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Abstract

Intellectual disability in haploinsufficiency of ARID2 is associated with the gain of function 

of Ras-MAPK pathway signaling

Department of Medicine, the Graduate School of the University of Ulsan,

Seoul, Korea

Eungu Kang, MD

Directed by Han-Wook Yoo, MD, PhD

Introduction: Intellectual disability (ID) is a developmental condition related to impaired 

intellectual and adaptive cognitive behaviors. The underlying etiology is highly 

heterogeneous from single gene mutations to chromosomal abnormalities. The enhanced 

Ras-Mitogen activated protein kinase (MAPK) signaling pathway during development 

affects a neuronal organization and connectivity and results in a variable cognitive 

impairment in Noonan syndrome (NS) and NS-related disorders. The purpose of this study 

was to identify the causative gene in the patients with overlapping NS phenotype who had 

the 12q12-13.11 deletion. 

Methods: Transient knockout study using small hairpin RNA (shRNA) in HeLa cell was 

performed to evaluate the transcriptional effect of deleted genes. The activities of 

ERK1/ERK2, Akt, and RSP6 in shRNA-ARID2, and the expression of IFITM1 and 

Caveolin-1 (CAV-1) in patient’s fibroblast were measured by western analysis. To determine 

whether this gene was involved in the patient’s phenotype, we generated a deletion in exon 1 

of mouse Arid2 using CRISPR/Cas9 gene editing. 

Results: Transient ARID2 knock out with small hairpin RNA in HeLa cell showed 

increased ERK1/ERK2 activation, but not the activities of Akt and RSP6. Also, expression of 

IFITM1, which interacts with CAV-1 and inhibits ERK activation, is dependent on ARID2 

expression and the expression levels of IFITM1 and CAV-1 significantly decreased in the 

patient’s fibroblast. This suggested the ARID2 haploinsufficiency enhance Ras-MAPK 

signaling via decreased expression of IFITM1 and CAV-1. Arid2 haploinsufficient mice
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showed reduced body size and learning/memory deficit.

Conclusion: Our results suggested that ARID2 haploinsufficiency, which is associated with 

enhanced ERK activity, causes clinical features of 12q12 deletion. In addition, the Arid2 

haploinsufficiency in mice leads to growth impairment and learning/memory deficit. 

Key words: intellectual disability, Ras-Mitogen activated protein kinase (MAPK), 

Switch/sucrose non-fermenting (SWI/SNF) complex, ARID2
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Introduction

Intellectual disability (ID), which is a neurodevelopmental condition associated 

with impaired intellectual and adaptive function, has a prevalence of 2–3% in the general 

population (1, 2) . The causes of ID are highly heterogeneous and include environmental 

factors, single gene mutations, aneuploidies, segmental deletion or duplications, and 

epigenetic changes. Despite the identification of more than 750 genes known to be linked to 

ID, its genetic cause remains unknown in the majority of patients (3).

Noonan syndrome (NS; OMIM 163950) is characterized by facial dysmorphism 

(i.e., hypertelorism, down-slanting palpebral fissures, ptosis, and low-set ears), congenital 

heart defects, postnatal short stature, short and webbed neck, and chest deformities. Variable 

degrees of ID, lymphedema, hearing difficulties, bleeding diathesis, and cryptorchidism may 

also be observed. LEOPARD syndrome (OMIM 151100), Costello syndrome (OMIM 

218040), and cardio-facio-cutaneous syndrome (CFC; OMIM 115150) exhibit phenotypes 

that overlap with NS and are categorized as NS-related disorders (4-6). The molecular 

pathology underlying NS and NS-related disorders is a functional alteration, or gain-of-

function, in the Ras-Mitogen-activated protein kinase (MAPK) signaling pathway, which is 

involved in growth-factor mediated cell proliferation, differentiation, and apoptosis (7).

The Switch/sucrose non-fermenting (SWI/SNF) complex is one of a family of ATP-

dependent chromatin-remodeling complexes that facilitate DNA transcription, replication, 

and repair by increasing DNA accessibility (8, 9). The mammalian SWI/SNF complexes are 

composed of the protein at least 29 genes. Based on the subunit composition, SWI/SWF can 

be divided into two subcomplexes: the BRG1-associated factor (BAF) and polybromo-

associated BAF (PBAF). ARID1A or ARID1B are core components of BAF, whereas the

AT-rich interaction domain 2 (ARID2) is a core subunit of PBAF. SMARCA2 (BRM) and 

SMARCA4 (BRG1) are mammalian homologs of yeast SWI and SNF, which are the 

catalytic subunits of BAF and PBAF (10, 11). 

Mutations in genes that encode the proteins of the SWI/SNF complex cause 

neurodevelopmental disorders, including ID and autism spectrum disorder. Nicolaides-

Baraitser syndrome (NBS), which is caused by mutations in SMARCA2, is characterized by 

severe ID, short stature, microcephaly, sparse hair, anteverted thick nares, a large mouth, 
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brachydactyly, prominent interphalangeal joints, behavioral problems, and seizures (12, 13). 

Coffin-Siris syndrome (CSS, OMIM135900) is characterized by ID, short stature, coarse 

face, hypertrichosis, sparse scalp hair, a short fifth finger, nail hypoplasia, and agenesis 

corpus callosum. CSS and CSS-like phenotypes are caused by mutations in ARID1A, 

ARID1B, SMARCA4, SMARCB1, and SMARCE1 (14, 15).

ARID2, which encodes a component of PBAF, is located in chromosome 12q12. 

Somatic ARID2 mutations or deletions are detected in various human neoplasms including 

hepatocellular carcinoma, melanoma, pancreatic ductal adenocarcinoma, non-small cell lung 

cancer, and myeloid neoplasms (16-20). Recently, loss-of-function mutations of ARID2 were 

reported in patients with ID, short stature, and dysmorphic features (21-24). 

The ARID2-containing PBAF chromatin-remodeling complex responds to ligands, 

such as interferon, which are bound to its nuclear receptor (25, 26). The expression of 

IFITM1 (MIM, 604456), an interferon-inducible gene, is dependent on ARID2 expression, 

and IFITM1 expression is inversely related to ERK activation (27). IFITM1 interacts with 

caveolin-1 (CAV-1) on cell membranes, and this interaction inhibits ERK activation (28).

The purpose of this study was to identify the causative gene in a patient with an 

overlapping NS phenotype who had a 3.7 Mb microdeletion of the 12q1-13.11 region and to 

investigate the downstream transcriptional effects of the deleted genes. To determine the 

phenotypic impact of ARID2 haploinsufficiency, we used CRISPR/Cas9 gene editing to 

generate an 8-bp deletion in exon1 of mouse Arid2.
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Methods

1. Patient

The patient, who was a member of the Korean NS cohort, was born after 41 weeks 

of gestation with a birth weight of 2,500 g. A cardiac ventricular septal defect was detected. 

At six months of age, she could not roll over. Her height and weight were -2.6 and -2.3 of the 

standard deviation (SD) score, respectively. At 5.7 years of age, her height (-3.6 SD score) 

and weight (-4.3 SD score) remained below age- and sex- matched normal ranges. She had 

mild developmental delay. Her dysmorphic craniofacial features were as follows: 

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. NS or a related disorder was 

suspected, but the results of genomic tests of the PTPN11, SOS1, KRAS, HRAS, NRAS, RAF1, 

BRAF, SHOC2, MAPK21, MAP2K2, and SPRED1 genes were normal, and the patient’s

karyotype was normal (46,XX).

This study was approved by the Institutional Review Board of the Asan Medical 

Center, Seoul, Korea. The patient and her parents provided informed written consent to 

genetic testing.

2. Microarray-based comparative genomic hybridization study

Comparative hybridization was performed using a human whole-genome 4 × 180K 

CGH microarray (Agilent Technologies, Santa Clara, CA, USA) using genomic DNA from 

peripheral blood leukocytes. Pooled human male genomic DNA (Promega, Madison, WI, 

USA) was used as a reference. Probe sequences and gene annotations were based on the 

NCBI Build 37/UCSC version hg19 human genome assembly. Genomic imbalances were 

analyzed using the Genomic Workbench Standard Edition 5.0.14 software (Agilent 

Technologies, Santa Clara, CA, USA).

3. Whole exome sequencing (WES)

Genomic DNA was extracted from the peripheral blood leukocytes from the patient. 

A WES was performed by Macrogen, Korea. Exomes were captured using the SureSelectXT 
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Target Enrichment System (Aligent Technologies, Santa Clara, CA, USA) and then 

sequenced on the Illumina HiSeq 2000 (Illumina Inc., San Diego, CA, USA). The mean 

depth of coverage was 114.6 reads per base. The sequence reads were aligned to the human 

reference genome (UCSC hg 19) using the Burrows-Wheeler transform algorithm. The 

single nucleotide variants (SNVs) and short insertion-deletion variants were called with 

SAMtools software with reference to dbSNP and 1,000 genomes. The analysis was 

performed in all coding exons and surrounding intron/exon boundaries. The variants were 

filtered based on the inheritance of patterns, phenotype, and population frequencies.

4. In vitro transfection with small hairpin RNA (shRNA)

Normal fibroblasts (1.5 X 105 cells in 6-well plates) were transfected by the G-

Fection transfection reagent (Genolution, Seoul, Korea) with 10 nmol of each shRNA-

ARID2 (5′-CAGGAAUAGUGGAAAUAGAUAGUGAUCUCUCACUAUCUAUUUCCAC

UAUUCCUGUU-3′) shRNA-ANO6 (5’-GAAUAACAUACAAGAAGUAUUAUUGUCU

CCAAUAAUACUUCUUGUAUGUUAUUCUU-3’), shRNA-TWF1 (5’-GCUAGAAAUU

GUAGAAAGACAACUAUCUCUAGUUGUCUUUCUACAAUUUCUAGCUU-3’) or 

nonspecific control shRNA according to the manufacturer’s instructions.

5. ERK activation assay

The cells were starved for 24 h before epidermal growth factor (EGF, 10 ng/mL) 

stimulation, as previously described (4, 29). The Western blot analysis was performed using 

anti-ERK2 (Abcam, Cambridge, MA, USA) and anti-pERK antibodies (Cell Signaling, 

Danvers, MA, USA). The relative ERK phosphorylation ratios were quantified using 

LabWorks 4.6 software (UVP Products, Upland, CA, USA), and normalized to total Ras, 

MEK1, and ERK expression. The experimental analyses were performed at least in triplicate.

6. Analysis of IFITM1 and CAV-1 expression in skin fibroblast

Fibroblasts were cultured from skin biopsies taken from the patient and a control. 

The fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen 

Co., Carlsbad, CA) containing 1% antibiotic-antimycotic and 10% fetal bovine serum (FBS) 
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(Invitrogen Co., Carlsbad, CA). The fibroblasts were then maintained at 37 °C in a 

humidified atmosphere containing 5% CO2.

The Western blot analysis was performed with anti-IFITM1 (Genetex Inc., Irvine, 

CA, USA), anti-CAV1 (Genetex Inc., Irvine, CA, USA), and anti-β-Actin antibody 

(Bioworld, Dublin, OH, USA). All protein extracts (20 μg) were resolved by SDS [12%–15% 

(vol/vol) bisacrylamide-acrylamide 37.5:1] and transferred to nitrocellulose membranes, 

which were immunoblotted with specific antibodies. The primary antibodies included 

IFITM1 (1:1000), CAV1 (1:1,000), and β-Actin (1:2000) antibodies. Goat polyclonal to 

rabbit IgG (Genetex Inc., Irvine, CA, USA), or mouse IgG (Genetex Inc., Irvine, CA, USA) 

was used as a secondary antibody. The secondary antibodies were detected using a 

chemiluminescence blotting substrate (Amersham, Bucks, UK). All experiments were 

performed three times, and the means of triplicated were presented.

7. Ras-GTP activity assay

Active Ras (Ras-GTP) was detected by Raf1-RBD immunoprecipitation using the 

RAS activation kit (Millipore, Billerica, MA, USA) according to the manufacturer’s 

instructions.

8. Generation of Arid2 knockout mice using CRISPR/Cas9

To list up the possible single guide RNAs (sgRNAs) specifically targeting mouse 

Arid2 gene, the genomic DNA sequence (NC_000081 REGION: 96287522..96405463) was 

analyzed using the web tool Benchling (https://benchling.com/). An sgRNA (5-

AGGCGCCTCCGGACGAGCGG-3) downstream of the translation start site of Arid2 gene 

showed not less than 4 off-target sequences (data not shown) and thus was selected as a 

potentially specific sgRNA, based on the previous study (30). Oligomers for the generation 

of a sgRNA template (5-TAGGAGGCGCCTCCGGACGAGCGG-3 and 5-

AAACCCGCTCGTCCGGAGGCGCCT-3) were annealed and cloned into the BsaI sites of 

pUC57-sgRNA vector (Addgene 51132). For the in vitro transcription, the template DNA 

was PCR-amplified by using a pair of primers specific for the pUC57-sgRNA vector (M13F, 

5-GTAAAACGACGGCCAGT-3; pCAG-RGEN-R, 5-GCACCGACTCGGTGCCACT-3), 
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and the sgRNA was synthesized with the MEGAshortscript T7 kit (Ambion) according to the 

manufacturer's instructions. Cas9 mRNA was prepared by in vitro transcription from 

linearized pRGEN-Cas9-CMV plasmid (ToolGen, Seoul, Republic of Korea) using 

mMESSAGE mMACHINE T7 Ultra kit (Ambion) according to the manufacturer's 

instructions. C57BL/6N and ICR mice (Orient Bio Inc., 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 (31). Founder mice with frameshift mutations 

were identified by the Sanger sequencing of the target region of Arid2 gene using PCR 

products amplified from genomic DNA samples isolated from the tail biopsy samples of 

mouse pups with the following primer pair: 5-GCGTTTGAACCGCGATCT-3 and 5 -

CAGGGATCTTCTTAAACGGCG-3. Selected founders with null mutations were crossed to 

wild-type mice, and the null mutant alleles were confirmed in F1 progenies by the Sanger 

sequencing. The parental Arid2+/- mice were backcrossed into C57BL/6 for over three 

generation. Arid2+/- mice were tail genotyped. To exclude differences caused by sex, we used 

only male mice.

Ten each of adult Arid2+/- and wild-type (WT) mice were selected to identify 

dysmorphology. Brain magnetic resonance imaging (MRI) was performed on the mice at the 

ages of 7 to 8 months.

9. Morris water maze (MWM) test

We conducted the Morris water maze (MWM) test to access spatial learning and 

memory function. The MWM consisted of a circular pool (130 cm in diameter, 35 cm high), 

which was filled with water that was made opaque by adding skim milk power. A platform 

(10 cm in diameter) was submersed 1.5 cm below the surface of the water, and a visual cue 

was placed near the platform. A video recorder that had been placed 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 1 min. The latency to first entry 

to reach the hidden platform, the number of platform crossings, and total distance traveled 

were analyzed.
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10. Open Field Test

The mice were placed in a square open-field apparatus (35 cm X 35 cm with walls 

20 cm high), and their spontaneous locomotive 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 traveled (cm), and the time spent outside 

the central area (20 cm X 20 cm) were analyzed using a tracking device (S-MART, Panlab, 

Barcelona, Spain).

11. Statistical analysis

Independent t-tests were used to compare the data between the two groups; P < 0.05 

was considered statistically significant. All statistical analyses were performed using SPSS 

V.21 for Windows.



8

Results

1. Clinical and genetic characteristics of six patients with 12q12 deletion

To identify the genetic cause of the patient’s ID, short stature, and dysmorphic 

features, aCGH was performed in the patient and parents. A 3.7 Mb microdeletion at 12q12-

13.11 (Chr12:43005992-46669000) was identified in the patient that was not found in either 

parent (Fig. 1). No pathogenic mutation in the genes associated with NS, NS-related 

disorders, and the SWI/SNF complex by WES.

According to the International Standards for Cytogenomic Arrays (ISCA) 

consortium database (https://www.iscaconsortium.org), two large deletions of 5.9 Mb and 

8.0 Mb at 12q12–13.11 were reported in patients with developmental delay and 

dysmorphism. Three other patients were identified with NS-like features and deletions in the 

same genomic region: 12q12 deletion (Patient 1) (32); 12q12–q13.12 deletion (Patient 2) 

(33); and 12q11–q13 deletion (Patient 3) (34). In addition, two siblings with NS (Patients 4

and 5) had a balanced rearrangement of chromosome 12; ins(12)(q12p11.2p12.3) (35). In 

these siblings, one chromosomal break point was located at 12q12. The clinical 

characteristics of these six patients, including our patient, were similar to those found in 

patients with NS or its related disorders (Table 1).
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 Fig. 1. Genomic alterations at 12q12 in six patients with Noonan-like disorders and the list 

of genes in this region. The genomic alterations are 12q12–13.11 deletion (Chr12:43005992-

46669000, the present case), 12q12 deletion (Patient 1), 12q12-q13.12 deletion (Patient 2), 

12q11-q13 deletion (Patient 3), and ins(12)(q12p11.2p12.3) (Patients 4 and 5). A 

microdeletion of 3.7 Mb at 12q12–13.11 (Chr12:43005992–46669000) was common in 

Patients 1–4, including the ARID2 gene. 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 in intron 3.
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Table 1. Clinical characteristics of six patients with ARID2 haploinsufficiency

Present case Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Genomic alteration
12q12–13.11 
deletion

12q12 deletion
12q12–q13.12 
deletion

12q11–q13 
deletion

ins(12)(q12p11.2
p12.3)

ins(12)(q12p11.2
p12.3)

Intrauterine growth 
retardation

+ + + – – –

Familial history – – – – +a +a

Short stature + (-3.68 SD) + (-2 SD) + (< –3 SD) + (-3 SD) + (-2.2 SD) – (10–25th centile)

Mental retardation + (mild) + (moderate) + (severe) + + (moderate) + (mild)

Cranial defects Microcephaly Microbrachyceph
aly

Microcephaly Broad forehead, 
prominent 
metopic ridge

Relative 
macrocephaly, 
prominent 
forehead

Relative 
macrocephaly, 
prominent 
forehead

Ophthalmological 
problems

Strabismus, 
myopia

Strabismus, 
myopia, Duane 
anomaly

Strabismus, 
blepharoptosis

Strabismus, 
myopia, 
congenital 
fibrosis of the 
extraocular 
muscles

Strabismus, 
myopia

Astigmatism, 
myopia

Facial appearance Horizontal 
palpebral fissure, 
hypertelorism, 
epicanthal folds, 
high arched 
palate, low-set 
ears

Horizontal 
palpebral fissures, 
broad nose, long 
philtrum, low set 
ears, high arched 
palate

Bilateral ptosis, 
hypertelorism, 
down slanting 
palpebral fissures, 
epicanthus, long 
philtrum, 
micrognathia, 
high-arched 
palate, cleft 

Upslanting 
palpebral fissures, 
short-broad nose 
with anteverted 
nostril, small 
mouth, low-set 
ears, high arched 
palate

Hypertelorism, 
downslanting 
palpebral fissures, 
bilateral ptosis, 
sparse eyebrows, 
low and 
posteriorly 
rotated ears, mild 
micrognathia

Hypertelorism, 
ptosis, 
downslanting 
palpebral fissures, 
high-arched 
palate, thick lips, 
micrognathia, 
low-set and 
posteriorly 
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palate, low-set 
ears

rotated ears,

Neck Low posterior 
hair line

Webbing, low 
posterior hair line

Short, webbing, 
low posterior hair 
line

u.d. Short, webbing, 
low posterior hair 
line

Short, webbing, 
low posterior hair 
line

Chest wall 
abnormalities

none Widely-spaced 
nipples

Widely-spaced 
nipples, pectus 
excavatum

Widely-spaced 
nipples

Widely-spaced 
nipples

Widely-spaced 
nipples, pectus 
excavatum

Cardiac defects
Ventricular septal 
defect

u.d. None u.d. Pulmonic stenosis none

Cryptorchidism n.a. + + – n.a. n.a.

Skeletal problem Bilateral simian crease Bilateral 5th finger 
clinodactyly, single 
palmar crease, multiple 
epiphyseal dysplasia

Socliosis, bilateral 5th

finger clinodactyly, 
overlapping 2nd and 3rd

toes

Bilateral 5th finger 
clinodactyly, 
syndactyly of 2nd and 
3rd toes

Cubitus valgus, mild 
scoliosis, 
brachydactyly with 
hyperlaxity of joints, 
overlapping1st and 2nd

toes

Cubitus valgus, 
hyperlax fingers

Skin abnormalities Sparse hair, ichthyosis hyperkeratotic skin none none Multiple nevi none

Other
Juvenile rheumatoid 
arthritis

Sensorineural hearing 
loss

Sensorineural hearing 
loss

none
Bifid renal pelvis with 
vesicoureteral reflux

Celiac disease

Clinical diagnosis
Noonan-related 
disorder

Noonan-related 
disorder

Noonan syndrome
Noonan-related 
disorder

Noonan syndrome Noonan syndrome

Reference This study 32 33 34 35 35

Notes: a, siblings; n.a., not applicable; u.d., undetermined
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2. Haploinsufficiency of ARID2 increases Ras-MAPK pathway activity

The deleted region in the present patient contained 13 genes: ADAMTS20

(MIM:611681), PUS7L, IRAK4 (MIM:606883), TWF1 (MIM:610932), TMEM117, NELL2

(MIM:602320), DBX2, RACGAP1P, PLEKHA9, ANO6 (MIM:608663), ARID2

(MIM:609539), SCAF11 (MIM:603668), and SLC38A1 (MIM:608490). In the two siblings 

with the chromosomal rearrangement ins(12)(q12p11.2p12.3) (35), the break point was 

predicted to split the ARID2 gene at intron 3, suggesting that the ARID2 was a possible 

causative gene in the patient’s phenotype.

To evaluate the downstream transcriptional effects of the deleted genes, we 

performed transient ARID2-, ANO6-, and TWF1-knockout with shRNA in the HeLa cells. 

The expression of each gene was inhibited after treatment with shRNA-ARID2, shRNA-

ANO6, and shRNA-TWF1 (Fig. 2). The phosphorylated ERK1/ERK1 ratio and 

phosphorylated ERK2/ERK2 ratio, which were the final effectors in the Ras-MAPK pathway, 

increased significantly after stimulated by EGF in the cells treated with shRNA-ARID2,

whereas no significant enhancement was observed in the cells treated with either shRNA-

ANO6 or shRNA-TWF1 (Fig. 3). The activities of Akt and RSP6, which are the final 

effectors of the AKT pathway and the mTOR pathway, respectively, were not changed after 

stimulated by EGF in the cells treated with shRNA-ARID2 (Fig. 4).
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Fig. 2. The expressions of ARID2, ANO6, and TWF1 after treatment with small hairpin RNA 

of each gene. * P < 0.05 in the comparison between shRNA and the control
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Fig. 3. The ratio of phosphorylated ERK1 (P-ERK1) to total ERK1 and P-ERK2 to total 

ERK2. The Ras-MAPK pathway activity, represented by the ratio of phosphorylated ERK1 

(P-ERK1) to total ERK1 and P-ERK2 to total ERK2, was significantly higher in the treated 

with shRNA-ARID2 under EGF (10 ng/mL) stimulation. * P < 0.05 in the comparison 

between shRNA and the control
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Fig. 4. The ratio of phosphorylated Akt (P-Akt) to total Akt and P-RSP6 to total RSP6. No 

significant changes were observed in the activity of AKT and the mTOR signaling pathway, 

which were represented by Akt and RSP6, respectively, after with shRNA-ARID2.
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3. Haploinsufficiency of ARID2 is related to decreased expression of IFITM1 and CAV-

1

In the fibroblast from the patient, the expression of IFITM1, which is dependent on 

ARID2 expression and is inversely related to ERK activation, was significantly decreased. 

The CAV-1 expression was also significantly decreased. The Ras-GTP/Ras ratio was 

significantly increased compared to normal fibroblasts (Fig. 5).
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Fig. 5. The expression of IFITM1 and CAV-1 in the fibroblast of patient with ARID2 haploinsufficiency. (3A, 3B) In the fibroblast of the patient with 

ARID2 haploinsufficiency, the expression of IFITM1 and CAV-1 were decreased, which are inversely related to ERK activation. (3C) The activity of 

Ras-GTP was significantly increased. * P < 0.05 in the comparison between the patient and the normal control
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4. Arid2+/- mice have reduced body size, thin frontal cortex, and large hippocampus

The Arid2+/- mice survived into adulthood and appeared healthy, but they showed 

reduced weight and nose-to-lump length WT. The mean weight of the Arid2+/- mice and WT 

were 21.6±2.8 g and 27.2±1.2 g (p< 0.001), respectively. The mean lengths were 8.5±0.4 cm 

and 9.2±0.2 (P<0.001), respectively. The Arid2+/- mice showed no facial dysmorphism and 

no gross organ defects (Fig. 6).

There were no significant differences in the size of the brain, distances between 

orbits, and between pupils, as measured by MRI. The thickness of the frontal cortex and the 

ratio of thickness of the frontal cortex to total brain thickness were significantly reduced 

compared to WT. The volume of the hippocampus and the ratio of volume of the 

hippocampus to total brain weight were greater in Arid2+/-compared with WT (Fig. 7).
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Fig. 6. Facial morphology and body size of the adult Arid2+/- mice. (A) There was no facial 

dysmorphism. (B) The adult Arid2+/- mice showed reduced body size.
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Fig. 7. Axial T2 weighted images of the mice taken at 7 to 8 months in each of ten wild-type 

and Arid2+/- mice. (A) The vertical line indicated by (1) represents total brain thickness, and 

(2) represents the thickness of the frontal cortex. (B, C) The thickness of the frontal cortex 

and the ratio of the thickness of the frontal cortex to the total brain were significantly 

reduced in the Arid2+/- mice. (D, E) The volume of the hippocampus and the ratio of the 

hippocampus volume to total brain weight were significantly larger in the Arid2+/- mice. 
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5. Arid2+/- mice show deficits in spatial learning and memory

The latency to first entry to reach the hidden platform was longer in the adult 

Arid2+/- mice group (35.28±22.11 sec vs. 14.02±12.3 sec, p = 0.016), and the number of 

platform crossings was significantly decreased in the adult Arid2+/- mice group (1.6±1.9 vs. 

4.1±2.4, p = 0.021), indicating defects in memory and learning. However, there were no 

differences in the total distances traveled in the Morris water maze test (348.07±156.09 vs.

356.51±61.51, p = 0.875).

There were no differences in the total distances traveled and the time in zone-

periphery in the open field test (2483.80±690.47 vs. 2157.81±296.19, p = 0.187 and 

471.62±76.91 sec vs. 454.20±40.51 sec, p = 0.534, respectively) between adult Arid2+/- mice 

and WT, which suggests that the Arid2+/- mice did not exhibit anxiety-like behavior.
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Discussion

In this study, we demonstrated that ARID2 haploinsufficiency led to enhanced Ras-

MAPK activity. The knockout of ARID2 by shRNA resulted in increased ERK activity, 

which was associated with decreased expressions of IFITM1 and CAV-1, thereby inhibiting

ERK activation. Another impact of this study was the creation of an animal model for ARID2 

haploinsufficiency. The phenotype of this mouse model recapitulated the phenotype of the 

patient with ARID2 haploinsufficiency, which is short stature and ID.

Because pathogenic variants in SWI/SNF-associated genes result in the classic CSS, 

NBS, and many overlapping phenotypic spectra, ranging from syndromic ID to severe 

atypical CSS, the term “SWI/SNF related intellectual disability disorders (SSRIDD)” was

suggested (36, 37). Because pathogenic variants in SWI/SNF-associated genes result in the 

classic CSS, NBS, and many overlapping phenotypic spectra, ranging from syndromic ID to 

severe atypical CSS, the term “SWI/SNF related intellectual disability disorders (SSRIDD)” 

was suggested.

Using WES, pathogenic mutations in or involving ARID2 were identified in four 

patients with ID. In addition to ID, they shared other features, including short stature, 

hypotonia, behavior problems, Wormian bones, and dysmorphic faces: down-slanting 

palpebral fissures, frontal bossing, low-set posteriorly rotated ear, and micro/retrognathia 

(21). More recently, additional 10 patients with moderate to severe ID, short stature, and 

overlapping CSS phenotypes who had mutations in ARID2 were reported (22-24). 

Patients with 12q11 deletion and some patients with ARID2 mutations were 

clinically diagnosed as NS or NS related disorder. These patients showed facial features that 

overlapped NS, developmental delay, and short stature. However, fifth finger hypoplasia, 

which is a classical characteristic of CSS, was reminiscent of CSS. Table 2 summarize the 

phenotypes of NS, ARID2 mutations, and CSS.
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Table 2. Summary of clinical features of Noonan syndrome, ARID2 mutations, and Coffin-Siris syndrome

Noonan syndrome ARID2 mutations Coffin-Siris syndrome

Dysmorphic facial features Low set and posteriorly rotated ear, 

hypertelorism, downslanting 

palpebral fissures, ptosis

High and broad forehead, low set 

and posteriorly rotated ear, 

horizontal or downslanting 

palpebral fissures, relatively short 

nose and long philtrum, 

retro/micrognathia

Thick eyebrows, long eyelashes, 

broad nasal bridge with broad nose 

tip, wide and thick mouth, everted 

upper and lower lips,

Sparse scalp hair (-) (-) (+) 65%

Hypertrichosis (-) (-) (+) 95%

Webbed neck (+) (+) in 1 patient

Chest deformity (+) (+) in 1 patient

Congenital heart defect (+) 50-80% (+) in 1 patient (+) 50%

Fifth-digit nail/distal phalanx 

hypoplasia/aplasia

(-) (+) in 8 patients (+) 80%

Short stature (+) 40-50% (+) in 10 patients (+) 20%

Intellectual diability variable (+) (+)

Hypotonia (+) (+) in 2 patients (+) 75%
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NS and NS-related disorders exhibit a unique phenotype, but because the common 

mechanism of the enhanced signaling of the Ras-MAPK pathway results in ERK activation, 

they share many clinical features, including craniofacial dysmorphism, cardiac malformation, 

ocular, cutaneous and musculoskeletal abnormalities, and increased cancer risk. They also

show variable degrees of neurocognitive impairment, ranging from severe to null learning 

disabilities(38). Enhanced ERK signaling was shown to generate abnormal neuronal 

organization and connectivity during development and to affect long-term memory induction 

and the associated neuronal plasticity (39).

In the present study, we demonstrated that ARID2 haploinsufficiency was

selectively associated with increased ERK activation. No significant changes were observed 

in other signaling pathways, such as the AKT and mTOR pathways. This inhibition of the 

Ras-MAPK pathway was expected to be mediated via its interaction with IFITM1 and CAV-

1 (Fig. 8). The phenotypes of ARID2 haploinsufficiency including mild ID, short stature, and 

dysmorphic facial features, may be due to the enhanced ERK activity during development, 

which is the same molecular mechanism in NS and NS-related disorders. To our knowledge, 

the direct interaction between ARID2 and the Ras-MAPK pathway has not been reported 

previously.



25

Fig. 8. Schematic diagram of the relation among ARID2 haploinsufficiency, IFITM1 

expression, and ERK activity. (A) The expression of IFITM1 is dependent on ARID2 

expression. IFITM1 interacts with caveolin-1 (CAV-1) on the cell membrane and inhibits 

ERK activation. (B) The haploinsufficiency of ARID2 leads to the decreased expression of 

IFITM1. The subsequent diminished interaction of IFITM1 with CAV-1 leads to enhanced 

ERK activity.
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The SWI/SNF complex is involved in proper neurite outgrowth and maintenance by 

regulating coordinated changes between the actin cytoskeleton and the microtubule network, 

which is critical in normal neural development and brain function (40, 41). A previous study 

on Arid1b knockout mice that showed anxiety-like behavior, social behavior deficits, and 

learning/memory impairment, found significantly reduced numbers and lengths of cortical 

GABAergic interneurons with normal density and distribution of pyramidal neurons, 

astrocytes, and oligodendrocytes (42). In addition, Arid1b haploinsufficiency led to multiple 

changes in gene expression in the brain, which were associated with nervous system 

development as well as psychological behavior and developmental disorders (43, 44).

In our study, the Arid2 haploinsufficient mice displayed a significantly longer 

latency to the first entry to reach the hidden platform and a smaller number of platform 

crossings in the water maze test, which indicated learning and memory deficits. There were 

no neuroanatomical abnormalities except the reduction in the size of the cerebral cortex and 

a large hippocampus volume, but we did not conduct a detailed histological examination.

Short stature, as well as ID, is another typical characteristics of ARID2

haploinsufficiency and SWI/SNF mutations. Our mouse model of Arid2 haploinsufficinecy 

also displayed reduced body weight and length. Although the exact mechanism of short 

stature is unknown, a recent study on Arid1b heterozygous mice suggested that growth 

retardation could be caused by the growth hormone-releasing hormone (GHRH)–growth 

hormone (GH)–insulin-like growth factor-1 (IGF-1) deficiency; reduced IGF-1 protein level 

in plasma with normal response to GHRH stimulation and no change in Gnrh mRNA level in 

the hypothalamus (43).

In conclusion, the results of our study provide evidence that the clinical features of 

12q12 microdeletion are due to ARID2 haploinsufficiency, which is associated with the 

enhanced Ras-MAPK pathway. Furthermore, the ARID2 haploinsufficiency in mice led to 

reduced body size and to learning and memory deficits. This mouse model could be used in

further anatomical and functional studies to examine abnormal developmental conditions in 

ARID2 haploinsufficiency.
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국문요약

제목: ARID2 유전자 반수체결손에서 보이는 지적 장애와 Ras-MAPK 신호체계 항진의

연관성

목적: 지적 장애는 지능과 적응 행동의 장애를 보이는 발달 장애로서, 단일 유전자 이상

에서부터 염색체의 이상까지 다양한 유전적 변이가 원인이 될 수 있다. 누난 증후군과

연관 질환에서 Ras mitogen-activated protein kinase (Ras-MAPK) 신호전달계의 항진

은 신경계의 발달 과정에서 조직의 구성과 연결에 영향을 끼쳐 다양한 정도의 인지 장애

를 초래하게 된다. 본 연구에서는 경한 지적 장애와, 저신장, 얼굴 형태 이상 등 누난증

후군과 유사한 임상양상을 보인 12q11 미세결실을 가진 환자의 표현형이 ARID2 유전자

의 반수체 결손과 연관되어 있음을 밝히고자 하였다.

방법: 결손된 유전자와 연관된 신호전달체계를 알아보기 위하여 HeLa세포에서 small 

hairpin RNA를 이용하여 knockout 연구를 진행하였다. ERK1/EKR2, Akt, RSP6의 활성

도와 IFITM1, CAV-1의 발현 정도는 western analysis를 통하여 측정하였다. 또한 이

유전자가 환자의 임상양상과 연관이 있는지 알아보기 위하여 CRISPR/Cas9 시스템을 이

용하여 Arid2의 반수체결손을 가지는 쥐모델을 제작하였다.

결과: 결손된 유전자의 HeLa 세포에서 small hairpin RNA를 통하여 ARID2 유전자의 기

능을 일시적으로 제거하였을 때 ERK1와 ERK2의 활성도가 증가되었지만, Akt나 RSP6

이 활성도는 변화를 보이지 않았다. 또한 IFITM1은 ARID2에 의해 발현이 조절되면서

ERK 활성을 억제하고 CAV-1과 상호작용하여 ERK를 억제하는 것으로 알려져 있는데, 

환자의 섬유아세포에서 IFITM1와 CAV-1의 발현이 유의미하게 감소하여 있음을 확인하

였다. 이것은 ARID2의 반수체결손이 IFITM1와 CAV-1의 발현을 감소시켜 Ras-MAPK 

신호체계를 항진시키는 것을 시사한다. Arid2의 반수체결손을 가지는 쥐는 몸무게와 길

이가 작았고, 학습 및 기억 장애를 동반하였다.

결론: 본 연구에서는 12q12 결실에서의 임상증상의 원인은 ARID2 반수체 결손으로 인

한 것이며, 이것은 ERK의 항진과 연관됨을 확인하였다. 또한 Arid2 반수체 결손을 가진

쥐는 성장 장애와 학습장애를 보여 환자와 유사한 임상을 보이는 것을 확인하였다. 이

쥐 모델을 이용하여 Arid2 반수체 결손에서 보이는 지적 장애와 연관된 기능 연구를 추

가적으로 해볼 수 있겠다.
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중심단어: 지적장애, Ras-Mitogen activated protein kinase (MAPK), Switch/sucrose 

non-fermenting (SWI/SNF) 복합체, ARID2
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