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Keywords: Background: Autosomal recessive intellectual developmental disorder-3 is caused by homozygous
CC2D1A ) or compound heterozygous mutations in the CC2DIA gene. The disorder is characterized by in-
Autism spectrum disorder tellectual disability (ID) and autism spectrum disorder (ASD). To date, 39 patients from 17
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families with CC2D1A -related disorders have been reported worldwide, in whom only six
Motor delay

Hypotonia pathogenic or likely pathogenic loss-of-function variants and three variants of uncertain signifi-

Novel variants cance (VUS) in the CC2DI1A gene have been identified in these patients.

Prenatal phenotypes Methods: We described a patient with ID from a non-consanguineous Chinese family and whole-
exome sequencing (WES) was used to identify the causative gene.
Results: The patient presented with severe ID and ASD, speech impairment, motor delay, hypo-
tonia, slight facial anomalies, and finger deformities. Threatened abortion and abnormal fetal
movements occurred during pregnancy with the proband but not his older healthy sister. WES
analysis identified a homozygous nonsense variant, ¢.736C > T (p.GIn246Ter), in the CC2D1A
gene. In addition, six novel likely pathogenic CC2D1A variants were identified by a retrospective
review of the in-house database.
Conclusions: This study expands the genetic and clinical spectra of CC2D1A-associated disorders,
and may aid in increasing awareness of this rare condition. Our findings have provided new
insights into the clinical heterogeneity of the disease and further phenotype-genotype correlation,
which could help to offer scope for more accurate genetic testing and counseling to affected
families.
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1. Introduction

Autism spectrum disorder (ASD) comprises a heterogeneous group of highly genetic neurodevelopmental disorders characterized
by language, cognitive, social, and behavioral abnormalities [1]. Intellectual disability (ID) and ASD are the most common devel-
opmental disorders in humans and often show comorbidity [2]. Hundreds of genes have been implicated in non-syndromic ID and ASD.
These disorders have been suggested to be caused by mutations in an estimated >10% or more of autosomal genes [3].

Autosomal recessive intellectual developmental disorder-3 (MRT3; MIM #608443) is caused by biallelic mutations in the coiled-
coil and C2 domains containing protein 1A (CC2D1A) gene (MIM #610055). CC2D1A encodes a transcriptional repressor that reg-
ulates the expression of the 5-hydroxytryptamine receptor 1A (HTR1A) gene in neuronal cells. CC2D1A is emerging as a critical
regulator of several intracellular signaling pathways which are crucial for neuronal function (e.g., the protein kinase 1/Akt and nuclear
factor kappaB signaling pathways) [4,5]. Biallelic loss-of-function mutations in the CC2D1A gene lead to a range of non-syndromic
neurodevelopmental deficits [6-9]. Moreover, some patients with CC2D1A mutations have ocular and renal anomalies [10].

To date, 39 patients from 17 families (including nine families in the same village) with CC2D1A-related disorders have been re-
ported worldwide, in whom only six pathogenic or likely pathogenic loss-of-function variants and three VUS (missense) in the CC2D1A
gene have been identified in these patients (Table 1). Additionally, 10 CC2D1A variants are listed as pathogenic or likely pathogenic in
the ClinVar database or the Leiden Open Variation Database, and two heterozygous likely pathogenic variants were detected in pa-
tients with ASD (Table S1).

Here, we describe the case of a boy from a non-consanguineous Chinese family who was diagnosed with severe ASD and ID, motor
delay, hypotonia, slight facial anomalies, and finger deformities. Molecular analyses revealed a nonsense CC2D1A variant. Moreover,
six novel likely pathogenic variants of CC2D1A by a retrospective review of the in-house database. And in our cohort, the total allele
frequency (AF) of the pathogenic and likely pathogenic CC2D1A variants was estimated to be 5.81 x 10~*. In addition, on the basis of a
review of the literature, we provide a summary of the genotypes and phenotypes of CC2D1A alterations. Thus, the present study
expands the clinical phenotype and mutation spectra of CC2D1A.

Table 1
Clinical characteristics and genetic information of patients with CC2D1A-associated disorders have been described in the literature.
Reference Patients Ethnicity Mutations Zygosity Clinical characteristics
Basel-Vanagaite 9 families Israeli- 1VS13_1VS16del Homozygous non-syndromic mental retardation, psychomotor
et al., 2006 (16 patients) Arab developmental delay
(PMID:
16033914)
Manzini et al., 2014 Family 1:1 Saudi ¢.748+1G > T(p. Homozygous cognitive problems and aggressive behavior
(PMID: Family 1:2 Arabia Thr172Valfs*51) moderate-to-severe NSID
25066123) Family 1:3 moderate-to-severe NSID
Family 1:4 ASD and ID
Family 2 (3 Saudi c.748+1G > T(p. Homozygous ASD, severe NSID, language impairment, and
patients) Arabia Thr172Valfs*51) seizures
Family 3 (4 Saudi ¢.748+1G > T(p. Homozygous severe NSID with language impairment
patients) Arabia Thr172Valfs*51)
Family 4:1 Pakistani c.346delA(p. Homozygous moderate NSID
Family 4:2 Lys116Argfs*81) moderate NSID
Family 4:3 language impairment and autistic features
Family 4:4 moderate NSID
Family 4:5 moderate ASD/ID
Loviglio et al., 2016 BAB2321 ¢.1739C > T(p.Thr580Ile) * Phase unknown developmental delay, cognitive impairment, facial
(PMID: ¢.2657G > A(p.Arg886His) deformities, behavior abnormities, psoriasis, pectus
27799067) A carinatum, decreased visual acuity
Reuter et al., 2017 MR331 (2 Egypt ¢.2693delG(p. Homozygous mild ID, aggressive behavior
(PMID: patients) Gly898Valfs*45)
28097321)
McSherry et al., 2018  AU10-I:1 - ¢.811delG(p.Ala271Pfs*30) Homozygous 1D, ASD, seizures
(PMID: AU10-II:2 ID, history of global developmental delay with
30500859) autistic features
AU10-11:3 Developmental delay especially speech delay with
autistic features, seizures
Jauss et al., 2022 Family 13 - ¢.1620_1623dup(p. Compound Mental retardation, syndromic stigmata and ocular
(PMID: Pro542Alafs*38) heterozygous anomalies, GDD, microphthalmia, aniridia, corneal
36553572) ¢.1345G > A(p.Val449Met) opacity and renal agenesis
A

Numbering for DNA mutation is based on cDNA sequence (GenBank no. NM_017721.4), with nucleotide +1 corresponding to A of the ATG translation
initiation codon.

A variant of uncertain significance. NSID, Non-syndromic intellectual disability. ASD, Autism spectrum disorder. ID, Intellectual disability. GDD,
global developmental delay.
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Fig. 1. Clinical features and genetic results. (A) Pedigree of the affected family. Arrow indicates the proband (II2). Unaffected parents and elder
sister are carriers. (B-D) narrow forehead, thick eyebrows, long palpebral fissure, deep philtrum, diastema and clinodactyly. (E) DNA sequencing
results of CC2D1A gene. The variant site (c.736C) is marked with a red frame. The proband was homozygous for a nonsense variant, ¢.736C > T(p.
GIn246Ter), and his parents and elder sister were heterozygous for the transition. (F) The spectrum of CC2D1A mutations. Hollow rectangle, multi-
exon deletion; diamond, splicing mutation; solid triangle, insertion; hollow triangle, deletion; square, nonsense mutation; gray dot, missense mu-
tations (VUS).Homozygous and compound heterozygous mutations identified in the patients are highlighted in bold. Heterozygous CC2D1A variants
in the in-house database are highlighted in red. The nonsense variant in our patient is highlighted in red bold. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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2. Materials and methods
2.1. Subjects and ethics approval

The participants were from Maternal and Child Health Hospital of Guangxi Zhuang Autonomous Region. From January 2016 to
July 2022, a total of 6886 participants (2313 patients with unrelated disorders and 4573 controls) were enrolled (see details in
Table S2). Written informed consent was signed from parents of the patient. This study was approved by the medical ethics committee
of Maternal and Child Health Hospital of Guangxi Zhuang Autonomous Region (2020-1/15).

2.2. Molecular analysis

Genomic DNA was extracted from peripheral blood of the participates using Lab-Aid DNA kit (Zeesan, China) in accordance with
the manufacturer’s protocol. DNA quality was assessed by agarose gel electrophoresis and DNA concentration was measured with a
Nanodrop spectrophotometer (Thermo, USA). The samples were randomly fragmented with a Covaris ultrasonic disruptor, and
sequencing libraries were generated using an Agilent SureSelect Human All Exon v6 kit (Agilent, CA). The libraries were pooled and
exome sequencing was performed on a HiSeq2500 platform (Illumina, CA). After removing the redundant reads , sequencing reads
were aligned to the human reference sequence hgl9.Identified variants were evaluated and classified in accordance with American
College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) guidelines [11].

3. Results
3.1. Clinical description

A family was referred to our hospital for genetic evaluation of a child diagnosed with ID, ASD, and motor problems. The proband
was a 5-year-old boy who was the second child of non-consanguineous Chinese parents who had no notable family health history
(Fig. 1A). During gestation with the proband, the mother had symptoms of threatened abortion in the first trimester. She observed a
decrease in fetal movement in the third trimester. She had attended regular antenatal check-ups, and no other abnormalities were
noted. According to her description, she did not experience these abnormalities during pregnancy with the proband’s healthy sister.
The boy was born full-term after 40 weeks of gestation by a normal vaginal delivery, with a birth weight of 3.5 kg and a birth length of
50 cm. He had a history of recurrent respiratory infections and malnutrition during his early infancy. His motor milestones were
delayed; he raised his head at the age of 3 months, but he was not able to sit, roll, or crawl. The patient was diagnosed with hypotonia at
6 months. At approximately 1 year of age, he showed global developmental delay and ASD. No clear abnormalities were evident on
cardiac color ultrasound, brain magnetic resonance imaging, and electroencephalography. After rehabilitation, he was able to sit alone
at 16 months of age and to walk independently at 21 months. At 5 years of age, he was able to run but not jump with both feet off the
ground. He was unable to use a pincher grasp. Moreover, he was unable to generate meaningful language or understand even simple
instructions. He showed autistic behavioral tendencies, including staring at hands or lights, self-talk, inattentiveness, cold, yelling,
inappropriate laughter, and poor eye contact. His height was 110 cm (normal), and his weight was 16.0 kg (—1 SD). Physical ex-
amination indicated a narrow forehead, thick eyebrows, a long palpebral fissure, a deep philtrum, diastema, clinodactyly, and flexion
contracture of the toes (Fig. 1B-D). His Gesell Developmental Scales scores indicated moderate to severe developmental delay
(adaptive ability developmental quotient [DQ] = 32; gross motor DQ = 54; fine motor DQ = 39; verbal ability DQ = 27 and social
ability DQ = 26).

3.2. Genetic analysis

On the basis of WES analysis of the proband, we identified 1003 variants in protein-coding exons and predicted splice sites, after
filtering out minor AF >3% from our local database and commercial databases including the Genome Aggregation Database, dbSNP,
and 1000 Genomes. Through clinical phenotype analysis, four candidate heterozygous variants in four autosomal dominant genes
(HSD11B1, RIMS1, SMARCAZ2, and SETBP1) were of special interest and subsequently validated them by Sanger sequencing of samples
obtained from the patient’s parents. He was found to have inherited the ¢.573T > A HSD11BI (endocrine disease) variant and
€.675_676insCAA SMARCAZ2 (neurological disorder) variants from his unaffected father, and the ¢.2644C > G RIMS1 (oculopathy and
neurological disorder) and ¢.1596G > T SETBP1 (neurological disorder) variants from his unaffected mother. Compound heterozygous
variants of genes known to be involved in neurological disorders were concurrently excluded. A homozygous variant in the CC2D1A
gene (NM_017721.5) was identified (c.736C > T, p.GIn246Ter). His parents and elder sister were asymptomatic and were hetero-
zygous for this variant (Fig. 1E). The nonsense variant is listed as rs564008874 in the dbSNP database, but, has not been reported in
patients to date. Its AF in the gnomAD database is very low (MAF = 0.00000836), and the substitution can be classified as pathogenic
with supporting evidence for pathogenicity criteria PVS1, PM2 supporting and PM3_supporting, according to the ACMG/AMP
guidelines. Subsequently, genetic counseling was provided to this family, and prenatal diagnosis for his mother’s third pregnancy was
performed on the basis of amniotic fluid. Unfortunately, the results indicated that the fetus had the same genotype as the proband.
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3.3. Local frequency analysis

In order to reveal the local variant frequency of CC2D1A, we reviewed all detected CC2D1A variants of our in-house database,
which were detected by WES (n = 6886). After excluding intronic variants (except variants located at exon-intron junctions ranging
from —5 to +5) and common variants (AF >1%), 112 variants remained. According to the ACMG/AMP guidelines, seven variants were
classified as likely pathogenic and 97 were as being of VUS (Table S2). The data predict that the local mutation frequency was
approximately 5.81 x 10~% Among these variants, 72 were present in the gnomAD database, which included one likely pathogenic
variant, eight benign or likely benign variants, and 63 VUS. The ¢.2347C > T(p.Arg783Ter) variant had a MAF of 0.00001206 in
gnomAD, but it was absent in the East Asian population. The local frequency was higher (MAF = 0.0000726) and this difference may
be due to the sample size (1 in 13,732 vs 3 in 248,766). The other likely pathogenic variants were all novel, and it was difficult to
compare the total mutation frequency in our local database with the other ethnicities. The vast majority of the VUS (55 out of 63) were
present at higher frequencies in our cohort than in gnomAD, and the mean values were 3.1 x 10-4 and 8.3 x 10-5, respectively (p =
0.0004). Interestingly, the local frequencies were similar to those of the East Asian population (3.1 x 10-4 vs 2.5 x 10-4, p = 0.55).

4. Discussion

Here, we described a patient with severe ID, ASD, speech impairment, motor delay, hypotonia, facial abnormalities, and finger and
toe abnormalities. WES analysis identified a homozygous nonsense variant (c.736C > T) in the CC2D1A gene. Threatened abortion and
abnormal fetal movements occurred during pregnancy with the proband but not his older sister. Threatened abortion was associated
with placenta previa, pregnancy induced hypertension/preeclampsia, increased risk of preterm delivery, low birth weight and
neonatal intensive care unit admission. It can be attributed to various causes, including embryonic factors, several maternal factors
(infections, genital tract abnormalities and endocrine factors, etc.), probably paternal factors and environmental factors [12,13].
Abnormal fetal movements were associated with poor fetal conditions, such as preterm delivery and low birth weight, as well as fetal
death [14]. Interestingly, according to the pregnant mother, her third pregnancy (with affected fetus) also had symptoms of threatened
abortion. After prenatal diagnosis and detailed genetic counseling, the family decided to terminate the pregnancy. This may suggest a
potential association between CC2D1A-related disease and threatened abortion or fetal abnormalities. Nonetheless, additional
research is needed to clarify our speculation.

The CC2D1A gene is located on chromosome 19p13.12, spans approximately 24kp and comprises of 29 coding exons encoding a
951-amino acid protein. The encoded protein contains four drosophila melanogaster 14 (DM14) domains, one helix-loop-helix (HLH)
domain, and one protein kinase C conserved region 2 (C2) in the human sequence [15]. The CC2D1A protein regulates the expression
of HTR1A in neuronal cells via binding to a conserved 14-bp 5"-repressor element upstream of the HTR1A promoter [16].

CC2D1A is abundantly expressed in the brain, and biallelic CC2DIA mutations cause a broad range of neurological disorders,
including ID, ASD, and seizures, thus indicating critical roles of this gene in cognitive and social development [17]. A homozygous
multi-exon deletion in the CC2D1A gene was firstly reported by Basel-Vanagaite et al. as the cause of non-syndromic ID in affected
members of nine consanguineous Israeli-Arab families [6]. The initial clinical presentation in all 16 affected individuals (who had the
same surname and were from the same village) was psychomotor developmental delay. All affected individuals had severe ID and
language impairment, but none had autistic features, seizures, or dysmorphic features [6]. In 2014, Manzini et al. identified a splicing
mutation and a frameshift mutation in the CC2D1A gene from four consanguineous families, which included 16 affected individuals. In
addition to non-syndromic ID, the patients presented with a wide range of social phenotypes and seizures [7]. Manzini et al. also
observed clinical heterogeneity, even within the same family. Among the multiple intracellular signaling pathways regulated by
CC2D1A, the strongest effect was on the transcription factor nuclear factor kappaB (NF-kB). Cc2d1a loss and gain of function have both
been found to activate NF-kB in developing neurons. Moreover, knockdown of Cc2dIa in mouse hippocampal neurons has been re-
ported to decrease complexity in vitro, whereas this effect is rescued by NF-kB inhibitors [7]. In 2017, Reuter et al. reported the cases of
two cousins with mild ID and aggressive behavior [18]. In 2018, McSherry et al. reported the cases of three sisters with ID, ASD,
developmental delay, and seizures [8]. To data, all five homozygous CC2D1A mutations have been identified in consanguineous
families. The patients’ clinical manifestations involved only neurological dysfunction. Our patient presented with severe hypotonia
and mild dysmorphic features, in addition to severe ID, ASD and speech impairment. His parents denied that they were close relatives
and confirmed that they were from different cities. Beyond the limited number of identified CC2D1A mutations, several heterozygous
pathogenic variants in the CC2D1A gene have been identified in patients with ASD [9,19]. The relationship between CC2D1A and ASD
has also been validated in functional studies and animal models [20-22].

In addition to being associated with neurological abnormalities, the CC2D1A gene is associated with human heterotaxy, ciliary
dysfunction, and chemotherapy resistance in ovarian cancer [23,24]. Jauss et al. have reported the case of a girl with compound
heterozygous variants (a frameshift and a missense) in the CC2DIA gene, who showed global developmental delay, renal agenesis,
microphthalmia, aniridia and corneal opacity. Consequently, the authors have proposed that the phenotypic spectrum of
CC2D1A-associated diseases should be expanded to eliminate the non-syndromic restriction [10]. Loviglio et al. have described the
case of a boy with developmental delay, cognitive impairment, facial deformities, behavior abnormalities, and skin and vision
problems [25]. Interestingly, the patient was originally suspected to have Smith-Magenis Syndrome, which is a multiple congenital
anomaly disease characterized by distinctive facial features, brachydactyly, developmental delay, and a distinct behavioral phenotype.
However, the identified missense variants were classified as VUS, because the phase of the two variants had not been determined, and
the REVEL scores were fairly low (0.025 and 0.033, respectively). Additionally, Tuncel et al. have reported the case of a boy whose
main clinical findings were Joubert syndrome (MIM #213300, classified as neurodevelopmental disorder and ciliopathy disease),
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oculomotor apraxia, truncal ataxia, and obsessive-compulsive disorder. The patient had two homozygous variants, one in the Abelson
helper integration 1 (AHI1) gene (c.2106G > A, p.Thr702 =), and the other in the CC2D1A gene (c.1739C > T, p.Thr580Ile) [26]. A
recent study by Ma et al. has revealed that loss of function of CC2D1A leads to heterotaxy and ciliary dysfunction in a zebrafish model
[23]. Ciliary dysfunction can manifest as a variety of clinically features including renal disease, retinal degeneration, cerebral
anomalies, and nervous and skeletal system disorders, thus potentially explaining why the CC2D1A gene is associated with mental
retardation and ocular and renal anomalies [27]. Further studies should be conducted to validate whether the CC2D1A gene has any
association with ciliopathy phenotypes.

Our patient had no ocular or renal anomalies, which are the most common ciliopathy phenotypes, although he showed facial
abnormalities and finger and toe abnormalities. Moreover, he presented with severe hypotonia, which has not been observed in other
patients with CC2D1A-associated disorders so far. These findings were highly suggestive of the involvement of CC2D1A in other
biological processes in addition to regulating neuropsychology-related behaviors. CC2D1A mutations might be implicated in a much
broader phenotypic spectrum; however, data from more patients and additional studies would be necessary to confirm this possibility.
The novel variants in four autosomal dominant genes (HSD11B1, RIMS1, SMARCA2 and SETBP1) were inherited from the patient’s
healthy parents, and they had a limited probability of being the primary cause of his symptoms. But the potential effects of these
variants on the patient’s clinical phenotype should not be ignored.

Currently, 241 CC2D1A variants have been deposited in the ClinVar database (Table S3). 11 variants are categorized as pathogenic
or likely pathogenic, including 10 LOF variants and one missense for which there was no specific information. In addition, three
variants on canonical splice-sites were annotated as ‘Conflicting interpretations of pathogenicity’ or ‘not provided’. At least half of the
variations (128 of 241) have been designated as VUS, which included 112 missense,10 splicing variants, three synonymous, one
nonsense and two in-frame duplication/deletion. REVEL scores for the missense variants are relatively low, with an average of 0.139
(0-0.667). Moreover, the CC2D1A gene is tolerant to missense variants (overall z-score in gnomAD: 0.94; the PP2 evidence was not
satisfied), and missense variants were all classified as VUS or benign according to the most recent ACMG/AMP guidelines. A similar
situation existed for the missense variants of our local databases, and the average value of REVEL scores was 0.134 (0.009-0.491).
However, as more patients are identified and functional studies are conducted, some VUS may be reclassified. Accordingly, the
estimated mutation frequency of CC2D1A was likely to be underestimated. The Guangxi Zhuang Autonomous Region, with a popu-
lation of 50 million, is a multi-ethnic region in Southwest China. The results of our in-house data should partially reflect the frequencies
in the Southern Chinese population. Of note, as data accumulate, the local frequency of some rare variants may change.

5. Conclusion

We reported the case of a boy with severe ID from a non-consanguineous Chinese family. Beyond the common features of CC2D1A-
associated ASD, he had motor delay, severe hypotonia, and slight deformities. In addition, six additional novel likely pathogenic
variants in the CC2D1A gene were identified. Therefore, the present study expands the genetic and clinical spectra of CC2D1A-
associated disorders, and may aid in increasing awareness of this rare condition (Fig. 1F).

Data availability statement

Data will be made available on request.

CRediT authorship contribution statement

Sheng Yi: Writing — review & editing, Writing - original draft, Validation, Project administration, Investigation, Funding acqui-
sition, Formal analysis, Conceptualization. Xianglian Tang: Writing — review & editing, Writing — original draft, Funding acquisition,
Formal analysis, Data curation, Conceptualization. Qiang Zhang: Formal analysis. Yu Liang: Formal analysis, Data curation. Jing
Huang: Investigation, Formal analysis. Shujie Zhang: Formal analysis. Limei Huang: Validation. Shang Yi: Software, Formal
analysis. Minpan Huang: Validation. Zailong Qin: Formal analysis, Conceptualization. Jingsi Luo: Writing — review & editing,
Writing — original draft, Supervision, Project administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements and Funding

This work is funded by Guangxi Medical and Health Appropriate Technology Development and Application Project (S2020060),
Health Department of Guangxi Zhuang Autonomous Region (Z20200678), the Open Project Funding of Guangxi Key Laboratory of
Birth Defects and Stem Cell Biobank (GXWCH-ZDKF-2022-13), and Guangxi Clinical Research Center for Pediatric Diseases (Guike
AD22035121).



S. Yietal Heliyon 10 (2024) e27946

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e27946.

References

[1]

[2]
[3]
[4]
(5]

[6]

71

[8]

[91
[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

E.D. Gamsiz, L.N. Sciarra, A.M. Maguire, M.F. Pescosolido, L.I. van Dyck, E.M. Morrow, Discovery of rare mutations in autism: elucidating neurodevelopmental
mechanisms, Neurotherapeutics, the journal of the American Society for Experimental NeuroTherapeutics 12 (3) (2015) 553-571, https://doi.org/10.1007/
513311-015-0363-9.

AK. Srivastava, C.E. Schwartz, Intellectual disability and autism spectrum disorders: causal genes and molecular mechanisms, Neurosci. Biobehav. Rev. 46 (Pt
2) (2014) 161-174, https://doi.org/10.1016/j.neubiorev.2014.02.015.

J.J. Moffat, E.M. Jung, M. Ka, A.L. Smith, B.T. Jeon, G.W.E. Santen, W.Y. Kim, The role of ARID1B, a BAF chromatin remodeling complex subunit, in neural
development and behavior, Progress in neuro-psychopharmacology & biological psychiatry 89 (2019) 30-38, https://doi.org/10.1016/j.pnpbp.2018.08.021.
A. Nakamura, M. Naito, T. Tsuruo, N. Fujita, Freud-1/Akil, a novel PDK1-interacting protein, functions as a scaffold to activate the PDK1/Akt pathway in
epidermal growth factor signaling, Mol. Cell Biol. 28 (19) (2008) 5996-6009, https://doi.org/10.1128/MCB.00114-08.

M. Zhao, X.D. Li, Z. Chen, CC2D1A, a DM14 and C2 domain protein, activates NF-kappaB through the canonical pathway, J. Biol. Chem. 285 (32) (2010)
24372-24380, https://doi.org/10.1074/jbc.M109.100057.

L. Basel-Vanagaite, R. Attia, M. Yahav, R.J. Ferland, L. Anteki, C.A. Walsh, T. Olender, R. Straussberg, N. Magal, E. Taub, V. Drasinover, A. Alkelai, D. Bercovich,
G. Rechavi, A.J. Simon, M. Shohat, The CC2D1A, a member of a new gene family with C2 domains, is involved in autosomal recessive non-syndromic mental
retardation, J. Med. Genet. 43 (3) (2006) 203-210, https://doi.org/10.1136/jmg.2005.035709.

M.C. Manzini, L. Xiong, R. Shaheen, D.E. Tambunan, S. Di Costanzo, V. Mitisalis, D.J. Tischfield, A. Cinquino, M. Ghaziuddin, M. Christian, Q. Jiang, S. Laurent,
Z.A. Nanjiani, S. Rasheed, R.S. Hill, S.B. Lizarraga, D. Gleason, D. Sabbagh, M.A. Salih, F.S. Alkuraya, C.A. Walsh, CC2D1A regulates human intellectual and
social function as well as NF-kB signaling homeostasis, Cell Rep. 8 (3) (2014) 647-655, https://doi.org/10.1016/j.celrep.2014.06.039.

M. McSherry, K.E. Masih, N.H. Elcioglu, P. Celik, O. Balci, F.B. Cengiz, D. Nunez, C.J. Sineni, S. Seyhan, D. Kocaoglu, S. Guo, D. Duman, G. Bademci, M. Tekin,
Identification of candidate gene FAM183A and novel pathogenic variants in known genes: high genetic heterogeneity for autosomal recessive intellectual
disability, PLoS One 13 (11) (2018) 0208324, https://doi.org/10.1371/journal.pone.0208324.

E.F. Sener, M.G. Onal, F. Dal, U. Nalbantoglu, Y. Ozkul, H. Canatan, D.B. Oztop, Novel alterations of CC2D1A as a candidate gene in a Turkish sample of patients
with autism spectrum disorder, Int. J. Neurosci. 132 (11) (2022) 1072-1079, https://doi.org/10.1080/00207454.2020.1860968.

R.T. Jauss, S. Schlieke, R. Abou Jamra, Routine diagnostics confirm novel neurodevelopmental disorders, Genes 13 (12) (2022) 2305, https://doi.org/
10.3390/genes13122305.

S. Richards, N. Aziz, S. Bale, D. Bick, S. Das, J. Gastier-Foster, W.W. Grody, M. Hegde, E. Lyon, E. Spector, K. Voelkerding, H.L. Rehm, ACMG laboratory quality
assurance committee, standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the american college of medical
genetics and genomics and the association for molecular pathology, genetics in medicine, official journal of the American College of Medical Genetics 17 (5)
(2015) 405-424, https://doi.org/10.1038/gim.2015.30.

I. Szabo, A. Szilagyi, Management of threatened abortion, early pregnancy: biology and medicine, the official journal of the Society for the Investigation of Early
Pregnancy 2 (4) (1996) 233-240.

G. Petriglia, I. Palaia, A. Musella, C. Marchetti, M. Antonilli, R. Brunelli, R. Ostuni, P. Benedetti Panici, Threatened abortion and late-pregnancy complications: a
case-control study and review of literature, Minerva Ginecol. 67 (6) (2015) 491-497.

S.W. Verbruggen, B. Kainz, S.C. Shelmerdine, J.V. Hajnal, M.A. Rutherford, O.J. Arthurs, A.T.M. Phillips, N.C. Nowlan, Stresses and strains on the human fetal
skeleton during development, J. R. Soc., Interface 15 (138) (2018) 20170593, https://doi.org/10.1098/1sif.2017.0593.

A. Rogaeva, P.R. Albert, The mental retardation gene CC2D1A/Freud-1 encodes a long isoform that binds conserved DNA elements to repress gene transcription,
Eur. J. Neurosci. 26 (4) (2007) 965-974, https://doi.org/10.1111/j.1460-9568.2007.05727 x.

F. Vahid-Ansari, M. Daigle, M.C. Manzini, K.F. Tanaka, R. Hen, S.D. Geddes, J.C. Béique, J. James, Z. Merali, P.R. Albert, Abrogated freud-1/cc2d1a repression
of 5-HT1A autoreceptors induces fluoxetine-resistant anxiety/depression-like behavior, J. Neurosci.: the official journal of the Society for Neuroscience 37 (49)
(2017) 11967-11978, https://doi.org/10.1523/JNEUROSCI.1668-17.2017.

C.Y. Yang, T.H. Yu, W.L. Wen, P. Ling, K.S. Hsu, Conditional deletion of CC2D1A reduces hippocampal synaptic plasticity and impairs cognitive function
through Racl hyperactivation, J. Neurosci.: the official journal of the Society for Neuroscience 39 (25) (2019) 4959-4975, https://doi.org/10.1523/
JNEUROSCI.2395-18.2019.

M.S. Reuter, H. Tawamie, R. Buchert, O. Hosny Gebril, T. Froukh, C. Thiel, S. Uebe, A.B. Ekici, M. Krumbiegel, C. Zweier, J. Hoyer, K. Eberlein, J. Bauer,
U. Scheller, T.M. Strom, S. Hoffjan, E.R. Abdelraouf, N.A. Meguid, A. Abboud, M.A. Al Khateeb, R. Abou Jamra, Diagnostic yield and novel candidate genes by
exome sequencing in 152 consanguineous families with neurodevelopmental disorders, JAMA Psychiatr. 74 (3) (2017) 293-299, https://doi.org/10.1001/
jamapsychiatry.2016.3798.

1. Iossifov, B.J. O’Roak, S.J. Sanders, M. Ronemus, N. Krumm, D. Levy, H.A. Stessman, K.T. Witherspoon, L. Vives, K.E. Patterson, J.D. Smith, B. Paeper, D.
A. Nickerson, J. Dea, S. Dong, L.E. Gonzalez, J.D. Mandell, S.M. Mane, M.T. Murtha, C.A. Sullivan, M. Wigler, The contribution of de novo coding mutations to
autism spectrum disorder, Nature 515 (7526) (2014) 216-221, https://doi.org/10.1038/nature13908.

C.Y. Yang, Y.C. Hung, K.H. Cheng, P. Ling, K.S. Hsu, Loss of CC2D1A in glutamatergic neurons results in autistic-like features in mice, Neurotherapeutics: the
journal of the American Society for Experimental NeuroTherapeutics 18 (3) (2021) 2021-2039, https://doi.org/10.1007/513311-021-01072-z.

A.W. Oaks, M. Zamarbide, D.E. Tambunan, E. Santini, S. Di Costanzo, H.L. Pond, M.W. Johnson, J. Lin, D.M. Gonzalez, J.F. Boehler, G.K. Wu, E. Klann, C.
A. Walsh, M.C. Manzini, Cc2d1a loss of function disrupts functional and morphological development in forebrain neurons leading to cognitive and social
deficits, Cerebr. Cortex 27 (2) (2017) 1670-1685, https://doi.org/10.1093/cercor/bhw009.

H. Dana, K.K. Bayramov, N. Delibasi, R. Tahtasakal, R. Bayramov, Z. Hamurcu, E.F. Sener, Disregulation of autophagy in the transgenerational Cc2d1a mouse
model of autism, NeuroMolecular Med. 22 (2) (2020) 239-249, https://doi.org/10.1007/s12017-019-08579-x.

A.C.H. Ma, C.C.Y. Mak, K.S. Yeung, S.L.C. Pei, D. Ying, M.H.C. Yu, K.M.M. Hasan, X. Chen, P.C. Chow, Y.F. Cheung, B.H.Y. Chung, Monoallelic mutations in
CC2D1A suggest a novel role in human heterotaxy and ciliary dysfunction, Circulation, Genomic and precision medicine 13 (6) (2020) e003000, https://doi.
org/10.1161/CIRCGEN.120.003000.

S. Kumar, D.B. Oien, A. Khurana, W. Cliby, L. Hartmann, J. Chien, V. Shridhar, Coiled-coil and C2 domain-containing protein 1A (CC2D1A) promotes
chemotherapy resistance in ovarian cancer, Front. Oncol. 9 (2019) 986, https://doi.org/10.3389/fonc.2019.00986.

M.N. Loviglio, C.R. Beck, J.J. White, M. Leleu, T. Harel, N. Guex, A. Niknejad, W. Bi, E.S. Chen, I. Crespo, J. Yan, W.L. Charng, S. Gu, P. Fang, Z. Coban-Akdemir,
C.A. Shaw, S.N. Jhangiani, D.M. Muzny, R.A. Gibbs, J. Rougemont, A. Reymond, Identification of a RAIl-associated disease network through integration of
exome sequencing, transcriptomics, and 3D genomics, Genome Med. 8 (1) (2016) 105, https://doi.org/10.1186/513073-016-0359-z.

G. Tuncel, B. Kaymakamzade, Y. Engindereli, S.G. Temel, M.C. Ergoren, A homozygous synonymous variant likely cause of severe ciliopathy phenotype, Genes
12 (6) (2021) 945, https://doi.org/10.3390/genes12060945.

A.M. Waters, P.L. Beales, Ciliopathies: an expanding disease spectrum, Pediatr. Nephrol. 26 (7) (2011) 1039-1056, https://doi.org/10.1007/500467-010-1731-
7.


https://doi.org/10.1016/j.heliyon.2024.e27946
https://doi.org/10.1007/s13311-015-0363-9
https://doi.org/10.1007/s13311-015-0363-9
https://doi.org/10.1016/j.neubiorev.2014.02.015
https://doi.org/10.1016/j.pnpbp.2018.08.021
https://doi.org/10.1128/MCB.00114-08
https://doi.org/10.1074/jbc.M109.100057
https://doi.org/10.1136/jmg.2005.035709
https://doi.org/10.1016/j.celrep.2014.06.039
https://doi.org/10.1371/journal.pone.0208324
https://doi.org/10.1080/00207454.2020.1860968
https://doi.org/10.3390/genes13122305
https://doi.org/10.3390/genes13122305
https://doi.org/10.1038/gim.2015.30
http://refhub.elsevier.com/S2405-8440(24)03977-X/sref12
http://refhub.elsevier.com/S2405-8440(24)03977-X/sref12
http://refhub.elsevier.com/S2405-8440(24)03977-X/sref13
http://refhub.elsevier.com/S2405-8440(24)03977-X/sref13
https://doi.org/10.1098/rsif.2017.0593
https://doi.org/10.1111/j.1460-9568.2007.05727.x
https://doi.org/10.1523/JNEUROSCI.1668-17.2017
https://doi.org/10.1523/JNEUROSCI.2395-18.2019
https://doi.org/10.1523/JNEUROSCI.2395-18.2019
https://doi.org/10.1001/jamapsychiatry.2016.3798
https://doi.org/10.1001/jamapsychiatry.2016.3798
https://doi.org/10.1038/nature13908
https://doi.org/10.1007/s13311-021-01072-z
https://doi.org/10.1093/cercor/bhw009
https://doi.org/10.1007/s12017-019-08579-x
https://doi.org/10.1161/CIRCGEN.120.003000
https://doi.org/10.1161/CIRCGEN.120.003000
https://doi.org/10.3389/fonc.2019.00986
https://doi.org/10.1186/s13073-016-0359-z
https://doi.org/10.3390/genes12060945
https://doi.org/10.1007/s00467-010-1731-7
https://doi.org/10.1007/s00467-010-1731-7

	A nonsense CC2D1A variant is associated with congenital anomalies, motor delay, hypotonia, and slight deformities
	1 Introduction
	2 Materials and methods
	2.1 Subjects and ethics approval
	2.2 Molecular analysis

	3 Results
	3.1 Clinical description
	3.2 Genetic analysis
	3.3 Local frequency analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements and Funding
	Appendix A Supplementary data
	References


