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Intellectual disability (ID) is a neurodevelopmental disorder defined by below-average intelligence (intelligence quotient of <70) accompanied by

adaptive behavior deficits. Defects in the functions of neural stem cells during brain development are closely linked to the pathogenesis of ID. To

understand the molecular etiology of ID, we examined neural stem cells from individuals with Duchenne muscular dystrophy (DMD), a genetic

disorder in which approximately one-third of the patients exhibit ID. In this study, we generated induced pluripotent stem cells from peripheral

blood mononuclear cells from a normal individual and DMD patients with and without ID to identify ID-specific functional and molecular ab-

normalities. We found defects in neural ectoderm formation in the group of DMD patients with ID. Our transcriptome analysis of patient-derived

neural stem cells revealed altered expression of genes related to the hippo signaling pathway and neuroactive ligand-receptor interaction, implicat-

ing these in the pathogenesis of ID in patients with DMD.

Key words: Intellectual disability, Duchenne muscular dystrophy, Induced pluripotent stem cell, Gene expression

INTRODUCTION

Intellectual disability (ID) is characterized by significant impair-
ments in both intellectual functioning, such as reasoning, learning,
and problem solving, and adaptive functioning in the activities of
daily living, including social and practical skills. As the onset of ID
is during childhood (before the age of 18 years), it is characterized
as a developmental disorder [1, 2]. Although the incidence rate of
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ID continues to increase in children [3], the detailed mechanisms
underlying the pathogenesis are still not fully understood. Recent
evidence shows that the onset of ID and other neuropsychiatric
diseases corresponds to neurodevelopmental defects caused by
alteration of the physiological functions of neural stem cells (NSCs)
[4, 5]. For example, altered expression of the genes associated with
neurogenesis, myelination, and neural lineage differentiation has
been noted in genetic diseases accompanied by 1D, such as Down
syndrome, fragile X-syndrome, and other X-linked psychiatric dis-
orders [6-9].

The X-linked neuromuscular disorder Duchenne muscular dys-
trophy (DMD) is a severe type of muscular dystrophy that primar-
ily affects males [10]. Males with DMD show higher incidence of
ID (26~30%) and other neuropsychiatric diseases, such as autistic
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spectrum disorder, hyperactivity, and attention deficits (21~44%),
compared with incidence rates in healthy children in the general
population [11, 12]. ID and other neuropsychiatric syndromes
in children with DMD result from the suppressed expression of
dystrophin protein variants such as Dp71 in the brain and Dp140,
the variant predominantly expressed in the central nervous system
(CNS) during fetal development [12, 13]. Mice lacking full-length
dystrophin (Dp427) and its variants, including Dp71, exhibit
abnormal synaptic structures and synaptic plasticity in the hippo-
campus and the prefrontal cortex [14-16].

In this study, we generated induced pluripotent stem cells (iPSCs)
using peripheral blood mononuclear cells (PBMCs) from a nor-
mal individual and from children with DMD with or without ID.
The NSCs from these were analyzed to investigate the molecular
signatures of ID-associated brain abnormalities during develop-
ment. Specifically, we compared the patterns of gene expression in
NSCs derived from patients with DMD (group with ID versus the
group without ID) by transcriptome analysis.

MATERIALS AND METHODS

Human PBMC samples

A normal individual and DMD patients (with and without ID)
were recruited with proper approval of Institutional Review Board
(IRB) for a series of medical actions. Peripheral blood mononucle-
ar cells (PBMCs) derived from the individuals were received from

Samsung Medical Center (Seoul, Republic of Korea).

iPSC formation

iPSCs were generated from PBMCs derived from normal in-
dividual and DMD patients according to a previous report [17].
Briefly, cultured PBMCs were reprogrammed with a CytoTune—
iPS 2.0 Sendai reprogramming kit (Invitrogen), which contains
Yamanaka factors (Oct4, Sox2, Klf-4, and c-Myc). For reprogram-
ming, 2.5x10° PBMCs were infected with each virus at a multi-
plicity of infection of 10.iPSC colonies formed from the infected
PBMCs were isolated and maintained for subsequent character-
ization. Karyotyping analysis of iPSCs was performed by Gendix,
Inc. (Seoul, Republic of Korea) using the GTG banding method.

Immunofluorescent staining

Cells cultured in well plates were fixed with 4% paraformalde-
hyde solution (PFA) at room temperature for 20 min and stained
as described previously [18]. Primary antibodies used for stain-
ing included anti-NANOG (Invitrogen), anti-OCT4 (Santa Cruz
Biotechnology), anti-TRA1-60 (Merck Millipore), anti-TRA1-81
(Merck Millipore), anti-SSEA3 (R&D systems), anti-SSEA4 (R&D
264
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systems), anti-NESTIN (abcam), anti-SOX2 (R&D systems,), anti-
GATA4 (Santa Cruz Biotechnology), and anti-SMA (Sigma-Al-
drich) antibodies. Signals were visualized by labeling with fluores-
cence conjugated appropriate secondary antibodies: Alexa Fluor™
568-conjugated goat anti-mouse and anti-rabbit IgG (H+L) and
Alexa Fluor' 488-conjugated goat anti-mouse and anti-rat IgG

(H+L) (Invitrogen).

Teratoma formation and analysis

iPSC colonies in 60-mm dishes were harvested by the treat-
ment with collagenase IV (1 mg/ml; Gibco) and dispase (1 mg/ml;
Gibco). Harvested colonies were washed with ES basal medium:
DMEM/F12 (Gibco) containing nonessential amino acids (1%;
Gibco), penicillin-streptomycin (1%; Gibco), GlutaMAX (1%;
Gibco), and 2-mercaptoethanol (0.1%; Gibco). Then, colonies were
resuspended with Matrigel HC (Corning) mixed with same vol-
ume of ES basal medium. Colonies were injected subcutaneously
into the sides of 6-week-old BALB/c nude mice (DBL, Republic
of Korea) [19]. At 6 to 12 weeks after injection, formed teratomas
were collected from the injected sites and fixed with 4% PFA. Fixed
teratomas were dehydrated in 70% ethanol and processed for the
generation of paraffin blocks. Each block was sectioned at 5 pm,
and the slides were stained with hematoxylin and eosin for further

image analyses.

In vitro differentiation of iPSCs

iPSC colonies were detached by treatment with collagenase IV
(1 mg/ml) and dispase (1 mg/ml). Detached colonies were resus-
pended and maintained with differentiation medium (DMEM;
Gibco) supplemented with fetal bovine serum (10%; Gibco) and
penicillin-streptomycin (1%; Gibco) in low-attachment dishes.
After 7 days of culture in suspension, formed embryoid body (EB)
spheres were collected and plated on gelatin-coated (2%; Sigma-
Aldrich) plates. After 7 days, the attached cells were fixed with 4%
PFA for further analyses [20,21].

EB and NSC formation

Human EBs and NSCs were formed as previously described [22].
Briefly, iPSCs were detached and cultured in suspension for 6 days.
To form EBs, detached iPSC colonies were cultured in suspension
with DMEM/F12 medium supplemented with knockout serum
replacement (10%; Gibco) and penicillin-streptomycin (1%). EB
spheres were attached to Matrigel (1%; Corning) -coated culture
plates and maintained with NSC medium until appropriately sized
neural rosettes were formed. NSC medium was supplemented
with B-27 (2%; Gibco), N-2 (1%; Gibco), basic fibroblast growth
factor (bFGF; 20 pg/ml; Gibco), and penicillin-streptomycin
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en

Altered Neural Stem Cell Gene Expression in ID

(1%) in DMEM/F12. To form neurospheres, neural rosettes were
detached mechanically and cultured in suspension with NSC me-

dium.

RNA sequencing

For RNA sequencing (RNA-seq), RNA samples were analyzed
using an Agilent 2100 Bioanalyzer system (Agilent Biotechnolo-
gies). RNA samples with high quality (RNA integrity number
>7.5) were used for the subsequent mRNA sample preparation
for sequencing. Libraries were prepared using an [llumina TruSeq
library preparation kit as per the manufacturer’s specifications.
RNA-seq was performed on Illumina HiSeq 2500 machines (Illu-
mina) using the standard Illumina RNA-seq protocol with a read
length of 2x100 bases [23].

Bioinformatic analysis

The quality of sequencing data was evaluated with NGS QC
Toolkit v2.3.3. Adapters were removed using Cutadapt v1.18 with
default settings, and low-quality sequences were also trimmed
via Sickle v1.33 with a Phred quality threshold score of 20. The
trimmed reads containing any ambiguous character (such as N)
and less than 50 bp were excluded. After preprocessing of raw
reads, the clean reads were mapped to the reference genome with
HISAT2 v2.0.5 with default parameter settings, and StringTie
v2.1.0 was applied using the reference annotation file to estimate
the expression levels of all genes and transcripts. For the calcula-
tion of differentially expressed genes (DEGs), Cuftdiff v2.2.1 dif-
ferences according to fragments per kilobase per million (FPKM)
values showing at least 2-fold changes with the p values lower than
0.05 were considered significant. Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis was per-
formed using WebGestalt v0.4.4 R package [24].

Western blotting

Western blotting was performed as described previously [18]
using the following antibodies: anti-YAP (Cell Signaling Technol-
ogy), anti-phospho-YAP (Cell Signaling Technology), and anti-
GAPDH (Cell Signaling Technology). To detect the signals, appro-
priate horseradish peroxidase-conjugated secondary antibodies

Table 1. Participants in this study

were used and visualized with Pierce"™ ECL Western blotting
substrate (Thermo Fisher).

gRT-PCR

Total RNA was isolated from NSCs using Trizol (Thermo
Fisher). Quantitative real-time PCR (qRT-PCR) was performed
with cDNA synthesized using TOPscript'™ RT DryMIX (En-
zynomics) and specific primers. The reactions were performed
with SYBR green master mix (Applied Biosystems) according to
the manufacturer’s directions. A StepOnePlus™ real-time PCR
system (Applied Biosystems) was used. All results were normal-
ized to the value for GAPDH. The following primers were used:
GDF6 (forward, 5-ACCAGGAACTGGCAACCTTC-3’; re-
verse, 5 -TAATGCACCTCCGTGTCAGC-3"), ADCYAPIR1
(forward, 5-TCTCATCCTGGAGGAAATGG-3’; reverse,
5-TGTCAAGCAGGGTGACAGAG-3’), and GAPDH (forward,
5-GAATGGGCAGCCGTTAGGAA-3’; reverse, 5-AGGAGA-
AATCGGGCCAGCTA-3)).

Statistical analysis

Results are shown as the means+standard errors of the means
(SEMs). Statistical analysis was performed using one-way ANOVA
with Bonferronis and Dunnetts post hoc test. p values of <0.05

were considered significant.
RESULTS

iPSC generation from PBMCs from children with DMD

We generated iPSCs using PBMCs from children with DMD (two
with ID and two without ID) and from a normal individual (Table
1). To examine whether PBMC-derived iPSC colonies formed via
Yamanaka factors (OCT3/4,50X2, KLF4, and C-MYC) show the
characteristics of pluripotent stem cells, the colonies were stained
for OCT4, NANOG, SSEA3/4, and TRA1-60/1-81. These plu-
ripotency markers were well expressed in iPSC colonies formed
from all samples (Fig. 1A). As reprogramming of somatic cells
often causes chromosomal mutation, we performed a karyotyping
analysis. No chromosomal abnormality was observed in any of the
iPSCs (Fig. 1B). To further verify the pluripotency of iPSCs, the

ID Disease Intellectual disability Age Sex (M/F)
Normal - - 46 M
DMD 1 Duchenne muscular dystrophy Y 4 M
DMD2 Duchenne muscular dystrophy Y 5 M
DMD3 Duchenne muscular dystrophy N 12 M
DMD4 Duchenne muscular dystrophy N 10 M
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Fig. 1. iPSCs derived from DMD patients with ID show defects in neural ectoderm formation. (A) Immunofluorescence staining shows that stem cell
markers (OCT4, NANOG, SSEA3/4, and TRA 1-60/1-81) are well expressed in the iPSCs generated from all five individuals. (B) Karyotyping analysis
data show normal karyotypes in iPSCs derived from all five participants. (C) Hematoxylin and eosin staining of teratomas shows that iPSCs from all
individuals were able to differentiate into the three germ layer types (endoderm, mesoderm, and ectoderm). However, fewer neural rosettes (arrowheads)
were formed by cells derived from DMD patients with ID (W/ID) than from those from a normal individual or DMD patients without ID (W/O ID). (D)
Immunofluorescence staining of teratomas shows neural rosettes in teratomas successtully expressed NESTIN and SOX2. Scale bars: (A) 50 um, (C, D)
100 pm. Values denote means+SEMs. One-way ANOVA with Bonferronis post hoc test. ***p<0.0001.
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colonies derived from all five individuals were subcutaneously in-
jected into nude mice to induce teratoma formation. The injected
iPSCs from all individuals were able to form teratomas of compa-
rable size (0.5~1.7 cm diameter; data not shown) comprising the
three germ layers, namely, endoderm, mesoderm, and ectoderm
(Fig. 1C, 1D). We also found that the markers for these germ layers,
including GATA4 (endoderm), SMA (mesoderm), and NESTIN
and SOX2 (ectoderm), were well expressed in the cells spontane-
ously differentiated from EBs in representative individuals from
normal and DMD groups with/without ID (Fig. 2). Collectively,
these data demonstrate that iPSCs were successfully generated

from all participants.

iPSCs derived from children with ID show defects in neural
lineage differentiation

iPSCs derived from patients with neurological diseases often
show defects in neural lineage differentiation [25]. To examine
whether the differentiation potential was changed in iPSCs from
DMD patients with ID, we quantified the number of neural ro-
settes in isolated teratomas. We found significantly fewer neural
rosettes in teratomas derived from the DMD patients with ID
(DMD1 and DMD2) than in those from DMD patients without
ID (DMD3 and DMD4) and the normal control (Fig. 1C). To
examine whether these neural rosettes were composed of NSCs,
adjacent sections of teratomas were immunostained with NESTIN
and SOX2 antibodies. We found clear expression of both NESTIN
and SOX2 in neural rosettes (Fig. 1D). In addition, we also found

A

[ ipscs

| Embryoid bodies (EBs) I Neural rosettes | Neurospheres ]

DMEM with 10%FBS
no growth factor

B GATA4 (endo)

DMD 3-5
(W/O ID) Normal 1-5

DMD 1-5
(W /1D)
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SMA (meso)

Staining with
markers for three germ layers

NESTIN (ecto) SOX2 (ecto)

Fig. 2. iPSCs derived from all three groups successfully differentiated into the three germ layers in vitro. (
cedure to induce spontaneous iPSC differentiation in vitro. (B) lmmu110ﬂu0resgence labeling data show that EBs sp()ntane()usl) differentiated from the
representative iPSC clones from a normal individual (Normal 1-5), DMD patient without ID (DMD 3-5), and DMD patient with ID (DMD 1-5) were
positively labeled GATA4 (endoderm), SMA (mesoderm), NESTIN and SOX2 (ectoderm). Scale bar, 50 um.

A) Schematic diagram shows the detailed pro-
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Normal DMD3 DMD4 DMD1 DMD2
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Fig. 3. Gene expression patterns of NSCs differ between DMD patients with and without ID. (A) Schematic diagram shows overall procedure of NSC
formation from iPSCs. bFGE basic fibroblast growth factor; KOSR, knockout serum replacement. (B) RNA-seq data show that NSC marker NES was
well expressed in NSCs derived from all individuals, whereas the mRNA level of the marker for early-stage neurons (7UBB3) was lower in the individu-
als with DMD with ID (DMD1 and DMD?2) than in those without ID (normal, DMD3,and DMD4). (C) Cluster dendrogram shows that DMD patients
with ID (DMD1 and DMD2) clustered separately from the individuals without ID. (D) Heatmap shows differential gene expression pattern between
those with ID (DMD1 and DMD2) and the DMD patient without ID (DMD3). Scale bar: (A) 100 pm.

defects in axon formation in neurons derived from the DMD pa-
tients with ID compared with the ones from the patients without
ID (unpublished data).

To understand the abnormalities in neural lineage differentia-
tion at the molecular level, we performed transcriptome analysis
using NSCs (neurospheres) generated from the iPSCs through the
formation of EBs and neural rosettes (Fig. 3A). The levels of NES
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(encoding NESTIN, a marker of NSCs) were comparable between
neurospheres from DMD patients with and without ID, whereas
the expression of TUBB3, a marker for early-stage neurons, was
lower in the neurospheres from DMD patients with ID than in
samples from those without ID. Although the level of SOX2 (a
marker of NSCs) was lower in neurospheres from DMD patients
than in those from a normal individual, no difference was found

https://doi.org/10.5607/en21008
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Table 2. mRNA levels of neural lineage cell markers in NSCs derived from a normal individual and DMD patients with/without ID

Normalized expression
Cell type Gene
Normal DMD3 DMD4 DMD1 DMD2

Neuron DCX 8.04526 15.1402 10.1815 10.8204 3.89087
MAP2 32.6147 30.3051 34.0096 19.3397 35.3675
NEUROG]I 4.7724 1.89539 2.02749 1.80784 0.627869
NEUROG2 3.76322 0.328347 1.43081 0.833755 1.58182
NEUROG3 0.058355 0.053428 0 0 0

Glia S100B 6.43223 3.96549 1.51845 1.52705 8.90372
GFAP 0.086698 0.059582 0.062215 0.100841 0.060418
VIM 1,240.69 1,171.03 861.344 1,382.02 720.448
OLIG1 0.839448 0.411992 0.947939 2.20389 0.250711
OLIG2 0.458501 0.395369 0.774859 0.577222 0.225543

between the DMD patients with and without ID (Fig. 3B). How-
ever, we did not find a significant difference in gene expression of
markers for later-stage neurons and glial cells among the groups
(Table 2). These results indicate the presence of defects in the for-
mation of neural ectoderm and neuronal differentiation for cells
from DMD patients with ID.

Gene expression pattern was altered in NSCs derived from
DMD patients with ID

To assess the dissimilarity between the DMD patients with ID
and those without ID, we next performed a hierarchical clustering
analysis of the transcriptome data. NSCs from the DMD patients
with ID (DMD1 and DMD2) clustered separately from the sample
from a DMD patient without ID (DMD3), whereas the sample
from the other DMD patient without ID (DMD4) clustered with
the sample from the normal individual instead of the samples
from DMD patients (Fig. 3C). According to these clustering data,
we used DMDI, -2, and -3 for the following analyses to identify
ID-specific alteration of gene expression in the DMD disease
condition. Our DEG data show that 374 genes were differentially
expressed (>2- or <0.5-fold change) between the samples from
DMD patients with ID (DMD1 and -2) and those from the DMD
patient without ID (DMD3) (Fig. 3D). These data show an altered
gene expression pattern in the NSCs derived from DMD patients
with ID.

Intracellular signaling pathways are altered in NSCs from
DMD patients with ID

To determine the key signaling pathways responsible for ID
pathogenesis in DMD, we next performed a pathway analysis us-
ing DEGs from RNA-seq data from DMD patients with and with-
out ID. A KEGG pathway enrichment analysis revealed altered
expression of genes in various signaling pathways (Fig. 4). The

highest increase in expression was for hippo signaling pathway-

https://doi.org/10.5607/en21008

related genes, and the greatest decrease in expression was for the
genes involved in neuroactive ligand-receptor interactions (with
the highest gene counts and the lowest p values; Fig. 4A and Table
3). In this analysis, we found 6 commonly upregulated hippo
signaling genes and 11 commonly downregulated neuroactive
ligand-receptor interaction genes in both DMD1 and DMD2
compared with expression levels in DMD3 (Fig. 4B and Table 4).

To examine whether the activity of the hippo signaling pathway
was altered in NSCs from the DMD patients with ID, we next ana-
lyzed the phosphorylation level of YAP, which is a known effector
molecule of this pathway. We found that the level of phospho-YAP
was higher in NSCs from the DMD patients with ID than in cells
from individuals without ID (Fig. 5A). An upregulation of the hip-
po signaling pathway was further supported by qRT-PCR, which
showed a significant increase of GDF6 in DMD1 and DMD2
(p<0.0001). We could not find significant increase of the other
genes (Fig. 5B). Furthermore, mRNA expression of ADCYAPIRI
was significantly decreased in DMD1 and DMD2 (p<0.0001) but
not the other genes (Fig. 5C). These data show that hippo signaling
pathway and neuroactive ligand-receptor pathway have an impli-
cation of ID pathogenesis in DMD patients.

DISCUSSION

In this study, we sought to identify genes and signaling pathways
associated with ID pathogenesis in children with DMD using
patient-derived iPSCs and NSCs. Here, we demonstrate that cells
derived from DMD patients with ID show reduced neural ecto-
derm formation and expression of the immature neuronal marker
TUBB3. Our data are consistent with a previous study reporting
reduced proliferation and survival of NSCs from dystrophin-
deficient mdx mice, a well-known genetically engineered animal
model of DMD [26]. Accordingly, several dystrophin variants are

closely associated with the multilineage differentiation potential of
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pathway to the total number of differentially expressed genes. The y axes indicate the signaling pathways. The color and the size of each dot represent the
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NSCs, ie., their ability to differentiate into neurons and glia [27].
We also found that neuronal differentiation was impaired in NSCs
derived from the DMD patients with ID compared with that for
NSCs from the patients without ID (data not shown). These data
demonstrate that dysregulation of the dystrophin complex inter-
feres with the functions of NSCs during neural development in

270 www.enjournal.org

the CNS. As the functions of neural precursors are closely linked
to the pathogenesis of ID in various genetic diseases, including
Down syndrome and fragile X-syndrome [28, 29], the abnormali-
ties of the neural ectoderm in the present study may represent a
causative factor for ID in children with DMD.

It is important to identify the signaling pathways and related

https://doi.org/10.5607/en21008
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Table 3. List of altered signaling pathways in DMD patients with ID versus in those without ID

Counts p-value Benjamini
Term (upregulated in ID) DMDI DMD2 DMDI DMD2  DMDI  DMD2
VS. Vs. Vs. VS. VS. VS.
DMD3 DMD3 DMD3 DMD3 DMD3 DMD3
hsa04390: Hippo signaling pathway 12° 12° 6.E-04 1.E-03 2.E-02 3.E-01
hsa04350: TGF-beta signaling pathway 10 6 1.E-04 6.E-02 7.E-03 8.E-01
hsa04610:Complement and coagulation cascades 8 5 9.E-04 1.E-01 3.E-02 8.E-01
hsa04310:Wnt signaling pathway 10 9 4.E-03 2.E-02 7.E-02 7.E-01
hsa04916:Melanogenesis 7 8 3.E-02 1.E-02 3.E-01 8.E-01
hsa04550:Signaling pathways regulating pluripotency of stem cells 8 - 3.E-02 - 3.E-01 -
hsa00350: Tyrosine metabolism 4 4 4.E-02 6.E-02 3.E-01 8.E-01
Counts p-value Benjamini
Term (downregulated in ID) DMDI DMD2 DMDI DMD2  DMDI  DMD2
VS. Vs. Vs. VS. VS. VS.
DMD3 DMD3 DMD3 DMD3 DMD3 DMD3
hsa04080: Neuroactive ligand-receptor interaction 15° 30° 2.E-05 1.E-08 4.E-03 3.E-06
hsa04924:Renin secretion 6 14 2.E-03 9.E-08 1.E-01 9.E-06
hsa00230:Purine metabolism 8 - 1.E-02 - 3.E-01 -
hsa04960:Aldosterone-regulated sodium reabsorption 4 6 2.E-02 8.E-03 4.E-01 7.E-02
hsa04022:cGMP-PKG signaling pathway 7 12 3.E-02 2.E-02 4.E-01 1.E-01
hsa04390:Hippo signaling pathway 6 - 6.E-02 - 7.E-01 -
hsa04270:Vascular smooth muscle contraction 5 11 8.E-02 5.E-03 8.E-01 6.E-02
hsa04020:Calcium signaling pathway 6 15 1.E-01 2.E-03 8.E-01 2.E-02

Table 4. List of commonly upregulated and downregulated genes in the DMD patients with ID compared with the group without ID

Fold change
Signaling pathway Gene
DMD1 vs. DMD3 DMD2 vs. DMD3

Hippo signaling pathway WNTSB 6.734365 9.551726
AFP 5.302346 22.71738
LEFI 3.75975 6.783691
BMP7 2.792583 4.386734
WNTI 2.571657 4.092676
GDF6 2482384 2.31685

Neuroactive ligand-receptor interaction GABRA2 0.127822 0.081282
CALCRL 0.248777 0.139321
SSTR1 0.300998 0.157976
ADCYAPIRI 0.248864 0.264498
GLP2R 0.274703 0.245571
TACRI 0.36375 0.263247
ADRB2 0.36718 0.319653
GRIA4 0.420563 0.208747
PTGFR 0.453914 0.269158
PTGER3 0.478967 0.35384
P2RY11 0.469736 0.478906

genes that are dysregulated under disease conditions as a means to
elucidate the molecular mechanism(s) underlying disease onset.
Our network analysis data reveal the suppression of ADCYAPIRI,
which is associated with cortical neurogenesis and neuronal mi-
gration during neocortical development [30] in NSCs from DMD
patients with ID. As cortical malformation often results in neuro-

https://doi.org/10.5607/en21008

logical/psychiatric diseases, including ID, in the majority of clinical
cases [31], dysregulation of these genes in NSCs may contribute to
ID pathogenesis in DMD.

In accordance with our network analysis data, an alteration of
genes related to neuroactive ligand-receptor interaction pathway is
noted in a database of patients with Down syndrome [32]. In addi-
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Fig. 5. Validation of altered gene expression in NSCs from DMD patients with ID. (A) The level of phospho-YAP was increased in NSCs from the DMD
patients with ID (DMD1 and DMD?2) compared with levels in those from a normal individual and the DMD patients without ID (DMD3 and DMDA4).

(B) Increase in GDF6 mRNA in DMD1 and DMD?2 was validated by qRT-

PCR. (C) Decreased mRNA expression of ADCYAPIRI was validated in

NSCs from the DMD patients with ID by qRT-PCR. All experiments were repeated twice. Values denote means+SEMs. One-way ANOVA with Dun-

netts post hoc test. *p<0.05, **p<0.0001.

tion, neurons derived from the iPSCs of patients with autism spec-
trum disorder accompanied by ID also show altered expression of
genes associated with the neuroactive ligand-receptor interaction
pathway [33].

The present study reveals that the expression of genes involved in
the hippo signaling pathway is increased in NSCs from individuals
with ID, implicating this pathway in the pathogenesis of this devel-
opmental disorder. Especially, GDF6, which shows increased ex-
pression in DMD patients with ID (DMD1 and DMD?2), has a role
in neural differentiation in the eyes and other CNS regions during
development [34]. The hippo signaling pathway is a well-known
oncogenic pathway in various types of tumors, including gliomas
[35-37], but also has a role in neurogenesis and gliogenesis during
CNS development [38]. In addition, hippo signaling in the brain is
dysregulated in neurodegenerative diseases, such as Huntingtons
disease and Alzheimer’s disease [39, 40], where increased signaling
results in reduced nuclear localization of YAP, an effector molecule
of this pathway. The altered neurological functions associated with
YAP are consistent with our current findings that implicate the
hippo signaling pathway in the pathogenesis of 1D. Future stud-
ies will be focused on investigating the roles of hippo signaling-
related genes and the additional genetic targets identified here in
the etiology of DMD-associated 1D.
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