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ORIGINAL RESEARCH

Association between ARID2 and RAS-MAPK pathway
in intellectual disability and short stature
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ABSTRACT

Background ARID2 belongs to the Switch/sucrose
non-fermenting complex, in which the genetic defects
have been found in patients with dysmorphism, short
stature and intellectual disability (ID). As the phenotypes
of patients with AR/D2 mutations partially overlap with
those of RASopathy, this study evaluated the biochemical
association between ARID2 and RAS-MAPK pathway.
Methods The phenotypes of 22 patients with either
an ARID2 heterozygous mutation or haploinsufficiency
were reviewed. Comprehensive molecular analyses were
performed using somatic and induced pluripotent stem
cells (iPSCs) of a patient with ARID2 haploinsufficiency
as well as using the mouse model of Arid2
haploinsufficiency by CRISPR/Cas9 gene editing.
Results The phenotypic characteristics of ARID2
deficiency include RASopathy, Coffin-Lowy syndrome

or Coffin-Siris syndrome or undefined syndromic ID.
Transient ARID2 knockout Hela cells using an shRNA
increased ERK1 and ERK2 phosphorylation. Impaired
neuronal differentiation with enhanced RAS-MAPK
activity was observed in patient-iPSCs. In addition,
Arid2 haploinsufficient mice exhibited reduced body size
and learning/memory deficit. ARID2 haploinsufficiency
was associated with reduced IFITM1 expression, which
interacts with caveolin-1 (CAV-1) and inhibits ERK
activation.

Discussion ARID2 haploinsufficiency is associated with
enhanced RAS-MAPK activity, leading to reduced IFITM1
and CAV-1 expression, thereby increasing ERK activity.
This altered interaction might lead to abnormal neuronal
development and a short stature.

INTRODUCTION

The Switch/sucrose non-fermenting (SWI/SNF)
complex is a member of the family of ATP-
dependent  chromatin-remodelling  complexes,
which facilitates DNA transcription, replication and
repair by increasing DNA accessibility." > Based on
the subunit composition, SWI/SWF can be divided
into two subcomplexes: the BRG1-associated factor
(BAF) and the polybromo-associated BAF (PBAF).
AT-rich interaction domain (ARID)1A or ARID1B
are core components of BAF, whereas ARID2 is
a core subunit of PBAF. SMARCA2 (BRM) and
SMARCA4 (BRG1) are mammalian homologues of

Young Hoon Sung,”® In-Jeoung Baek,>® Woo Hyun Shim,”®
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Germline heterozygous mutations in the genes
of the SWI/SNF complex were implicated in
neurodevelopmental disorders, including intellec-
tual disability (ID) and autism spectrum disorder.
The Nicolaides-Baraitser syndrome (NBS) is
caused by mutations in SMARCA2,® ¢ while the
Coffin-Siris  syndrome (CSS, OMIM135900)
and CSS-like phenotypes result from mutations
in ARID1A, ARID1B, SMARCA4, SMARCBI1 and
SMARCE1.”® Since the pathogenic variants of SW1/
SNF-associated genes manifest in classic CSS, NBS
and several other overlapping phenotypic spectra,
ranging from syndromic ID to severe atypical CSS,
the term ‘SWI/SNF-related intellectual disability
disorders (SSRIDD)’ was suggested.” 1

Recently, loss-of-function heterozygous muta-
tions in ARID2 were reported in patients with
ID, short stature and dysmorphic features.''™*
Notably, the ARID2-containing PBAF chromatin-
remodelling complex responds to ligands, such
as interferons, which are bound to its nuclear
receptor.”® ' IFITM1 expression (MIM, 604456) is
dependent on ARID2 expression and has an inverse
association with ERK activation.” IFITM1 inter-
acts with caveolin-1 (CAV-1) on cell membranes,
and this interaction subsequently inhibits ERK
activation.'®

Of note, a functional alteration, or gain-of-
function in ERK is the molecular hallmark under-
lying Noonan syndrome (NS; OMIM 163950) and
its related disorders, also referred to as RASop-
athy.” RASopathy is one of the most common
genetic disorder, characterised by dysmorphism,
congenital heart defects, postnatal short stature and
variable degrees of ID.?*** RASopathy results from
germline, gain-of-function and heterozygous muta-
tions of the genes encoding the components of the
RAS-MAPK signalling pathway.

In the current study, we evaluated the phenotypes
of patients with either an ARID2 heterozygous
mutation or with haploinsufficiency to identify
the overlapping phenotypes between RASopathy
and SSRIDD. Using the comprehensive molecular
analyses of somatic and stem cells of a patient with
ARID2 haploinsufficiency as well as the molecular
and behavioural analyses of a mouse model of
Arid2 haploinsufficiency, the biochemical associa-

doi:10.1136/ yeast SWI and SNF that are the catalytic subunits of ~ tion between ARID2 and RAS-MAPK pathway and
jmedgenet-2020-107111 BAF and PBAF.>* its relationship with ID was assessed.
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PATIENTS AND METHODS

Patients

The clinical and genetic findings were reviewed for patients with
either ARID2 haploinsufficiency or loss-of-function mutation
based on literature search.

In vitro transfection with shRNA

Skin fibroblasts (1.5x10° cells in 6-well plates) from a normal
subject were transfected using the G-Fection transfection reagent
(Genolution, Seoul, Korea) with 10nmol of each shRNA-
ARID2 (MIM: 609539) (5-CAGGAAUAGUGGAAAUAGAU
AGUGAUCUCUCACUAUCUAUUUCCACUAUUCCUGUU-3"),
shRNA-ANO6  (MIM:  608663)  (5’-GAAUAACAUACA
AGAAGUAUUAUUGUCUCCAAUAAUACUUCUUGUAUG
UUAUUCUU-3"), shRNA-TWF1 (MIM: 610932) (5’-GCUA
GAAAUUGUAGAAAGACAACUAUCUCUAGUUGUCUUU
CUACAAUUUCUAGCUU-3%) or non-specific control shRNA,
according to the manufacturer’s instructions.

Induced pluripotent stem cells establishment

Induced pluripotent stem cells (iPSCs) were established using the
fibroblasts from patient 1 and from a normal control from a
previous report,” as previously described.** The genomic dele-
tion was evaluated using a human whole-genome 4x 180K CGH
microarray.

ERK activation assay

The cells were starved for 24 hours prior to epidermal growth
factor (EGF) (10 ng/mL) or basic fibroblast growth factor
(FGF), 20 ng/mL) stimulation, as previously described.”®* The
levels of downstream signalling proteins were determined by
western blot analysis. Primary antibodies included anti-ERK2
(1:1000, Cell Signaling Technology, Beverly, Massachusetts,
USA), anti-Phospho-ERK antibodies (1:1000, Cell Signaling
Technology), anti-RSP6 (1:1000, Genetex, Irvine, California,
USA), anti-Phospho-RPS6 (1:1000, Genetex), anti-Akt (1:1000,
Cell Signaling Technology) and anti-Phospho-Akt (1:1000, Cell
Signaling Technology) antibodies. The relative ERK phosphor-
ylation ratios were quantified using the LabWorks 4.6 software
(UVP Products, Upland, California, USA) and normalised to
total RAS, MEK1 and ERK expression. The experimental anal-
yses were performed at least in triplicate.

Western blot analysis and immunofluorescence analysis

Total protein extracts (20 ug) were resolved using SDS-PAGE
(7.5%-10% vol/vol bisacrylamide-acrylamide mixed at a 37.5:1
ratio) and transferred on to nitrocellulose membranes and
immunoblotted using specific antibodies. Primary antibodies
included anti-ARID2 (1:300, Genetex), anti-CAV-1 (1:1000,
Genetex), anti-IFITM1 (1:1000, Genetex), anti-f-actin (1:2000,
Bioworld, Dublin, Ohio, USA) and anti-GAPDH (1:2000, Enzo
Life Sciences, Farmingdale, New York, USA) antibodies. Goat
polyclonal rabbit IgG (Genetex) or mouse IgG (Genetex) was
used as a secondary antibody. All experiments were performed
thrice, and the means from triplicates were presented.

Human iPSCs established from patient 1 were fixed with 4%
formalin at room temperature for 30 min, followed by permeabili-
sation in phosphate-buffered saline (PBS) containing 0.1% Triton
X-100, and blocking with 3% bovine serum albumin (Sigma-
Aldrich, St. Louis, Missouri, USA) for 1hour at room tempera-
ture. The samples were incubated overnight with the following
primary antibodies at 4°C: antibodies for OCT4 (1:200, Santa
Cruz Biotechnology, Dallas, Texas, USA), SOX2 (1:200, Cell

Signaling Technology), NANOG (1:200, Cell Signaling Tech-
nology), TRA-1-60 (1:200, Millipore), TRA-1-80 (Millipore),
NESTIN (1:100, Millipore), SOX1 (1:300, R&D Systems,
Minneapolis, Minnesota, USA), NCAD (1:200, BD Biosciences,
San Jose, California, USA), MAP2 (1:1000, Sigma-Aldrich) and
GFAP (1:1000, Abcam, Cambridge, Massachusetts, USA). Cells
were washed multiple times with PBS-T (0.1% Tween-20 in
PBS) and incubated with Alexa Fluor 488-conjugated or Cy3-
conjugated secondary antibodies (Invitrogen). Nuclei were
observed by staining cells with DAPI (D9542, Sigma-Aldrich) for
10 min. Fluorescence was analysed using fluorescence micros-
copy (Olympus, Tokyo, Japan).

RAS-GTP activity assay

Active RAS (RAS-GTP) was detected through Raf1-RBD immu-
noprecipitation using the RAS activation kit (Millipore, Bill-
erica, Massachusetts, USA) according to the manufacturer’s
instructions.

Generation of Arid2 knockout mice using CRISPR/Cas9

To list the possible single guide RNAs (sgRNAs) specifically
targeting mouse Arid2 gene, the genomic DNA sequence
(NC 000081 REGION: 96287522.96405463) was anal-
ysed using the web tool Benchling (https://benchling.com/).
An sgRNA (5-AGGCGCCTCCGGACGAGCGG-3’) down-
stream of the translation start site of the Arid2 gene showed a
minimum of four off-target sequences (data not shown), and
hence, was selected as a potentially specific sgRNA, based on
a previous report.”® Oligomers for the generation of an sgRNA
template (5" TAGGAGGCGCCTCCGGACGAGCGG-3’ and 5’-
AAACCCGCTCGTCCGGAGGCGCCT-3’) were annealed and
cloned into the Bsal sites of the pUCS57-sgRNA vector (Addgene
51132). For the in vitro transcription, the template DNA was
PCR-amplified using a pair of primers specific for the pUC57-
sgRNA vector (M13F, 5-GTAAAACGACGGCCAGT-3; pCAG-
RGEN-R, 5-GCACCGACTCGGTGCCACT-3), and the sgRNA
was synthesised using the MEGAshortscript T7 kit (Ambion)
according to the manufacturer’s instructions. Cas9 mRNA was
prepared by in vitro transcription from linearised pRGEN-
Cas9-CMV plasmid (ToolGen, Seoul, Republic of Korea) using
the mMESSAGE mMACHINE T7 Ultra kit (Ambion) according
to the manufacturer’s instructions. C57BL/6N and ICR mice
(Orient Bio, Republic of Korea) were used as embryo donors
and foster mothers, respectively, and CRISPR/Cas9-mediated
gene targeting in mice was performed as described previously
(online supplemental figure $2).*’

Measurement of the frontal cortex thickness and the
hippocampal volume

Ten each of adult Arid2*'~ and wild-type (WT) (+) mice were
selected to identify dysmorphology. To assess the morpholog-
ical changes Arid2™~ mice, high-resolution coronal T2-weighted
brain MRI was performed on the mice at the ages of 7-8 months
in each of 10 WT and Arid2*~ mice. The frontal cortex thick-
ness, total brain thickness and both hippocampi volume in
1.94 mm anterior from the bregma were measured using Image]
software, V.1.51 (Bethesda, Maryland, USA, https://imagej.nih.
gov/ij/).

Morris water maze test

The Morris water maze (MWM) consisted of a circular pool
(130cm in diameter, 35cm high) that was filled with water
and was made opaque by adding skim milk power. A platform
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(10cm in diameter) was submerged 1.5 cm below the surface of
the water, and a visual cue was placed near the platform. A video
recorder positioned in the ceiling was connected to a tracking
device (S-MART, Panlab, Barcelona, Spain). The animals were
released into the pool at different points during four trials. The
platform was then removed from the pool, and each animal was
released into the pool for 1min. The latency to first entry to
reach the hidden platform, the number of platform crossings and
total distance travelled were determined and analysed.

Open field test

The mice were placed in a square open field apparatus (35
cmx35 cm with 20 cm high walls), and their spontaneous loco-
motive activity was recorded for 10 min using a ceiling-mounted
video camera. Each animal was tested only once, and the area
was cleaned with 70% alcohol between tests. The total distance
travelled (cm) and the time spent outside the central area (20
cmXx20 cm) were analysed using a tracking device (S-MART,
Panlab).

Statistics

All statistical analyses were performed using SPSS V.21 for
Windows. Two-tailed independent t-tests were used to compare
the data between the two groups; p<0.05 was considered to be
statistically significant.

RESULTS

Clinical and genetic characteristics of patients with ARID2
haploinsufficiency

The clinical and genetic findings were reviewed for 22 patients
with either ARID2 haploinsufficiency or intragenic mutation
based on literature search (table 1 and online supplemental
material, table §1).1!1428-33

Table 1 Summary of clinical features of 22 reported patients with
12q12 deletion or ARID2 haploinsufficiency

12912-13.11  Intragenic ARID2
Clinical features deletions mutations P value
Intrauterine growth restriction 4/8 (50%) 4/13 (30.8%) 0.646
Short stature 6/8 (75.0%) 11/14 (78.6%) 1.000
Developmental delay or 8/8 (100%) 14/14 (100%) -
intellectual disability
Microcephaly 4/8 (50.0%) 114 (7.1%) 0.039
Facial dysmorphism
Coarse face 0/8 (0.0%) 5/14 (35.7%) 0.115
Frontal bossing 0/8 (0.0%) 6/14 (42.9%) 0.510
Down-slanting palpebral fissure 4/8 (50.0%) 6/14 (42.9%) 1.000
Ptosis 2/8 (25.0%) 2/14 (14.3%) 0.602
Broad nose 3/8 (37.5%) 3/14 (21.4%) 0.624
Low set and posteriorly rotated  8/8 (100%) 8/14 (57.1%) 0.051
ear
High arched palate or cleft 6/8 (75.0%) 4/14 (28.6%) 0.074
palate
Micrognathia or retrognathia 4/8 (50.0%) 8/14 (57.1%) 1.000
Congenital heart disease 3/8 (37.5%) 1114 (7.1%) 0.117
Skeletal abnormalities 718 (87.5%) 10/14 (71.4%) 0.613
Fifth finger clinodactyly and/or ~ 5/8 (62.5%) 7/13 (53.8%) 1.000
nail hypoplasia
Clinical diagnosis
Noonan syndrome or related 6/8 (75.0%) 2114 (14.3%) 0.008

disorders

Our patient (patient 1) belonged to the Korean RASopathy
cohort (figure 1A and online supplemental figure S1). The
patient was symptomatic for ID, short stature and had dysmor-
phic features with congenital anomalies. Dysmorphic cranio-
facial features were as followed: microcephaly, sparse hair
and eyebrows, strabismus, myopia, hypertelorism, epicanthal
folds, prominent upper lips, high-arched palate, low-set ears
and a low posterior hairline. Simian creases on both hands
and ichthyosis were also observed. Although RASopathy was
suspected, PTPN11, SOS1, KRAS, HRAS, NRAS, RAF1, BRAE
SHOC2, MAPK21, MAP2K2 and SPRED1 genes were normal.
Whole-exome sequencing was performed to exclude the possi-
bility of another genetic disorder causing developmental delay
(DD); however, a pathogenic, clinically relevant variant was
not detected, whereas the chromosome microarray revealed
that the patient 1 had a 3.7 Mb deletion at 12q12-13.11,
chr12:43005992-46669000 (hg19).

Five other patients (patients 2-4, 7, 21) were reported to
have deletions at chromosome 12q12-13.11, where ARID2 is
located.™ 273 32 In addition, two siblings (patients 5 and 6)
clinically diagnosed with NS had a balanced rearrangement
of chromosome 12; ins(12)(q12p11.2p12.3)*! (online supple-
mental table S1 and figure 1A). In these siblings, one chromo-
somal break point was predicted to split the ARID2 gene at
intron 3.

In addition, 14 patients (patients 8-20, 22) were reported to
harbour intragenic ARID2 mutations, including eight frameshift
mutations, four nonsense mutations and two large exonic dele-
tions''™'* 3% (online supplemental table S1 and figure 1B).

All 22 patients exhibited DD or ID along with a dysmorphic
face (table 1). Other commonly shared features were skeletal
abnormalities, including fifth finger clinodactyly (17/22, 77.3%)
and short stature (17/22, 77.3 %). Their clinical diagnoses were
heterogeneous, including RASopathy (8 patients), Coffin-Lowy
syndrome or CSS (1 patient) or undefined syndromic DD or
ID (13 patients). Regarding phenotypic differences between
patients with 12q12-13.11 deletion and intragenic ARID2 muta-
tions, microcephaly, low set and posteriorly rotated ear and clin-
ical diagnosis of NS or related disorders were more frequent in
the patients with 12q12-13.11 deletions.

ARID2 haploinsufficiency is associated with enhanced RAS-
MAPK pathway activity

To evaluate the downstream transcriptional effects of ARID2
haploinsufficiency, we performed transient ARID2 KO using
shRNA in HeLa cells. shRNA-ANO6 and shRNA-TWF1, which
are included in the deletion region, chromosome 12q12 of
patient 1, were selected as well to compare the effect of ARID2
knockout (figure 2A-C).

Since the RASopathy phenotypes were shared among patients
with ARID2 deficiency, enhanced activity of the RAS-MAPK
pathway, the biochemical hallmark of RASopathy, was investi-
gated. The phosphorylation of ERK2 (pERK2), which is one of
the final effectors in the RAS-MAPK pathway, increased signifi-
cantly after EGF stimulation (10 ng/mL for 10 min) in the Hela
cells treated with shRNA-ARID2, whereas the pERK2 activity
did not increase in those with shRNA-ANOG6 or shRNA-TWF1
(figure 2D-F). This enhancement was similar to the increase in
the pERK2 activity in fibroblasts of a patient with NS with a
PTPN11 mutation, p.Asn308Asp (online supplemental mate-
rial 1, figure S1). Conversely, the activities of AKT and RPS6,
which are the effectors of the AKT pathway and the mamma-
lian target of rapamycin (mTOR) pathway, respectively, did not
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Figure 1 Genomic alterations in the patients with either an ARID2 heterozygous mutation or haploinsufficiency. (A) Schematic representation of the

12911 region and genes within this region. The genomic alterations are 12g12-13.11 deletion (Chr12:43005992-46669000, patient 1), 12q12 deletion
(patient 2), 12912-013.12 deletion (patient 3), 12q11-q13 deletion (patient 4), 12q12 deletion (hg19 chr12:43,418,911-46,601,627, patient 7), 12q12-
13.11 deletion (hg19 chr12:46189641-47575801, patient 21) and ins(12)(q12p11.2p12.3) (patients 5 and 6). In the two siblings, patients 4 and 5, with
a balanced chromosomal rearrangement, ins(12)(q12p11.2p12.3), the break point on 12q12 was predicted to split ARID2 at intron 3. (B) ARID2 domain

structure and the location of previously published ARID2 mutations.

change after stimulation by EGF in the shRNA-ARID2-treated
cells (figure 2G,H).

ARID2 haploinsufficiency is related to reduced expression of
IFITM1 and CAV-1

IFITM1 (MIM, 604456) expression is dependent on ARID2
expression and inversely associated with ERK activation.'”
Additionally, IFITM1 interacts with CAV-1 on cell membranes,
which subsequently inhibits ERK activation.'® CAV-1 is known
to interact with PTPN11** and ERK.* Therefore, ARID2 haplo-
insufficiency is expected to reduce IFITM1 expression, and
the reduced interaction between IFITM1 with CAV-1 leads to
enhanced ERK activity. To validate this hypothesis, we assessed
the expression levels of IFITM1 and CAV-1 in fibroblasts from
patient 1 and observed that the expression of IFITM1 and CAV-1
reduced significantly in the patient’s fibroblasts compared with
that in normal fibroblasts stimulated by EGF (10ng/mL for
10 min) (figure 3A,B). Accordingly, the RAS-GTP/RAS ratio was
significantly increased compared with that in normal fibroblasts
(figure 3C).

Arid2 KO mice generated using CRISPR/Cas9: Arid2*'~ mice
have reduced body size, thin frontal cortex and large
hippocampus

The genomic DNA sequence of the mouse Arid2 gene
(NC_000081 REGION: 96287522.96405463) was selected
for CRISPR/Cas9-mediated gene targeting in mice, as described
previously.”” Founder mice with frameshift mutations in the
exon 1 of the Arid2 gene were identified using the following
primer pair: 5>-GCGTTTGAACCGCGATCT-3" and 5’-CAGG
GATCTTCTTAAACGGCG-3’. The parental Arid2 %'~ mice were
backcrossed into C57BL/6 for over three generations. Arid2™'~
mice were tail genotyped (online supplemental material, figure
S2). To exclude differences caused by sex, we used only male
mice. Ten adult A7id2*~ and 10 WT mice were selected to iden-
tify dysmorphology. A brain MRI scan was performed on mice
aged 7-8 months.

Arid2 expression was reduced in the testes of Arid2™'™ mice,
one of the major organs where Arid2 is known to be expressed.
We assessed the activity of the RAS-MAPK pathway by deter-
mining the levels of phosphorylated Shp2 (pShp2), Erk1 (pErk1)
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treated with shRNA-ARID2 under epidermal growth factor (EGF) (10 ng/mL) stimulation. (G, H) No significant changes in the activity of AKT and mammalian
target of rapamycin (mTOR) signalling pathway, which were represented by Akt and RSP6 levels, respectively, were observed after treatment with shRNA-
ARID2. The p value was determined by two-tailed independent t-test. *P<0.05.
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Figure 5 Arid2*"~ mice exhibited reduced body size and deficits in spatial learning and memory. (A) Facial morphology and body size of adult Arid2*/~

mice. (B) The axial T2-weighted images of the adult Arid2*~ mice. The vertical lines indicated by (1) and (2) represent total brain thickness and thickness of
frontal cortex, respectively. Arid2*"~ mice had thinner frontal cortex and larger hippocampus than wild-type (WT). (C) The results of Morris water maze test.
The latency of first entry to reach the hidden platform was longer, and the number of platform crossings was reduced in the adult Arid2*~ mice. The p value

was determined by two-tailed independent t-test. *P<0.05.

and testis, as revealed by the interorbital and pupillary distances
measured using MRI (figure 5A). However, the frontal cortex
thickness and the ratio of frontal cortex thickness-to-total brain
thickness were significantly reduced in Arid2*'~ mice compared
with those in the WT mice. The hippocampal volume and the
ratio of the hippocampus volume to the total brain weight were
higher in A7id2*'~ than in the WT mice (figure 5B).

Arid2*"~ mice exhibit deficits in spatial learning and memory
Hippocampal-dependent spatial learning and memory of the mice
were assessed in MWM task. There were no differences in the total
distances travelled in the MWM test between Arid2*'~ and WT mice
(mean=SEM,, 348.07+49.36cm vs 356.51+19.45cm, p=0.875).
However, the latency to first entry to reach the hidden platform
was longer in the adult A7id2%~ mice (mean=SEM, 35.28+6.99s
vs 14.02+3.89s, p=0.016), and the number of platform cross-
ings reduced significantly in the adult Arid2*'~ mice (mean=SEM,
1.60%0.62 vs 4.10+0.77, p=0.021), indicating memory-related
and learning-related defects in this group (figure 5C).

In the open field test, there were no differences in the total
distances travelled and the time in zone-periphery (mean=SEM,
2483.80+218.34cm  vs 2157.81%+93.66cm, p=0.187and
471.62+24.32s vs 454.20+12.81s, p=0.534, respectively)
between the adult Arid2*'~ and WT mice, indicating that the
Arid2™"~ mice did not exhibit anxiety-like behaviour.

Neural differentiation impairment in patient-iPSCs with
ARID2 haploinsufficient individuals

To assess ARID2 haploinsufficiency and ERK2 activity in early
neurodevelopmental stages, iPSCs were established using the
fibroblasts from patient 1 (patient-iPSCs) and from two types of
WT cells (WT1, hESCs and WT2, normal-iPSCs) from a previous
study,” as previously described.** The patient-iPSCs exhibited
typical ES-like round shape with clear boundary on mitomycin
C-treated mouse embryonic fibroblasts (MEFs) (online supple-
mental material, figure S3A) and highly expressed alkaline
phosphatase and representative pluripotent markers (OCT4,
SOX2, NANOG, Tra-1-60 and Tra-1-81) (online supplemental
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material, figure S3B,C). The cells had normal karyotypes (online
supplemental material, figure S3D) and had potential to differ-
entiate into three germ layer lineages including neural tissues,
secretory glandular tissues and chondroid tissues (online supple-
mental material, figure S3E). The genomic deletion of 3.7 Mb
at 12q12-13.11 (Chr12:43005992-46669000) was confirmed in
the genomic DNA from iPSCs of patient 1 using a human whole-
genome 4% 180K CGH microarray (online supplemental mate-
rial, figure S4). As in the fibroblasts, p-SHP2, activated HRAS
and p-ERK-to-ERK ratio were increased in the iPSCs of patient
1 compared with those in the normal control when the patient-
iPSCs were stimulated by basic FGF (20ng/mL) (online supple-
mental figure S5). In addition, patient-iPSCs exhibited reduced
CAV-1 and IFITM1 expression compared with normal control
(online supplemental figure S5).

To assess the neurological developmental process, the patient-
iPSCs were sequentially differentiated into embryoid bodies
(EBs), neural rosettes (NRs), neural precursor cells (NPCs)
and neural cells. The patient-iPSCs were differentiated to EBs
for 4 days. Patient-EBs exhibited mixed morphologies, such
as small round shapes or jagged appearances, compared with
WT-EBs (figure 6A). They were differentiated into NRs for 8
days. Patient-NRs had immature neuroepithelial structures and
showed low expression of neuroectodermal markers (NCAD,
SOX1 and SOX2 except to NESTIN) compared with WT
cells (figure 6B,C). When patient-iPSCs were incubated with
bone morphogenetic protein and transforming growth factor
beta inhibitors, the patient-iPSCs normally developed into
EBs without morphological differences (figure 6D) and clearly
differentiated into NRs, compared with WT-NRs (figure 6E).
However, patient-EBs exhibited activated p-ERK activity and
reduced CAV-1 and IFITM1 expression (figure 6F).

Patient-NRs followed usual developmental patterns and
developed to neurosphere made with NPCs similar with WT
cells (figure 6G). Representative neuroectodermal markers
(NESTIN, SOX1 and SOX2) were expressed in patient-NPCs
(figure 6H), whereas the p-ERK levels were higher in patient-
NPCs compared with those in WT NPCs (figure 61). The CAV-1
and IFITM1 expression was significantly decreased in patient-
NPCs (figure 61).

WT and patient-NPCs differentiated into neural cells for
21 days (figure 6]) and expressed a mature neuronal marker
(MAP2) without a glial marker (GFAP) (figure 6K). The p-ERK
activity was significantly higher in patient-neural cells compared
with that in the WT-neural cells (figure 6L). Additionally, the
patient-neural cells exhibited a significant reduction in CAV-1
and IFITM1 levels compared with WT-neural cells (figure 6L).

DISCUSSION

In this study, we demonstrated that the ARID2 genetic defect is
associated with variable human neurodevelopmental disorders
such as RASopathy, Coffin-Lowy syndrome, CSS or undefined
syndromic DD or ID. Using comprehensive molecular analyses,
we demonstrated that its haploinsufficiency is associated with
enhanced RAS-MAPK activity; ARID2 KO by shRNA resulted
in increased ERK activity that was associated with a reduc-
tion in IFITM1 and CAV-1 expression, thereby reducing ERK
inhibition. This association was observed in an animal model
for Arid2 haploinsufficiency as well, which exhibited reduced
body size and a learning/memory deficit as well as increased
Erk activity with a reduction in Ifitm1 and Cav-1 expression.
Finally, the iPSCs from a patient with ARID2 haploinsufficiency
exhibited abnormal neuronal differentiation. Notably, ARID2

haploinsufficiency was selectively associated with increased ERK
activation. No significant changes were observed in other signal-
ling pathways, such as the AKT and mTOR pathways.

The enhanced RAS-MAPK pathway is associated with 1D,
as the enhanced ERK signalling induces abnormal neuronal
organisation and connectivity during development and affects
long-term memory induction and the associated neuronal plas-
ticity.’® Therefore, it is plausible to hypothesise that ARID2
haploinsufficiency is associated with ID through enhanced ERK
activation. This hypothesis is supported by documentation of
the overlapping clinical phenotypes resulting from RASopathy
and ARID2 haploinsufficiency. RASopathy is marked by several
clinical features, including craniofacial dysmorphism (ie, hyper-
telorism, down-slanting palpebral fissures, ptosis and low-set
ears), cardiac malformation, ocular, cutaneous and musculoskel-
etal abnormalities and increased cancer risk. Additionally, vari-
able degrees of neurocognitive impairment, ranging from severe
to null learning disabilities, are common as well.*” Some indi-
viduals with ARID2 haploinsufficiency of intragenic mutations
exhibit facial features that overlap with those of individuals with
RASopathy (down-slanting palpebral fissures, frontal bossing,
low-set posteriorly rotated ear and micrognathia/retrognathia
DD and short stature).!" Conversely, as ARID2 is a part of the
SWI/SNF complex, patients with ARID2 mutations share pheno-
typical features with patients with CSS or SSRIDD, or CSS-like
features, as in the patients with ARID1A, ARID1B, SMARCA4,
SMARCB1 and SMARCE1 mutations’ ® '*!*: ID, short stature,
coarse face, hypertrichosis, sparse scalp hair, a short fifth finger,
nail hypoplasia and agenesis corpus callosum. The mouse model
used in this study exhibited these phenotypes partially. Although
facial dysmorphism was not apparent, ID and short stature were
observable.

IFITM1 and CAV-1 are the possible intermediaries between
ARID2 haploinsufficeincy and increased ERK activity as demon-
strated in patient’s skin fibroblast and patient-iPSCs. However,
the Ifitm1 expression was not reduced in the brain tissue of
Arid2 haploinsufficient mice, although reduced expression of
Cav-1 and increased Erk activity. In this regard, there might be
other links between ARID2 haploinsufficiency and ERK activity
and further studies are required.

The SWI/SNF complex plays a role in proper neurite outgrowth
and maintenance by regulating coordinated alterations between
the actin cytoskeleton and the microtubule network, which is
critical in normal neural development and brain function.® %
A previous study on Arid1b KO mice that exhibited anxiety-
like behaviour, social behaviour deficits and learning/memory
impairment, reported significantly reduced numbers and lengths
of cortical GABAergic interneurons with normal density and
distribution of pyramidal neurons, astrocytes and oligodendro-
cytes.*® In addition, Arid1b haploinsufficiency led to multiple
changes in genetic expression in the brain that were associated
with neural development as well as psychological behaviour and
developmental disorders.*' ** In our study, the Arid2 haploin-
sufficient mice displayed learning and memory deficits. The
reduced volume of hippocampus has been known to related to
learning/memory impairment, intellectual disabilities, however,
some studies reported bilateral hippocampal hypertrophy in
malformations of cortical development or neurodegenerative
disease.* ** Although we did not conduct a detailed histological
examination, the significant reduction in the size of the cerebral
cortex and a large hippocampal volume further support the role
of ARID2 in brain development.

Short stature and ID are common phenotypical features of
RASopathy, SSRIDD and ARID2 haploinsufficiency. In this

8

Kang E, et al. J Med Genet 2020;0:1-11. doi:10.1136/jmedgenet-2020-107111

‘ybuAdoo Aq
po108101d "WEPIBISWY UBA NBNSISAIUN Je 0202 ‘|2 JOqUISAON UO /wod (g Bwl/:dny woly papeojumoq 0202 4890100 €} UO ||1201-0202-1ouabpawl/9g| 1 0} Se paysignd isly :lousn pajy


https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
https://dx.doi.org/10.1136/jmedgenet-2020-107111
http://jmg.bmj.com/

Cognitive and behavioural genetics

-
E
= St 3 [ e
e E 08

o WIL W2 Patlent R r—
E 18

] — I
b 5
s o B o
b
o TOWTL wT2 matient WIL WT2 Ratient

E

WT1

Patient

WT1  WT2 Patient

e

W1 W2 Patiear W1 WIZ Panesm W1 W2 Fanent

IFITMYIGAPDH

WT1 WT2 Patient
verk[ e E

ERK| B === am

p-ERKIERK

CRC

Figure 6 The neural differentiation of induced pluripotent stem cells (iPSCs) generated form patient 1 fibroblasts. (A) The embryoid bodies (patient-
EBs) derived from patient-iPSCs exhibited aberrant morphologies on day 4 during EB maintenance. Scale bar, 500 pm. (B and C) Neural rosettes (NRs)
developed from patient-EBs revealed apparently immature neuro-epithelial structures and abnormal expression of neuroectodermal markers (NCAD, SOX1
and SOX2 except NESTIN). Scale bar, 20 ym. Relative band intensities were expressed as mean+SEM (n=3). (D) Patient-EBs recovered morphologically
when patient-iPSCs were incubated with bone morphogenetic protein (BMP) and transforming growth factor beta (TGFp) inhibitors (5 pM dorsomorphin
and 10 uM SB431542) for 4 days during EB formation. Scale bar, 100 pm. (E) Rescued patient-EBs normally differentiated into NRs that clearly expressed
neuroectodermal markers (NCAD, SOX1, SOX2 and NESTIN). Scale bar, 20 pm. (F) Patient-EBs exhibited elevated phosphorylated ERK activity and reduced
caveolin-1 (CAV-1) and IFITM1 expressions. (G) Patient-NRs developed normally into neural precursor cells (NPCs) that were round. Scale bar, 200 pm. (H)
Dissociated patient-NPCs expressed neuroectodermal markers including SOX1, SOX2 and NESTIN. Scale bar, 50 pm. (I) Patient-NPCs exhibited enhanced
p-ERK activity and reduced CAV-1 and IFITM1 expressions. Relative band intensities are expressed as mean+SEM (n=3). (J) Patient-NPCs ordinarily
differentiated into neural cells (patient-neural cells), as observed. Scale bar, 100 um. (K) Patient-neural cells expressed a mature neuronal marker (MAP2)
similar to WT-neural cells and did not express a glial marker (GFAP). Scale bar, 100 pm. (L) The Patient-neural cells also exhibited increased p-ERK activity
and reduced CAV-1 and IFITM1 expressions. Relative band intensities were expressed as mean+SEM (n=3). The p value was determined by two-tailed
independent t-test. *P<0.05, **p<0.01, ***p<0.001.
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study, the mouse model with Arid2 haploinsufficiency exhibited
reduced body weight and length. The growth hormone-releasing
hormone (GHRH)-growth hormone-insulin-like growth factor 1
(IGF-1) deficiency might be a major contributor of growth retar-
dation; reduced plasma IGF-1 protein levels along with normal
response to GHRH stimulation and no change in Gnrh mRNA
level in the hypothalamus.** ** *¢ Reduced IGF-1 level (105 ng/
mL, —1.21 SD score) was noted in the patient 1 as well.

In conclusion, ARID2 haploinsufficiency is associated with
enhancement of the RAS-MAPK pathway, which subsequently
contributes to the development of phenotypical features such as
ID and short stature in affected patients. In addition, the study,
for the first time, revealed the novel molecular connections
among neurodevelopmental genetic disorders, SSRIDD and
RASopathy, previously considered as distinct disease entities.
This might provide new insights for future studies on the devel-
opment of pharmacological interventions. Indeed, the reposition
of the medications targeting the intracellular signalling pathway
from oncological diseases into genetic dysmorphic disorders has
been shown successful in certain diseases such as neurofibroma-
tosis type 1 and PIK3CA-related overgrowth syndrome.*” *®
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