies
at room temperature for 2 h. An ECL system (Pierce) and Tanon-
5200 Chemiluminescent Imaging System (Tanon) were used for
signal detection.

Brains of embryonic day (E) 18.5 mice were postfixed with 4%
paraformaldehyde (PFA) overnight and then dehydrated with
30% sucrose. The tissues were embedded and cut into 35-pm-thick
cryosections. For IF staining, sagittal cortex slices or cells were per-
meabilized (0.5% Triton X-100 and 3% BSA in PBS) for 15 min and
blocked (0.3% Triton X-100 and 3% BSA in PBS) for 1 h at room
temperature. Next, the slices or cells were incubated with relevant
primary antibodies (0.3% Triton X-100 and 3% BSA in PBS) over-
night at 4°C. The samples were incubated with AlexaFluor 488-,
568-, 594- or 647-conjugated secondary antibodies (1:500), and
nuclei were counterstained with DAPI (1:1,000). Antibody cate-
gories are listed in Table S2.

Microscopy and analysis of NPCs
Confocal images were acquired using Zeiss LSM880 confocal mi-
croscopes and analyzed by ZEN software.

Mouse lines

The animal experiments were approved by the Laboratory Animal
Center, Institute of Zoology, Chinese Academy of Sciences and
were performed in accordance with relevant Chinese regulations.
Mark2*/~ mice were generated by Cyagen Biosciences (China) us-
ing double gRNA CRISPR-Cas-mediated genome engineering to
delete exons 2-17 of Mark2. gRNA primers are listed in Table S1.
All mice were bred in a specific-pathogen-free facility on a 12-h
light/dark cycle, and food and water were available ad libitum.

BrdU incorporation analysis

BrdU (Sigma) was administered by intraperitoneal injection at a
dose of 100 mg/kg body weight of the mother mouse. Brains
were harvested 1 h later for subsequent analysis. Antibody cate-
gories are listed in Table S2.

Behavioral and memory tests

Female mice have hormonal cycles that may potentially compli-
cate the results. To avoid the effect of hormone, only male mice
aged 8-12 weeks (n > 8 per group) were used for behavioral and
memory tests. All tests were performed between 09:00 and
17:00. Videos of the behavioral tests were analyzed by
EthoVision XT 14 (Noldus). Behavioral tests included open field,
elevated plus maze, three-chamber, novel object recognition,
marble burying, grooming, Y-maze, Barnes maze, and Morris water
maze (see supplemental information for more details).

In vitro and in vivo rescue assays

For the in vitro rescue assay, either 0.7 mM LiCl (Sigma) or 100 ng/
mL recombinant human WNT3A (thWNT3A; R&D Systems) were
supplemented in the culture media from the first day of differen-
tiation process. The rescue efficacy was evaluated at specific time
points by western blot and IF.

For the in vivo rescue assay, 6-8-month-aged female WT mice
were allowed to mate freely with male HET mice. Once the vaginal
plug was observed the following morning, the drinking water was
replaced with clean drinking water containing LiCI (4.5 mg/L).
The brains of fetal mice were collected at E18.5 for IF screening.

Statistical analysis

Data are presented as the mean + standard error of the mean
(SEM) unless otherwise indicated. At least 3 biological replicates
were performed for each group. For statistical analyses, unpaired
Student’s t tests were performed using GraphPad Prism software.
Statistical significance was defined as *p < 0.05, **p < 0.01, and
***p < 0.001.

Results

Variant spectrum and clinical features of MARK2-related
ASD

We utilized the GeneMatcher data sharing platform'’ to
assemble this international cohort. A total of 29 distinct
MARK?2 variants (Figure 1A; Table S3) were detected in 31
individuals, including 2 reported individuals from the

The American Journal of Human Genetics 7177, 2392-2410, November 7, 2024 2395


https://github.com/thelovelab/DESeq2
https://github.com/thelovelab/DESeq2
https://github.com/YuLab-SMU/clusterProfiler

A Il Deletion . Nonsense/frameshift ' Missense .Splicing

X . p.R302*
p.T87Ris*4 PLI7Tfs*18 c.1101+1G>A p.C7235fs*6
c1934+1G>A
p.ABOV 6.337+1G>T p.R302Q ' ©.1514+2T>G P-AB30GHS'209 == ° " ¥ Q7ar*
. F271Sfs*25 . . p-Q747*
€.235-2A>G pF1oasPr 2022 Woogg1Goa | RTST4PIS2 p.G590Vfs*26 PLBATVISIT p.V752A
p.Q253* p.V395Gfs*27 p.L506Pfs*47 p-RE64 p.R764P
p.R71* ? p.R584"
A PR3 KAT
Delstion 436 465-632 744-788

c 15 mRNA E P4, 0.337_'_1 G>T Exon 3 Exon 4 Exon 5
g — STCCAGCCTCCAGARACTATTCCSE ACATAG TTAAATTATTTGAAG T6
S e 293T Hela
s g 10 WT Mut WT Mut “M M }\\ ﬂ“W\ |
E o Marker | ’U\_A/\![\/V\"“‘\V JU f JWINY
% ie] . Exon3
> ke ""?'CEAG\‘C\vuﬁ"'l'iT'lL,‘\"i'"Giiﬁ'GL'TGLGHTEEA;:
2 Nos] .
> O 1 |
= £ i m N
s 5 Ty m Dl ‘J\m ul
x £
0.0
CTRL  Mut
WG P Exon 13 o Exon 14 - Exon 15 o
293T HeLa CC?;‘w::‘f‘ff'fC;fﬁTL:‘-G?ﬁ- :4FT§(iBCNAE‘f\‘ffTCrEEG”G"
WT Mut WT Mut |
D PBMCs TP MWy M\ i Hu

CTRL P4 P19 | CTRL P6
|
varky RS L W s8kDe
|
GAPDH sy emmd quue' SR W99 37 kDa

GAAGACCACCCCAACCCCCTCCACGCACAGCCCCCCAGCETOTCCCTOTTECC
. Exon

Figure 1. Overview of MARK2 variants and associated phenotypes

(A) Locations of variants in functional domains of MARK2 predicted by UniProt are shown. p.Arg302* and p.GIn747* are recurrent var-
iants that occurred in 2 individuals. Kinase, protein kinase domain; UBA, ubiquitin associated; PR, polar residue; KA1, kinase-associated
domain 1.

(B) Facial photos of 8 affected individuals. Ages at the time of photograph are P2, 5 years and 4 months; P4, 4 years and 2 months; P6, 3
years and 1 month; P9 left, 4 years; P9 right, 11 years; P10, 8 years; P15, 46 years; P17, 7 years and 7 months; P19 left, 4 years; P19 right, 4
years and 7 months.

(C and D) The mRNA expression (C) and protein accumulation (D) of MARK2 in the PBMCs from 3 affected individuals (Mut: P4, P6,
P19). Both mRNA and protein levels were normalized to GAPDH levels and compared with those of age-matched healthy children
(CTRL). The data of at least 3 independent experiments were analyzed by Student’s t test, *p < 0.05.

(legend continued on next page)
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Deciphering Developmental Disorders (DDD) study.'®
Notably, 27 of 29 variants were not reported in the gno-
mAD and our in-house database. Two variants recurred
in independent individuals from different ethnicities
and laboratories (p.Arg302* [c.904C>T] in P8 and P12,
p-GIn747* [c.2239C>T] in P20 and P24). Variant spectrum
(Table 1) comprised 25 LoF variants (nonsense/frameshift/
splicing) (81%) and 6 missense variants (19%). All LoF var-
iants led to the loss of the entire KA1l. Among 25 LoF vari-
ants, 16 (64%) were de novo, and 4 (16%) were paternally
inherited. All missense variants were de novo. Three indi-
viduals presented variants at the same position (Arg302),
including 2 LoF variants (p.Arg302*) and 1 missense
variant (p.Arg302GIn). No other clinically relevant or
pathogenic variants were detected in affected individuals.
All variants were classified as likely pathogenic or patho-
genic according to ACMG/AMP criteria.?"

The detailed clinical features associated with the MARK2
variants are summarized (Tables 1 and S3). The ages of indi-
viduals in our cohort ranged from 2 to 46 years old, with
no observed sex difference (13 females and 18 males). The
majority of affected individuals were described as having
distinctive and recurrently noted features that included a
narrow face, abnormal or broad forehead, downslanting
palpebral fissures, and large or dysplastic ears. Representative
images of 8 individuals are shown (Figure 1B). Eye problems,
including hyperopia, myopia, astigmatism, strabismus, pto-
sis, and visual processing difficulties, were observed in 39.3%
of the individuals (11/28). All individuals except 1 (P8) pre-
sented with ASD (30/31). Other NDDs were common within
the cohort, including intellectual disability/developmental
delay (100%), speech-language problems (100%), seizure/ep-
ilepsy (46%), motor delay (62%), and behavior disorders
(74%). Language regression was reported in 41% (9/22) of in-
dividuals with 4 individuals still presenting language regres-
sion (P6, P19, P8, and P9) over time. The high penetrance of
NDDs suggested that MARK?2 is associated with ASD with
NDD comorbid features.

To assess the consequence of LoF variants, MARK2 levels
from PBMCs of 3 affected individuals (¢.337+1G>T
variant in P4, p.Phe271Serfs [c.812delT] in P6, and p.Cy-
s723Serfs [c.2168_2169delGC] variant in P19) were
measured for both mRNA and protein in vivo (Figures 1C
and 1D). As shown, the mRNA and protein expression of
MARK2 were significantly lower in affected individuals
(Mut) than in the control group (CTRL). We also validated
the splicing effects of 2 canonical splicing variants
(c.33741G>T variant in P4 and ¢.1514+2T>G variant in
P14) in vitro using a minigene assay (Figure 1E). The tran-
scripts of these MARK2 variants (Mut) were shorter than
that of WT. Sequencing and online alignment of the RT-
PCR products revealed 1 exon skipping event in the tran-

script, with a 49-bp deletion in the ¢.337+1G>T variant
and a 98-bp deletion in the ¢.1514+2T>G variant. Both
in vivo and in vitro experiments confirmed MARKZ2 loss
due to LoF variants.

Structural modeling and in vitro expression assay reveal
that missense variants in key domain of MARK2 cause
protein destabilization

MARK2 contains S domains, including kinase, KA1, UBA,
and 3 polar residue domains.'” All missense variants identi-
fied in our cohort (p.Ala80Val, p.Gly135Arg, p.Phe194Ser,
p-Arg302Gln, p.Val752Ala, p.Arg764Pro) were clustered in
the kinase or KA1 (Figure 1A) domains and involved the
highly evolutionary conserved residues across species from
Drosophila to human (Figure 2A). We analyzed the missense
mutation tolerance map (https://stuart.radboudumc.nl/
metadome/dashboard) by extracting missense and synony-
mous variants from the gnomAD database (gnomAD
v.2.1.1, https://gnomad.broadinstitute.org/)** and found
both the kinase and KA1 domains are intolerant to missense
mutations (Figure S1).

Information from evolutionary couplings indicates that
the tail and KA1 domains fold together with the kinase
domain,®® and 6 missense variants are within this struc-
tured dual domain (Figure 2B). Amino acids in the kinase
domain are expected to have a balanced frustration so
that the kinase can move as part of the normal cycle of
ATP/ADP exchange and substrate access. Further, the ef-
fects of 6 variants on stability, frustration, binding motifs,
and biochemical role in the enzyme, the altered 3D
domain structure, or SLiMs were shown in Tables S4 and
S5. The fraction of highly frustrated interactions around
Ala80 is comparable, and the AAGy,q of the p.Ala80Val
variant shows little to no change. However, the backbone
of Ala80 and Met129, the gatekeeper residues of the kinase
fold, form a hydrogen bond, as they are in adjacent
B-strands. The degree of freedom of Met129 may be
restricted by the comparatively bulkier side chain of
Val80, indirectly and negatively affecting the catalytic
function via a dynamic mechanism. Both Gly134 and
Gly135 are in the kinase domain near the KA1 binding sur-
face and solvent exposed. The AAG,q of p.Glyl35Arg
variant is highly unfavorable, suggesting that the variant
destabilizes the kinase domain. Gly13S5 is also positioned
in the ATP-binding pocket, and the introduction of a large
polar amino acid to the vicinity is likely to dysregulate
nucleoside binding. p.Gly135Arg variant introduces a
different sequence motif for cleavage. If this motif is recog-
nized, it could represent the manner in which MARK2 is
inactivated. Phe194 is located in the N-terminal base of
the kinase activation loop and is a key residue in the classic
Asp-Phe-Gly (DFG) motif. Phe194 anchors the activation

(E) Minigene assays of 2 splicing variants (P4: ¢.3374+1G>T; P14: ¢.1514+2T>G). RT-PCR products from HEK 293T and HeLa cells trans-
fected with either the wild-type (WT) or mutant (Mut) pcDNA3.1 vector were separated by electrophoresis (left). M, DNA marker; the
sizes of the bands are 2,000, 1,000, 750, 500, 250, and 100 bp. Sequencing of the RT-PCR products (right) show ¢.337+1G>T variant
results in a 49-bp deletion, while the ¢.151442T>G variant results in a 98-bp deletion.
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Table 1.

The detailed clinical features and variant spectrum of 31 individuals with MARK2 variants

Clinical features®

sex (male/female)

autism spectrum disorder

intellectual disability/developmental delay
speech-language problems

behavior abnormalities (ADHD, aggression

age at measurements (years)

2-46
18/13

30/31 (96.8%)
29/29 (100%)
31/31 (100%)
20/27 (74.1%)

and anxiety, depression)

motor delay

brain EEG

seizure/epilepsy

language regression

visual impairment

genital malformation in male

muscle or other information

Genomic variant spectrum" LoF variant

LoF variant without KA1 domain

de novo

parental inherited

unknown

missense variant

de novo

18/29 (62.1%)
8/15 (53.3%)
13/28 (46.4%)
9/22 (40.9%)
11/28 (39.3%)
6/18 (33.3%)
9/28 (32.1%)
25/31 (81%)
25/31 (81%)
16/25 (64%)
4/25 (16%)
5/25 (20%)
6/31 (19%)
6/6 (100%)

Key features with frequency >30% were summarized. Some feature information wasn’t available for affected individuals, causing inconsistent denominators.

BVariants classified as pathogenic/likely pathogenic were recruited.

loop within the kinase domain by hydrophobic interac-
tion, rendering optimum flexibility to the activation
loop. Two sequence motifs were gained in the p.Phe194Ser
variant, 1 for phosphorylation by CK1 and another for
glycosaminoglycan attachment. Thus, there is also poten-
tial for this genomic variant to introduce different regula-
tory dynamics into the enzyme, particularly given its prox-
imity to known phosphorylation sites such as Ser197,
Thr201, and Thr208. Arg302 is in the C-terminal helix of
the kinase domain, which connects to the UBA domain.
Arg302 was solvent exposed in our model and formed a
hydrogen bond network among the Asp276 residue of
the kinase, the N-terminal loop connected to the UBA
domain, and additional N-terminal residues of the kinase.
The frustration level indicated that p.Arg302GIn resulted
in destabilization, while the AAG¢,q4 indicated that this
variant caused stabilization. According to structural anal-
ysis, the hydrogen bond between GIn302 and Asp276
was preserved in the mutated protein. Thus, p.Arg302GIn
can be tolerated but may also have allosteric effects on
the kinase, as we have previously reported.’* Val752 lies
in the core of the hydrophobic interaction between the
KA1 and tail domains. p.Val752Ala is a cavity-forming
variant that may destabilize the hydrophobic core, poten-
tially disrupting the formation of this autoregulatory
domain. Similar to the kinase domain variants that desta-

bilize KA1 interactions, p.Arg764Pro lies in the same inter-
action region and is therefore a reciprocal change with
similar instabilities induced in the kinase-autoregulatory
interaction. The AAGg¢4 value suggested that p.Val752Ala
is destabilizing, leaving a weaker autoinhibition state. All 6
missense variants were predicted to result in loss of kinase
catalytic function; we then hypothesize that the missense
alterations observed in this cohort could lead to MARK2
destabilization or inactivation.

In order to test this hypothesis, we constructed and trans-
fected pCMV-Neo-MARK2 vectors into HEK 293T cells and
analyzed the exogenous mutant MARK2. As shown in
Figures 2C and 2D, 6 mutant cells resulted in significantly
lower MARK2 accumulation compared with WT cells.
Among them, the p.Gly135Arg variant had the lowest
MARK2 accumulation. These in vitro data suggested that
missense variants in the kinase and KA1 domain can result
in decreased protein accumulation due to MARK2 destabili-
zation and thereby phenocopy MARK2 loss arising from LoF
variants.

MARK2 variants lead to anomalous polarity in iPSC-
derived neural rosettes and imbalanced proliferation
and differentiation in iPSC-derived NPCs

Although the roles of Mark2 in mouse mature neurons are
recognized, such as controlling hippocampal neuronal
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compute the changes in structural stability
due to genomic variation. Amino acids in
the IDRs are shown in a disordered configu-
ration; we expect that any individual
configuration of the IDRs would be an inad-
equate representation of their diverse
dynamics. The locations of the 6 missense
variants are marked by black spheres. Four
variants in the kinase domain (p.A80V,
p-G133R, p.F194S, p.R302Q) and 2 variants
in the KAl domain (p.V752A, p.R764P)
were all predicted to locate in the activation
loop.

(C and D) Representative western blot im-
age (C) and quantification analysis of exog-
enous MARK2 accumulation that were
normalized by total GAPDH levels (D). Hu-
man HEK 293T cells transfected with wild-
type (CTRL) or mutant EGFP-MARK2-Neo
vectors were lysed. The data of at least 3 in-
dependent experiments were analyzed by
Student’s t test *p < 0.05, **p < 0.01 and
***p < 0.001.

ok

found that both mutant and CRISPR-
Del neural rosettes were different
from CTRLs (Figures 3A, 3B, and 3D,
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& & O,gs {(\o_P‘ Q:b& A,\cgb qi\q,b‘ yellow dotted loop), Yv1th .the' diame-
SO P R R TR ters of the rosettes being significantly

polarity and migration, dendritic spinal formation,'*'’

the early neuronal development phenotypes, and funda-
mental mechanism of MARK2 variant in human are un-
clear. To clarify it, we generated 2 mutant iPSCs from the
PBMC:s of 2 affected individuals (p.Cys723Serfs from P19
and p.Phe271Serfs from P6), 2 control iPSCs from healthy
males (CTRL1 and CTRL2) (Figures 1A and S2B), and 2
isogenic mutant iPSCs (CRISPR-Dell and CRISPR-Del2).
Each iPSC donor has at least 2 clones. Their pluripotencies
(SOX2, OCT3/4, and NANOG, Figure S2A), karyotypes
(Figure S2B), and differentiation abilities to the 3 germ
layers (Figure S2C) were confirmed.

Neural rosettes develop from the self-organized and
differentiated iPSCs and present radial arrangements of
neuroepithelial cells with 1 central lumen resembling a
developing neural tube.”® The key morphology of neural
rosette includes intercalation, constriction, polarization,
elongation, and lumen formation.**® Considering the
role of MARKZ in neuronal polarity,'? we co-stained neural
rosettes using specific antibodies for neuronal marker
(TUJ1) and polarity marker (ZO1) (Figure 3A). First, we

increased (Figures 3A, 3B, and S3A)

and the number of rosettes per 100
cells being significantly decreased (Figure S3B), suggesting
few and unstable, loose neural rosette formation after
MARK?2 loss. CTRL rosettes exhibited well-defined self-
organization characterized by apical-basal polarity and
constriction. TUJ1 staining revealed radial distribution sur-
rounding the inner lumen, while ZO1 staining demon-
strated clear localization within the inner lumen, which
is consistent with previous reports (Figure 3A).>° In
contrast, both mutant and CRISPR-Del rosettes exhibited
loose structure, characterized by imperfectly self-organized
TUJ1 staining and degraded ZO1 staining, along with the
absence of an inner lumen (Figure 3A). These results
demonstrated that MARK2 loss led to aberrant polarity
of neuroepithelial cells, forming dis-organized, few, and
loose-structured neural rosettes. Further comparation of
the diameters of different iPSC-derived neurospheres re-
vealed a significant reduction in size in mutant and
CRISPR-Del groups (Figures 3C and S3D). We then checked
the activated NPC population in rosettes using SOX1*’
and observed a significant decrease in the number of
SOX1* cells within mutant and isogenic neural rosettes
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MARK2 variant leads to aberrant polarity in iPSC-derived neural rosettes and imbalanced proliferation and differentiation

(A) Representative immunofluorescence images of TUJ1 (red) and ZO1 (green) in different iPSC-derived neural rosettes on the 10th day
after neural induction. CTRL1 and CTRL2, 2 independent healthy adults without MARK2 variants; p.C723Sfs and p.F271Sfs, 2 affected
individuals with LOF MARK?2 variants; CRISPR-Del1 and CRISPR-Del2, 2 isogenic MARK2 deletions produced by the CRISPR-Cas9 editing
technology.

(B) Representative immunofluorescence images of SOX1 (red) and NESTIN (green) in different iPSC-derived neural rosettes on the 5th

day after neural induction.

(C) Representative images of different iPSC-derived neurospheres on the 5th day after neural induction.
(D) Representative immunofluorescence images of BrdU (red) and Ki67 (green) in different iPSC-derived neural rosettes on the 4th day

after neural induction.

(E) Representative immunofluorescence images of DCX (red) and TUJ1 (green) in different iPSC-derived NPCs on the 13th day after neu-
ral induction. Scale bar = 50 um. The quantification and statistical analysis were showed in Figure S3.

(Figures 3B and S3C). Both the size of neurosphere and
number of activated NPCs indicated aberrant self-renewal
of NPC pool following MARK2 loss.

In the iPSC-derived NPC stage, we conducted BrdU
incorporation assays and Ki67 staining to assess prolifera-
tion capability (Figure 3D). The results demonstrated that
there were significantly fewer BrdU™ cells (Figure S3E)
and Ki67" cells (Figure S3F) in mutant or CRISPR-Del
NPCs compared to CTRLs. While the proliferation and dif-

ferentiation of NPCs maintain a dynamic balance, we also
evaluated the differentiation efficiency of NPCs using 2
neural markers, TUJ1 and DCX (Figure 3E). DCX™ cells
(Figure S3G) and TUJ1" cells (Figure S3H) in mutant and
CRISPR-Del NPCs also showed a significant increase
compared to CTRLs. Together, these results suggested
that MARKZ loss led to aberrant polarity and dis-organiza-
tion in neural rosettes, thereby suppressing proliferation
but promoting differentiation in NPCs.
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Mark2 loss leads to abnormal cortical partition, ASD-like
behaviors, and impaired memory in mice

To recapitulate the cellular phenotypes of an affected pro-
band’s iPSC-derived rosettes, we generated Mark2*/~ (HET)
mice utilizing the CRISPR-Cas9 system (Figures S4A, S4B,
and S$4D) to mimic Mark2 loss in vivo. Consistently, the
BrdU incorporation assay of mouse cortical NPCs (mNPCs)
at E18.5 revealed significantly decreased BrdU™ cells but
increased TUJ1" cells in HET mice compared with WT
ones (Figures S4E, S4H, and S4I), indicating the imbal-
anced proliferation and differentiation in early cortical
NPCs upon Mark2 loss. Additionally, downregulated
SOX1* cells were also observed in the cortices of HET
mice (Figures S4E and S4G), indicating altered neural self-
renewal upon Mark2 loss. As CTIP2 is expressed primarily
in layer V, and SATB2 is expressed primarily in layers II/
I11,°®* we compared the thickness and the density of
CTIP2* cells and SATB2™ cells in mouse cortex. Whole
density of CTIP2* cells and SATB2" cell was significantly
increased in HET mice, although whole cortical thickness
was similar (Figures S4F, S4J, S4K, and S4L). Particularly,
the ratio of CTIP2™ cells and SATB2" cells in layers V and
VI showed significant increase (Figures S4F, S4M, and
S4N). These results indicated abnormal cortical formation
and partition upon Mark2 loss.

In order to determine whether adult Mark2*/~ mice
exhibit the features of ASD and other NDDs observed in
affected individuals, we performed a series of behavioral
tests for Mark2*/~ mice. Although HET mice had lower
body weights (Figures S4B and S4C), they showed normal
exploratory and locomotor activity in the open field tests
(Figure S5A), as the total distance traveled (Figure S5C)
and average speed (Figure S5D) were not different between
HET mice and WT mice. Subsequently, we performed the
three-chamber test to evaluate whether the mice exhibited
the deficits in sociability and preference for novelty
observed in ASD individuals.”’ In the social approach
test (Figures 4A and 4B), WT mice spent significantly
less time in the empty cage than in the cage containing
the novel mice, while HET mice spent similar amounts
of times between 2 cages. In the social novelty test
(Figures 4E and 4F), WT mice spent significantly less time
with the familiar mice than with the novel mice.
Conversely, HET mice spent similar amounts of time with
the familiar and novel mice. These social behavior tests
demonstrated that HET mice presented reduced social moti-
vation and pursuit of novelty. The marble-burying test and
grooming test were used to evaluate stereotyped behaviors
of ASD in rodents. We found that HET mice buried more
marbles (Figures 4C and 4D) and spent more time grooming
(Figure 4K) than WT mice. Additionally, in the elevated plus
maze test, which was used to assess anxiety-like behavior of
ASD, HET mice spent less time in the open arms than WT
mice (Figures 4H and 4I). Together, these data suggested
that Mark2 loss in mice led to specific social deficits, stereo-
typed behavior, and anxiety that recapitulated the features
of ASD in individuals with MARK?Z variants.

As affected individuals in our cohort also showed
intellectual disability/developmental delay and language
problems, we further assessed learning and memory
capacity using the Y-maze (Figure 4G), the Barnes maze
(Figure 4L), and the Morris water maze (Figure 40). The
Y-maze is designed to assess spatial memory and executive
function. We found that the percentage of correct alter-
ations made by HET mice was significantly decreased
compared with WT mice (Figure 4]), indicating that HET
mice exhibited abnormal spatial working memory. The re-
sults of the Barnes maze test suggested memory impair-
ment in HET mice, as they spent significantly more time
visiting (Figure 4N, left) and entering (Figures 4M and
4N, right) the target hole compared with WT ones. In the
Morris water maze test (Figure 40), HET mice showed a
significantly longer latency to find the platform
(Figures 4P and 4Q, right) and spent less time in the plat-
form region when the platform was moved (Figure 4Q,
left). Interestingly, during the training sessions of the
Barnes maze and Morris water maze tests, the latencies of
the HET mice were not significantly longer than those
of the WT mice, suggesting similar learning abilities be-
tween the 2 genotypes. Nonetheless, we tested the recogni-
tion memory of mice using the novel object recognition
test (Figure S5B) and found that HET mice spent similar
amounts of time interacting with the novel object as WT
mice (Figure S5E). Combined, these results implied that
loss of Mark2 impaired spatial memory.

MARK2 loss disrupts early neurogenesis via the
downregulation of WNT/B-catenin signaling pathway
To further identify the molecular pathway of the MARK2
variant in early neurogenesis, we performed RNA-seq for
iPSC-derived NPCs on the 12th day after neural induction
(Figure S6A) to detect significant dysregulated genes
(Figure S6B, adjusted p < 0.05, log,™'d hamge>1.5). GO
enrichment analysis of differentially expressed genes
(DEGs) revealed the biological functional change related to
muscle development, ear development, neuro fate commit-
ment/specification, axonogenesis, synapse development,
or material transport with MARK2 loss (Figure S6C). GO
enrichment analysis of downregulated genes are signifi-
cantly involved in neuronal development (Figure S5A),
including CNS neuron differentiation (GO: 0021953), fore-
brain development (GO: 0030900), axonogenesis (GO:
0007409), axon development (GO: 0061564), pattern
specification process (GO: 0007389), negative regulation of
neuron differentiation (GO: 0045665), regulation of neuron
differentiation (GO: 0045664), regionalization (GO: 000
3002), axon guidance (GO:0007411), and neuron projection
guidance (GO: 0097485). There are 4 downregulated genes,
WNT3A, ASCL1, HESS, and FEZF2, involved in all these
GO terms, especially the terms related to early neuronal
development, and WNT3A is the top decreased gene
(Figure 5B). GSEA using up-/downregulated genes also re-
vealed significant inhibition of the WNT signaling pathway
in mutant cells (Figures 5C and S6D). Besides WNT3A, other
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Figure 4. Mark2 loss in mice leads to ASD-like behavior and impaired memory

(A and E) Trajectories of Mark2 +/+ (WT) and Mark2 ¥/~ (HET) mice in the three-chamber test (A, empty or novel; E, familiar or novel).
(B and F) Quantification analysis of sniffing time in the three-chamber test (B, empty or novel; F, familiar or novel).

(C, D, and K) Trajectories of WT and HET mice in the marble-burying test (C) and quantification analysis of the buried marbles (D) and

grooming time (K).

(H and I) Trajectories of WT and HET mice in the elevated plus maze test (H) and quantification analysis of time spent in the open

arms (I).

(G and J) Trajectories of WT and HET mice in the Y-maze test (G) and quantification analysis of the correct alternation (J).

(L-N) Trajectories of WT and HET mice in the Barnes maze test (L), quantification analysis of the latency of entering the target hole dur-
ing the training sessions (M), and the latency of visiting target hole and of entering target hole during the test session (N).

(0O-Q) Trajectories of WT and HET mice in the Morris water maze test (O), quantification analysis of the latency to find the platform
during the training sessions (P), and the latency to finding the platform and staying platform quadrant during the test session (Q).
WT =9, HET = 9. The data were analyzed by Student’s t test; *p < 0.05 and **p < 0.01.

key molecules of WNT signal (WNT4, WNT7A, WNT7B,
WNTS8B, WNT10B) were also significantly downregulated
(Figure S6E). Furthermore, significantly decreased WNT3A
protein was validated for mutant and CRISPR-Del cells

(Figures 5D and SF) along with decreased pB-catenin
(Figures 5D and SE). A previous study showed that
WNT3A, as a critical ligand, plays an important role in the
activation of the WNT signaling pathway and is essential
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Figure 5. iPSC-derived NPCs revealed decreased WNT signaling pathway due to MARK2 loss

(A) Gene Ontology (GO) analysis of differentially expressed genes (DEGs) between mutant iPSC-derived NPCs and CTRL ones show that
the downregulated genes are enriched in multiple pathways related to early neuronal development.

(B) GO pathway network analysis showed the association of WNT3A with neuronal development, including neuron fate specification,
forebrain development, central nervous system neuron differentiation, axonogenesis, and axon development. Size means number of
genes involved in the specific pathway.

(C) The enrichment score and rank of the WNT/B-catenin signaling pathway from DEGs.

(legend continued on next page)
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for the proliferation and differentiation of NPCs.*® Hence,

we hypothesized that MARK2 loss led to abnormal early
neuronal development via inhibition of the WNT signaling
pathway.

In order to confirm the relationship between WNT signal
pathway inhibition and MARKZ2 loss, we treated mutant
iPSC-NPCs with 100 ng/mL rhWNT3A. We found that
rhWNT3A significantly increased the accumulation of
p-GSK3p Ser9 (Figures 5G and 5I) and the accumulation of
B-catenin in mutant iPSC-NPCs (Figures 5G and SH). The
rescue effect of thWNT3A confirmed that MARK2 loss
results in relative inactivation of the WNT signaling
pathway.

Lithium reverses the molecular and cellular phenotypes
of mutant iPSC-derived NPCs and abnormal cortical
partition of HET mice by activating the WNT/B-catenin
signaling pathway

Lithium is a known activator of the WNT/B-catenin
signaling pathway*'** and is widely prescribed for many
behavioral disorders, such as bipolar disorder and schizoaf-
fective disorder,*® which are closely associated with ASD.
We added LiCl at 0.7 mM, a routinely prescribed dosage
for individuals with bipolar disorder, to the culture me-
dium of iPSC-derived NPCs.**** On the 10th day after neu-
ral induction, the protein levels of B-catenin, p-GSK3p Ser9
in mutant NPCs were significantly increased following
LiCl treatment as similar to thWNT3A treatment, even
reaching the levels of control NPCs (Figures 5G, 5H, and
5I), suggesting WNT3A and p-GSK3p Ser9 as the target
molecule of lithium rescue.

Considering the molecular effect of LiCl on WNT/B-cat-
enin signaling activation, we replicated the IF experiment
described above for LiCl-treated or rthWNT3A-treated
mutant and CRISPR-Del iPSC-derived NPCs. Innovatively,
the rescue effect of LiCl on the morphology of mutant neu-
ral rosettes was quite obvious, with the diameter of the
neural rosettes being significantly decreased (Figures 6A
and S7A) and the number of rosettes being significantly
increased (Figures 6A and S7B). Also, correct localization
of ZO1 and normal self-organization of TUJ1" cells were
seen in mutant neural rosettes with LiCl treatment
(Figure 6A). Moreover, the numbers of BrdU" (Figures 6B
and S7C) and Ki67" cells (Figures 6B and S7D) in mutant
and CRISPR-Del NPCs were significantly increased, almost
reaching those of control NPCs or thWNT3A treatment.
We further compared the differentiation efficiencies of
mutant NPCs before and after LiCl or thWNT3A treatment.
The numbers of TUJ1* (Figures 6C and S7F) and DCX™
cells (Figures 6C and S7E) were significantly decreased after

LiCl treatment. Both molecular and cellular phenotypes re-
vealed that lithium rescues the abnormal developmental
trajectories of MARKZ2 loss via stimulation of the WNT
signaling pathway.

To investigate the rescue effect of LiCl on cortical layer for-
mation and partition in Mark2"/~ mice, we treated pregnant
female mice with 4.5 mg/L LiCl from EO0.5 to E17.5 and
analyzed proliferation and differentiation efficiency in the
cortex at E18.5. We found that the number of BrdU" cells
(Figures SSBA and S8C) was significantly increased in HET
mice treated with LiCl, but the number of TUJ17" cells was
significantly decreased (Figures S8A and S8E). An obvious in-
crease in the number of SOX1" cells was also observed in
LiCl-treated HET mice compared with untreated HET mice
(Figures S8A and S8D). These data demonstrated the rescue
effects of lithium on the proliferation and activation of
NPCs in mice with Mark2 loss. We further compared the
thickness of the cortical layers in HET mice before and after
LiCl treatment using CTIP2 and SATB2 as markers of
different cortex layers (Figure S8B). The results showed that
LiCl treatment significantly rescued the abnormal formation
of the mouse cortex, as the density of the CTIP2* and
SATB2* cell in whole cortex (Figures S8F and S8G) and in spe-
cific cortical layers (Figures S8F and S8G) was similar between
LiCl-treated HET and WT mice. These results were consistent
with the rescue effects observed in Mut iPSC-derived NPCs.

Together, these in vitro and in vivo results demonstrated
that pharmacological reactivation of the WNT/B-catenin
signaling pathway by lithium can rescue aberrant cellular
phenotypes in NPC with MARK?Z loss, thereby supporting
a potential molecular link between MARK2 loss and
WNT/B-catenin signaling.

Discussion

In our study, we collected a multi-institutional global
cohort of 31 individuals with clinically relevant MARK2
variants and presented comprehensive clinical features
and variant profiles of MARK2-associated ASD. Affected in-
dividuals frequently exhibit typical facial features (65%),
including a prominent forehead, a broad nasal root, and
larger or dysplastic ears in addition to vision problems;
male genitourinary involvement and occasional skeletal
involvement implying that MARK2-associated ASD
frequently presents with other physical and morphologic
comorbidities. Eighty percent of MARK2 variants are LoF
variants, supporting the idea that MARK2 loss contributes
to the development of ASD, as initially suggested from 2
large sequencing studies.'®*°

(D-F) Representative western blot images (D) and quantification analysis of B-catenin (E) and WNT3A (F) accumulation in mutant and

CRISPR-Del iPSC-derived NPCs compared with CTRLs.

(G-I) Representative western blot images (G) and quantification analysis of B-catenin (H) and p-GSK3p-Ser9 (I) accumulation in mutant,
CRISPR-Del iPSC-derived NPCs with/without thWNT3A (100 ng/mL) or LiCI treatment (0.7 mM). The data of at least 3 independent
expetiments were analyzed by Student’s t test; *p < 0.05 and **p < 0.01(compared with CTRL1); *p < 0.05 and **p < 0.01 (compared

with CTRL2).
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the WNT/B-catenin signaling pathway

CRISPR-Del1

+rhWNT3A
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p.F271Sfs

CRISPR-Del1

CRISPR-Del2 -

Lithium reverses the imbalance in the proliferation and differentiation of MARK2 mutant iPSC-derived NPCs by activating

(A) Representative immunofluorescence images of ZO1 (green) and TU]J1 (red) in different iPSC-derived neural rosettes. CTRL1 and
CTRL2, 2 independent healthy adults without MARK2 variant; p.C7235fs and p.F271Sfs, 2 affected individuals with LOF MARK2 vari-
ants; and CRISPR-Dell and CRISPR-Del2, 2 isogenic MARK2 deletions produced by the CRISPR-Cas9 editing technology. Both
CRISPR-Del and mutant iPSC-derived neural rosettes were treated with LiCl (0.7 mM) or thWNT3A (100 ng/mL).

(B) Representative immunofluorescence images of Ki67 (green) and BrdU (red) in different iPSC-derived NPCs.

(C) Representative immunofluorescence images of TUJ1 (green) and DCX (red) in different iPSC-derived NPCs. Scale bar = 50 um. The

quantification and statistical analysis were showed in Figure S7.

We also observed high frequency of neurological comor-
bidities including intellectual disability/developmental
delay (100%), speech-language problems (100%), and mo-
tor delay (62%). The 1Q scores of 7 ASD individuals with
LoF variants of MARKZ2 from Zhou et al. reported were aver-
agely 65.2, similar to that of ASD individuals with CHDS8/
SHANK3 variants.'® In addition, 1 individual in our cohort
(P8) had not met ASD criteria until her last interview,
although she presented with mixed receptive-expressive
language disorder (personal communication), implying
that MARK2 is the candidate gene of NDDs, as previously
reported.*> Besides MARK2, another polarity gene of the
MARK family, MARK1, has been recognized as a susceptibil-

ity gene for autism.*® Our study also expanded polarity-

related genes in ASD etiology.

MARK2 contains 5 domains, each with distinct func-
tions necessary for its normal activity.' Previous studies
have reported that MARK2 mutants lacking the kinase
domain led to neuronal polarity abrogation in hippocam-
pal neurons.'” Furthermore, mutations in the activating
loop of the kinase domain, p.Thr208Ala and p.Ser212Ala,
result in abnormal differentiation and neurite extension
in neuroblastoma cells,'® suggesting the critical role of
the kinase domain in neuronal development. The KA1l
domain, locating in the C terminus of MARK2, is
conserved from yeast to humans and exerts an
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autoinhibitory effect on the kinase activity of MARK2 by
blocking peptide substrate binding to the N and C lobes
of the kinase domain.'' Pathogenic variants in the KAl
domain impair this autoinhibition of MARK/PAR1 kinase
activity.”® We identified 4 variants in the ATP-binding
pocket or the activation loop of kinase domain and 2 var-
iants in the autoregulatory position of KA1 domain. Using
integrative bioinformatics approaches, we predicted
that these variants destabilize the interaction between
these 2 domains and lead to loss of the autoregulation of
MARK2. Further, our in vitro-transfected cell model
confirmed that missense variants result in decreased
MARK?2 expression comparable to LoF variants. Addition-
ally, the phenotype associated with the missense variants
was not significantly different from that of LoF variants.
These data suggest that the missense variants impair the
kinase or autoinhibitory activity of MARK2 following
protein destabilization, resulting in similar cellular and
molecular consequences as MARK2 loss.

Multiple neurodevelopmental processes, including pro-
liferation/neurogenesis, migration, neurite outgrowth,
morphogenesis of dendrites and dendritic spines, and syn-
aptogenesis and gliogenesis, have been reported to be
altered in ASD.*”*° Protein-protein interaction (PPI) net-
works of ASD-associated genes also confirmed the conver-
gent pathways underlying ASD, including synaptic devel-
opment, mitochondrial or metabolic processes, and WNT
and MAPK signaling.>'>* In order to explore the patho-
physiological mechanism of MARK2 loss underlying ASD,
we generated mutant human iPSCs and described the
cellular phenotypes of mutant neurons at early neural
development such as fewer depolarized neural rosettes,
smaller neurosphere formation, imbalanced proliferation,
and differentiation in NPCs, which were similar to
previous iPSC studies from other classic ASDs like fragile
X syndrome (MIM: 300624), Rett syndrome (MIM:
312750), and SHANK3 deletion.***? Our results suggested
that abnormal polarity and proliferation in mutant NPCs is
a prerequisite for aberrant brain function in individuals
with ASD. Furthermore, we have identified deficits in
spatial learning, memory, and social preference among
the Mark2*/~ mice. Impaired spatial learning and memory
have been previously documented in Mark2"/~ mice.’**>
Besides impaired social behavior, Caiola et al. reported
decreased anxiety-like behavior in the plus maze and
increased seizure susceptibility.”® Although we didn’t
study seizure phenotypes in knockout mice, a high fre-
quency of seizures/epilepsy (46.6%) was reported in our
cohort.

The WNT signaling pathway mediates neurogenesis via
several biological functions, including self-renewal, prolif-
eration, and differentiation.*”>°>” For example, WNT3A
and WNT7A are indispensable for maintaining self-
renewal and stimulating the proliferation of neural stem
cells,”®>” and WNT3A also plays a critical role in neural
fate commitment.”® The regulatory role of B-catenin
signaling in the balance between cell proliferation and dif-

ferentiation in the spinal cord has also been reported.®’
Abnormal WNT signaling pathway activity has been re-
ported in mouse models or patient-derived iPSCs carrying
mutations in other high-confidence ASD-associated genes,
such as SHANK3 and TBRI (MIM: 604616).**°! The tran-
scriptomic profiling of our mutant iPSC-derived NPCs re-
vealed a reduced WNT/B-catenin signaling pathway,
reasonably explaining imbalanced proliferation and differ-
entiation in mutant NPCs. Decreased WNT3A and SOX1,
and aberrant self-renewal, was seen in mutant neural ro-
settes, and developmental phenotypes in mutant NPCs
were consistent with that of WNT3A/WNT7A deple-
tion.>®°7°:¢0.52 Fyrthermore, abnormal phenotypes of
mutant iPSC-derived NPCs were completely reversed
in vitro by treatment with exogenous thWNT3A. Our study
associated the WNT/B-catenin signaling pathway with
MARK2-related ASD.

To date, several genes encoding members in the WNT/
B-catenin signaling pathway, including PTEN (MIM:
608309), ADNP (MIM: 611386), ARID1B (MIM: 614556),
CHDS8 (MIM: 610528),>°°%%3 the activator of B-catenin
signaling CTNNBI (MIM: 116806),°* and WNTI (MIM:
164820),°° have been associated with ASD with high con-
fidence. B-catenin, as a highly conserved armadillo repeat
protein family member, is encoded by CTNNBI, and LoF
variants of CTNNBI cause a broad ASD phenotype.®*°°
We compared the clinical features of 120 individuals
with germline likely pathogenic/pathogenic CTNNBI var-
iants®* with those of the ASD individuals studied herein
(Table S6). The top rank features of individuals with the
CTNNBI1 variant are intellectual disability/developmental
delay (94.1%), motor delay (93.7%), delayed speech and
language development/ASD (90.4%), and mild/severe eye
problems (87.5%). The phenotypic similarity between 2
different cohorts also suggested the molecular role of the
WNT/B-catenin signaling pathway in MARK2-related ASD.

Lithium, as a mood stabilizer, has been routinely pre-
scribed to treat bipolar disorder for decades.**** Previous
in vitro and in vivo studies have proven that lithium directly
activates the WNT/B-catenin signaling pathway.**>”¢7~70
By activating the WNT/B-catenin signaling pathway,
lithium promotes the proliferation of NPCs and improves
behavioral performance in a mouse model of Down syn-
drome (MIM: 190685)°” and spatial memory impairment
and neurodegeneration in a mouse model of Alzheimer
disease (MIM: 104300).”° Lithium can also directly
enhance the proliferation of hippocampal progenitors
in vitro in a dose-dependent manner.®® The ability of
lithium to rescue spine and synaptic defects has been re-
ported in conditional Thr1*/~ adult mice presenting ASD-
like behaviors*” and APP/PS1 mice presenting impaired
learning and memory.®” Siavash Fazel Darbandi generated
ASD mice with conditional Thr1"»*"® knockout and found
that both cellular and behavioral abnormalities, including
immature dendritic spines reducing synaptic density
and decreased social interactions between young mice,
were rescued with LiCl treatment.*” In this study, we
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administered the clinically used dosage of lithium*'** to
mutant iPSCs and Mark2*/~ (HET) mice. Abnormal cellular
phenotypes in mutant NPCs, including alterations in the
size of the neurosphere, rosette formation, and the prolif-
eration and differentiation of NPCs, were reversed by
lithium treatment. Considering that ASD is an early brain
malformation, we fed a LiCl-treated diet to pregnant
Mark2*/~ mice and studied the proliferation and differen-
tiation of cortical neurons in Mark2"/~ mouse fetuses.
Abnormal cortex layer formation was also reversed. How-
ever, it is important to clarify that LiCl treatment was not
directly applied to the Mark2"/~ mice themselves, and
the rescue evidence is indirect. In the future, therapeutic
roles of LiCl for affected individuals with MARK2-associ-
ated ASD, particularly for juveniles or adults, need further
experimental confirmation.

Conclusion

Our studies deciphered the clinical features and variant
spectrum of MARKZ2-related ASD. Using human iPSC-
derived NPCs in vitro and Mark2*/~ mice in vivo, we eluci-
dated the cellular phenotypes and molecular mechanism
of MARK2 loss during early neuronal development, which
are associated with downregulation of the WNT/B-catenin
signaling pathway. Moreover, we observed that lithium
can reverse cellular phenotype in mutant iPSC-NPCs and
abnormal cortical partition development in Mark2*/~
mice via activation of the WNT/B-catenin signaling
pathway, providing a potential treatment for MARK2-
related ASD.
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Figure S2. Representative validation images of iPSCs with different genotypes

A, Representative validation images of six iPSCs using several markers, OCT 3/4 (green), NANOG (red), and
SOX2 (purple). Nuclei were stained with DAPI (blue). CTRL1 and CTRL2: two independent healthy adults
without MARK2 variant; p.C723Sfs and p.F271Sfs: two affected individuals with LoF MARK2 variants;
CRISPR-Del1 and CRISPR-Del2: two isogenic MARK2 deletions produced by the CRISPR/Cas9 editing

technology. scale bar = 50 ym. B, Representative karyotype images of six iPSCs separately. C,



Representative images of differentiated iPSC EBs using a Human pluripotent stem cell identification Kkit.
Differentiated iPSCs were fixed for immunocytology analysis for the ectoderm (TUJ1, NeuN), mesoderm (SMA,

BRACHYURY) and entoderm (AFP, SOX17) lineages. scale bar = 50 ym.
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Figure S3. Quantification analysis of iPSC-derived neural rosettes and NPCs.

A-H the quantification analysis of rosette diameter (A, n=12 rosettes), rosette number (B) in Fig 3A, SOX1*
cells (C) in Fig 3B, neurosphere diameter (D, n=12 neurospheres) in Fig 3C, BrdU" cells (E) and Ki67* cells
(F) in Fig 3D, DCX" cells (G) and TUJ1* cells (H) in Fig 3E. The data of at least three independent
experiments were analyzed by Student's t test; *p<0.05 and ***p<0.001(compared with CTRL1); #p<0.01 and

#n<0.001(compared with CTRL2).
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Figure S4. Mark2 loss in mice affects the proliferation and differentiation of NPCs in vitro.

A, Schematic of Mark2 knockout mice. B-C, Body size (B) and growth curve (C) of Mark2** (WT) mice and
Mark2*- (HET) mice in 6 weeks. D, Expression of Mark2 of HET and WT mice. Total RNAs were isolated from
the cortex in E18.5 mice, and GAPDH was used as the internal parameter. E-F, Representative images of
immunofluorescence staining for BrdU (red) and SOX1 (green), BrdU (red) and TUJ1 (green), CTIP2 (red)
and SATB2 (green) in the cortical region above the subventricular zone (SVZ) in E18.5 mice, L1, L2-4, L5, L6
and IZ were marked to point out layers 1-6 and intermediate zone of mouse neocortex, the thick red dotted
line were used to point out the CTIP2* layer in L5, the thick green dotted line were used to point out the

SATB2" layer in L2-6, and the thin red dotted lines was used to point out the border of L6 with farthest CTIP2*



cells located. G-I, Quantification analysis of SOX1* cells (G), BrdU* cells (H), TUJ1* cells (I), J-L.
Quantification analysis for the thickness of mice cortex. Total thickness of mice cortex from SVZ to the pial
surface (J), thickness of CTIP2* layer (K, thick red dotted line), and thickness of SATB2* layer (L, thick green
dotted line). M-N, Quantification analysis for proportion of CTIP2" or SATB2" cells in specifical mouse
neocortex. The proportion were analysis using the number of CTIP2* or SATB2* cells divided by the number
of DAPI, proportion of CTIP2* cells (M), and proportion of SATB2* cells (N), n=4. The data of at least three
independent experiments were analyzed by Student's t test; *p<0.05, **p<0.01 and ***p<0.001. scale bar = 50

pm.
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Figure S5. Open field and new object recognition tests in mice with Mark2 loss

A-B, Trajectories of WT and HET mice in the open field test (A) and new object recognition test. (B). C-D,
Quantification analysis of total distance (C) and average speed (D) between two genotypes in the open field
test. E, Quantification analysis of time in zone in the new object recognition test (n=11). Time spend in contact
with the object was used to represent for the new object recognition. The blue circle was used to point the
location of the old object and red square was used to point the location of the new object. WT=11, HET=11.

The data of at least three independent experiments were analyzed by Student’s t test; ns: not significant.
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Figure S6. RNA-Seq analyses of iPSC-derived NPCs.

A, Correlation heatmap of RNA-Seq of control (CTRL1) and mutant iPSC-derived NPCs (Mut: p.C723Sfs, n=3
experiment). B, Example volcano plot. Points on top-right and top-left corners are considered the most
promising genes (P<0.05, logzFoldchange>1.5). C, Association network diagram between feature sets through
GO analysis. All those feature sets of GO were enriched through downregulated genes (LogzFoldChange<-1.5,
p value>0.05) in mutant neurospheres. D, Pathview of WNT signaling pathway through GSEA analysis. Gene
involved in WNT signaling pathway were showed in different colors, which the upregulated genes were
marked with red, downregulated gene were labelled with green, and other genes were marked with gray. E,
Decreased expression of several WNT genes (WNT3A, WNT4, WNT7A, WNT7B, WNT8B, WNT10B) in
mutant hiPSC-derived NPCs were validated by quantitative RT-PCR. GAPDH was used as the internal

reference and expressions were normalized by control iPSC-derived NPCs.
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Figure S7. Quantification analysis of iPSC-derived
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neural rosettes and NPCs treated with LiCl or

A-F The quantification analysis of rosette diameter (A), rosettes number (B) in Fig 6A, BrdU* cells (C) and

Ki67* cells (D) in Fig 6B, DCX* cells (E) and TUJ1* cells (F) in Fig 6C. The data of at least three independent

experiments were analyzed by Student's t test; *p<0.05, **p<0.01 and ***p<0.001.
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Figure S8. Abnormal cortical development in Mark *- mice is rescued by LiCl

A-B, Representative images of immunofluorescence staining for BrdU/SOX1, BrdU/TUJ1 (A), and
CTIP2/SATB2 (B) in the mouse embryonic cortex (E18.5) from three groups: Mark2** mice (WT=4), untreated
Mark2*- mice (HET=4) and LiCl-treated () Mark2*- mice (HET+LiCI=4), L1, L2-4, L5, L6 and |1Z were marked
to point out layers 1-6 and intermediate zone of mouse neocortex. Thick red dotted line was used to point out
the CTIP2" layer in L2-4, and thick green dotted lines was used to point out the SATB2* layer, and thin red
dotted line was used to point out the border of L6 with farthest CTIP2* cells located. D-l, Quantification
analysis of the data in A-B, including the numbers of SOX1* cells (D), BrdU* cells (C), TUJ1* cells (E),
thickness of CTIP2* layer (F, thick red dotted line), SATB2* layer thickness (G, thick green dotted line),
proportion of CTIP2* cells (H), and proportion of SATB2* cells (I). The data of at least three independent

experiments were analyzed by Student's t test; *p<0.05, and **p<0.01. ns: not significant. scale bar = 50 ym.



METHODS

Behavioral and memory tests

All mice used for the behavioral tests were male mice aged 8-12 weeks (n=8 per group), and all tests were
performed between 09:00 and 17:00. Videos of the behavioral tests were analyzed by EthoVision XT 14
(Noldus).

Open field test

The open field test was conducted in a 50 x 50 x 50 cm box. A test subject was placed in the center of the box,
and its behavior was video recorded for 5 min by a camera positioned directly above the box. Total distance
and speed were quantified during video recording. A 30 cm square was delineated as the center zone.
Elevated plus maze test

Each mouse was placed in the central area of the elevated plus maze facing one of the open arms. The mice
were allowed to explore the maze for 5 min, and the time spent in the open arm was calculated with
EthoVision XT 14.

Three-chamber test

Two weeks before testing, subject animals and stimulus animals (female C57BL/6 mice aged 3-4 months)
were housed alone in individual clean cages in the testing room. The test was performed in a novel, clean box
(72 cm length x 72 cm width x 36 cm height) during the light phase. A subject mouse was placed in the empty
apparatus and allowed to habituate to the three chambers, which contained two transparent bottles with holes
(9 cm in diameter, 12 cm high), for 15 min. After habituation, one female stimulus mouse was placed in one of
the transparent bottles in the right chamber, and the subject mouse was placed in the middle chamber and
allowed to explore for 15 min. The subject mouse was then returned to its home cage. Then, another unknown
female mouse was placed in the bottle in the other chamber (left) of the test box; the subject mouse was
placed back in the test box equidistant from and facing the familiar and novel female mice. Interactions
between the subject mouse with the familiar and novel female mice were videotaped for 15 min. Sniffing times
were recorded and analyzed.

Novel object recognition test

A mouse was placed as in an open field test arena facing a wall and allowed to freely explore for 5 min. After a

short rest in its home cage, the mouse was placed in the box again facing two identical objects (5 cm away



from the walls) and allowed to explore for another 10 min exploration (T1). After a 60-min rest period, the
mouse was placed in the box again facing two objects (a novel one and one that was present in T1) and
allowed to explore for another 10 min (T2). The recognition index was calculated and analyzed.
Marble-burying test

Mice were individually placed in Plexiglas cages containing 5-cm-deep fresh bedding, and then 20 black glass
marbles (15 mm diameter) were gently placed in a 4 x 5 arrangement at equal distances. Testing was
conducted for 30 min. After the test period, buried marbles were counted. Marbles were considered buried if at
least one half was covered with bedding.

Grooming test

The grooming task consisted of 15 min of habituation followed immediately measurement of grooming
behavior for 15 min. Mice were individually placed in novel Plexiglas cages (45 cm x 22 cm). The time spent
grooming the genitals, tail, paw, leg, body and head was recorded in seconds.

Y-maze test

Mice were placed in one arm of the Y-maze apparatus (20 cm high, 50 cm long, and 10 cm wide at the bottom)
and allowed to explore freely for 10 min. A correct spontaneous alternation was defined as the successive
entry of a mouse into the three arms in overlapping triplet sets. The spontaneous alternation percentage (%)
was calculated as the number of successive triplet sets (consecutive entries into three different arms)/total
number of arm entries minus 2) x100.

Barnes maze test

The apparatus was a rotatable gray acrylic disc (1.22 m in diameter) elevated 0.58 m above the floor with 20
holes (5 cm diameter, 2cm away from the edge) equally spaced along the perimeter. The apparatus was
brightly lit (600 lux). Only one hole in the maze top led to a removable hiding box, which was situated directly
below the escape hole. On the first day, a mouse was placed in a transparent cylindrical start chamber (10.5
cm), and 30 s after the onset of a buzzer sound (85 dB), the chamber was lifted, and the mouse was allowed
to freely explore the maze. The trial ended when the mouse entered the hiding box or after 3 min had elapsed.
Mice that did not find the hiding box by the end of the 3-min period were gently guided to the escape hole by
the investigator. Immediately after the mouse entered the hiding box, the buzzer sound was turned off, and
the mouse was allowed to stay in the hiding box for 1 min. On the second day, the mouse was placed in a
black square-shaped start chamber (10.5 cm), and 15 s after the onset of a buzzer sound (85 dB), the

chamber was lifted, and the mouse was allowed to freely explore the maze. The trial ended when the mouse



entered the hiding box or after 2 min had elapsed. Immediately after the mouse entered the hiding box, the
buzzer sound was turned off, and the mouse was allowed to stay in the hiding box for 1 min. The experiment
was repeated three times for each mouse. The procedure performed on the second day was conducted twice
on the third day. On the fifth day, the subjects were placed in a black square-shaped start chamber (10.5 cm),
and 15 s after the onset of a buzzer sound (85 dB), the chamber was lifted, and the mouse was allowed to
freely explore the maze. The trial ended when the mouse entered the hiding box or after 2 min had elapsed.
Immediately after the mouse entered the hiding box, the buzzer sound was turned off. The movements of the
animals in the maze were digitally recorded.

Morris water maze test

A 120 cm diameter, 45 cm deep Morris water maze was filled with water, which was made with nontoxic white
paint, to a depth of 25 cm. An escape platform (diameter 13 cm) was hidden 1 cm beneath the surface of the
water in the center of one of the quadrants of the water tank. Four extra-maze cues, i.e., different shapes,
were placed at equal distances on the wall surrounding the water tank. The water temperature was adjusted
to 21+£1°C. The mice were trained to find the escape platform in four trials per day for 6 consecutive days. In
each trial, a mouse was placed in a randomly chosen quadrant and allowed to swim for up to 1 min to find and
climb on the platform. If it failed to find the platform within that time, it was guided to the escape platform and
kept there for 15 s. A probe test was conducted 24 h after completion of training. In the probe test, the platform
was removed from the pool, and behavior was recorded for 60 s. Latency to reach the platform and time spent

in the platform quadrant were recorded.
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