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De novo variants predicting haploinsufficiency for DIP2C are
associated with expressive speech delay
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1 | INTRODUCTION

Abstract

The disconnected (disco)-interacting protein 2 (DIP2) gene was first identified in
D. melanogaster and contains a DNA methyltransferase-associated protein 1 (DMAP1)
binding domain, Acyl-CoA synthetase domain and AMP-binding sites. DIP2 regulates
axonal bifurcation of the mushroom body neurons in D. melanogaster and is required
for axonal regeneration in the neurons of C. elegans. The DIP2 homologues in verte-
brates, Disco-interacting protein 2 homolog A (DIP2A), Disco-interacting protein
2 homolog B (DIP2B), and Disco-interacting protein 2 homolog C (DIP2C), are highly
conserved and expressed widely in the central nervous system. Although there is evi-
dence that DIP2C plays a role in cognition, reports of pathogenic variants in these
genes are rare and their significance is uncertain. We present 23 individuals with het-
erozygous DIP2C variants, all manifesting developmental delays that primarily affect
expressive language and speech articulation. Eight patients had de novo variants pre-
dicting loss-of-function in the DIP2C gene, two patients had de novo missense vari-
ants, three had paternally inherited loss of function variants and six had maternally
inherited loss-of-function variants, while inheritance was unknown for four variants.
Four patients had cardiac defects (hypertrophic cardiomyopathy, atrial septal defects,
and bicuspid aortic valve). Minor facial anomalies were inconsistent but included a
high anterior hairline with a long forehead, broad nasal tip, and ear anomalies. Brain-
span analysis showed elevated DIP2C expression in the human neocortex at 10-
24 weeks after conception. With the cases presented herein, we provide phenotypic
and genotypic data supporting the association between loss-of-function variants in

DIP2C with a neurocognitive phenotype.

KEYWORDS
developmental delay, DIP2, DIP2C, intellectual disability, speech articulation, speech delay

microdeletion syndrome, which is characterized by developmental

delays affecting motor function and speech, behavioral disturbances,

The current yield of exome sequencing (ES) in neurocognitive disor-
ders implies there are still new genes associated with disease to iden-
tify, including genes in which pathogenic or likely pathogenic variants
are accompanied by reduced penetrance (Kaplanis et al., 2020). DIP2
was identified in D. melanogaster and contains a DNA
methyltransferase-associated protein 1 (DMAP1) binding domain,
acyl-CoA synthetase (AMP-forming; Caic) domain, and AMP-binding
sites (Xing et al., 2020). DIP2 regulates axonal bifurcation of mush-
room body neurons in D. melanogaster and is required for axonal
regeneration in the mature neurons of C. elegans (Nitta et al., 2017;
Noblett et al., 2019). The disconnected (disco)-interacting protein
2 (DIP2) homologues in vertebrates, disco-interacting protein 2 homo-
log A (DIP2A; OMIM 607711), disco-interacting protein 2 homolog B
(DIP2B; OMIM 611379), and disco-interacting protein 2 homolog C
(DIP2C; OMIM 611380), are highly conserved and broadly expressed
in the central nervous system (Oo et al., 2020; Xing et al., 2020; Zhang
et al., 2015).

In humans, deletions of DIP2C have been observed in association
with deletions of ZMYND11 (OMIM 608668) in chromosome 10p15.3
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dysmorphic features, brain anomalies, seizures, low birth weight and
short stature (Chen et al, 2019; DeScipio et al, 2008; Eggert
et al, 2016; Fernandez et al., 2016; Poluha et al., 2017; Ravnan
et al., 2006; Tumiene et al., 2017; Vargiami et al., 2014). The critical
gene for 10p15.3 microdeletion syndrome was previously identified
as ZMYND11 after heterozygous, loss-of-function variants in this gene
were found in 6 out of 4716 individuals with developmental delays or
autism (Coe et al., 2014). Haploinsufficiency for ZMYND11 has also
been associated with speech delay and intellectual disability, epilepsy,
aggressive behavior, social difficulties, wide-spaced eyes, ptosis, and a
wide mouth (Cobben et al., 2014; Coe et al., 2014). No deleterious
variants in the DIP2C gene were found in the same large patient
cohort, while truncating mutations in DIP2C were demonstrated in
two of 2193 controls (Coe et al., 2014), leading the authors to con-
clude that ZMYND11 was the gene responsible for the neurocognitive
findings. However, mosaicism for a 67.6 kb deletion that impacted at
least two exons of DIP2C has also been reported in two patients diag-
nosed with hemiplegic cerebral palsy, one of whom manifested atten-

tion deficit hyperactivity disorder (ADHD) inattentive subtype and
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was noted to be a ‘slow learner’ (Zarrei et al., 2018). In another study
using genome sequencing (GS) to identify candidate genes in 5205
patients with autism, a de novo frameshift variant was identified in
DIP2C in one patient (Yuen et al., 2017). In addition, a pathogenic vari-
ant in DIP2C was published in a child who presented with speech
apraxia without developmental delays or intellectual disability (Kaspi
et al., 2023). The clinical description included asthma and migraines in
addition to autism, but further details were not provided. Thus,
although there is some evidence that DIP2C plays a role in cognition,
reports of pathogenic variants in this gene are rare (Yang et al., 2022).
We describe the clinical findings in 21 patients with heterozygous var-
iants predicting loss of function in DIP2C and two patients with het-
erozygous missense variants in DIP2C, to provide further data on the

clinical findings associated with variants in this gene.

2 | MATERIALS AND METHODS

21 | Casereports

All families signed written consent for publication of clinical details.
Patients were ascertained through GeneMatcher (Sobreira
et al., 2015). For all patients, clinical findings and DIP2C variant infor-
mation were recorded (Table S1). Patient 14 has previously been
reported (Kaspi et al., 2023) and was ascertained due to childhood
apraxia of speech; we have provided additional clinical details for this
child.

2.2 | Exome and genome sequencing

Brief descriptions of the methods used for sequencing are provided in
Table S1 when available. The pathogenicity of each variant was exam-
ined using MutationTaster (Schwarz et al., 2010) and combined anno-
tation dependent depletion (CADD) scores (Kircher et al., 2014).

2.3 | BrainSpan

The expression of DIP2C from 8 post-conception weeks (pcw) to
40 years in the human neocortex and non-neocortex was examined
using the BrainSpan Atlas of the developing human brain according to
prior methods (Dias et al., 2022).

3 | RESULTS

3.1 | Exome and genome sequencing

All the DIP2C variants were heterozygous and all but two DIP2C vari-
ants were predicted to result in loss of function (Table 1). The gene
has a pLlI score of 1.0 in gnomAD (Karczewski et al., 2020). In ClinVar
(Landrum et al., 2018), there were no reported pathogenic variants

RIGHTS L

TABLE 2 Summary of phenotypic findings in patients with DIP2C
variants from this report.

Clinical finding Frequency Frequency (%)
Failure to thrive 3/22 13.6
Feeding difficulties 5/21 23.8
Developmental delays 23/23 100
Delayed sitting 9/14 64.3
Delayed walking 16/21 76.2
Delayed first word 12/19 63.2
Delayed speech 15/16 93.8
Speech difficulties 20/20 100
Behavioral differences 18/22 81.8
Autism 6/22 27.3
Seizures 4/23 17.4
Regression/plateau in skills 6/23 26.1
Hypotonia 5/23 21.7
Sleeping difficulties 4/21 19.0

involving DIP2C alone, although p.(Arg1539*) was noted as a variant
of uncertain significance (VUS). Two missense variants in DIP2C were
recorded in ClinVar and one, p.(Arg88Trp), was associated with devel-
opmental delays and obesity. Several patients had inherited variants
that imply variable expressivity (Table S1). For example, a stop variant
in DIP2C, p.(Arg1539*), was paternally inherited from a father who
reportedly had marked speech delay in childhood, and a brother and
sister both had p.(Arg1253*) in DIP2C that was inherited from their
mother who had speech delay, learning difficulties and poor articula-
tion as an adult, although she was without intellectual disability, able
to read and write and was independent with an occupation.

We have included two patients with de novo missense variants,
p.(Arg73Gly) and p.(Ser319Leu), in DIP2C in this report (Table 1). We
considered that they warranted inclusion, given the de novo nature of
the variants, their absence from gnomAD, and the clinical similarity
of these children to the other patients with loss of function variants in
DIP2C.

3.2 | Casereports

The clinical features of 23 patients with heterozygous variants pre-
dicting loss of function or amino acid substitutions in DIP2C are sum-
marized in Table 2 and provided in Table S1. Eleven female and
12 male patients were examined between 13 months and 41 years of
age. Ten of the patients had a de novo DIP2C variant, three had pater-
nally inherited variants, and six patients, including two pairs of sib-
lings, had a maternally inherited variant (Table 1). Most babies
experienced a normal neonatal period with few pregnancy complica-
tions; however, when known, 3/13 (23.1%) patients had head circum-
ferences below the 3rd percentile at birth. Feeding difficulties were

present in 5/21 babies (23.8%), with two children requiring
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Column graphs showing age at independent sitting, walking and first words in patients with DIP2C variants. Patients are

represented by solid columns numbered 1-23 on the X axis with girls represented by pink columns and boys represented by blue columns. The Y
axis is labeled in months. (a) Ages of independent sitting in 23 patients with DIP2C variants. (b) Ages of independent walking in 23 patients with
DIP2C variants. (c) Ages of first words in 23 patients with DIP2C variants. Columns have been left blank when no numerical data is available.
Measurements provided as a range have been plotted as the mean of the range.

nasogastric (NG) and/or percutaneous endoscopic gastrostomy (PEG)
feeding. Failure to thrive was present in 3/22 children (13.6%).

Developmental delays were observed in all 23 patients. Motor
milestones were delayed in 16 patients, who walked indepen-
dently at or after the age of 10-15 months (Figure 1). The ages of
sitting ranged from 4 to 7 months up to 2 years and the ages of
independent ambulation ranged from 12 months to 2.5 years. Age
at first word ranged from 10 months to 3 years, and 11 patients
spoke their first word after 14 months (Figure 1). Eight patients
had poor articulation. Formal intelligence quotient (IQ) testing
was conducted in four patients and full-scale 1Qs were measured
at 61, 66, 83 and 94, respectively, as evidence that development
can fall into the typical range. Autism was diagnosed in 6/22
(27.3%) patients and 6/23 (26.1%) patients regressed or plateaued
in skill development. Hypotonia was observed in 5/23 (21.7%)
patients.

Behavioral or personality attributes were reported for 18/22 chil-
dren (81.8%). Eight had hyperactivity and attention disorders and two
had anxiety, with one child demonstrating self-harm while anxious,
irrational thoughts, perseveration, and insensitivity to heat. Mood dis-
orders and depression were found in two patients, but three were
described as sociable, happy, and loving. Four patients had sleeping
difficulties, with altered day and night rhythms and frequent nocturnal

awakening.
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Organ malformations were rare; however, abnormal cardiac find-
ings were the most common (5/19; 26.3%). One patient was diag-
nosed with hypertrophic cardiomyopathy, and two others had a
bicuspid aortic valve. Two patients had an atrial septal defect (ASD)
and one patient, who also had first-degree atrioventricular block,
required surgical repair of the septal defect. An enlarged aorta was
noted in one patient in the context of a three generation, maternal
family history of the same condition. One patient had mild dilatation
of the renal pelvis. Twelve children had magnetic resonance imaging
(MRI) or computerized tomography (CT) of the brain (43.5%). One
child who had a thin corpus callosum developed generalized, myo-
clonic, and absence seizures from 6 months of age that were success-
fully treated with medication. A 17-month-old female infant with a de
novo variant predicted to affect DIP2C splicing (NM_014974.3:
¢.1057 + 2T>G) and cause an 80 basepair deletion in exon 8 was
reported to have focal to bilateral tonic-clonic seizures and focal
motor seizures that were controlled with sodium valproate (Yang
et al., 2022). Complete or partial deletions involving DIP2C have also
been associated with focal seizures in two other patients, but few
details are available (Yang et al., 2022). Another patient had a thin cor-
pus callosum without seizures and a third had a small/absent pituitary
gland. Mild optic anomalies included strabismus in five patients,
refractive errors in four patients, and one patient had astigmatism.

Hearing loss or a failed hearing screen that did not resolve was
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FIGURE 2 Photograph of patients with heterozygous DIP2C variants. (Patient ages at the time of photographs may differ from age recorded
in Table S1.) (a, b) Frontal and profile views of a 7-year-10-month-old male (patient 17); pictures are bracketed together. (c, d) Frontal and profile
views of a 6-year-4-month-old male (patient 18); pictures are bracketed together. (e, f) Frontal view of a 6-month-old female (patient 8) and
frontal view of the same child at 9 months of age. (g, h) Frontal and profile views of a 2-year-old female, the same child as in figures e and f. i, )
Frontal and profile views of a 5-year-old female, the same child as in figures e-h. Figures e-i are bracketed together. (k, |) Frontal and profile
views of a 15-year-old female (patient 4); pictures are bracketed together. (m, n) Frontal and profile views of a 10-year-old female (patient 5);

pictures are bracketed together.

detected in four children (19.0%) and 5/21 (23.8%) patients had recur-
rent episodes of otitis media.

Facial anomalies (Figures 2 and 3) were subtle and did not lead to
a clearly recognizable gestalt, although 5/22 patients (22.7%) had tri-
angular facies and six patients were reported to have large, high,
and/or broad foreheads. A high anterior hairline was present in 10/22
patients (45.5%). Additional anomalies of the eyes, nose, ears, and
mouths were present, but did not appear distinctive. Widely spaced
eyes were noted in 3/22 (13.6%) and 8/23 (34.8%) had small, upslant-
ing, or almond-shaped palpebral fissures. Three out of 21 patients
(14.3%) had a broad nasal bridge. Several patients had anomalous
nasal tips that were variably described as bulbous in seven patients,
broad in one, full and everted in another, and small in a single patient.
Ear anomalies were common (7/23; 30.4%) but were not specific or
consistent. Three out of 23 (13.0%) children had a high-arched palates
and 3/22 (13.6%) had a thin upper lip. Minor digital anomalies were
also not distinctive. Three out of 23 (13.0%) of patients had 5th finger
clinodactyly, three had slender fingers, and two had brachydactyly of
the fingers. Additional findings included broad halluces, a wide sandal
gap, hallux valgus, genu valgum, minimal two to three toe syndactyly,
fifth toe clinodactyly, and long toes.

3.3 | BrainSpan

Spatiotemporal bioinformatic analyses of DIP2C expression in the
human brain across developmental stages showed high DIP2C
expression in the neocortex prior to birth (Figure 4a). Boxplots of
gene expression (RPKM) of various other regions in the brain, includ-
ing the hippocampus, amygdala, the ventral forebrain, the cerebral
cortex and the mediodorsal nucleus of thalamus, demonstrated
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higher prenatal expression of DIP2C compared to postnatal expres-
sion (Figure 4b).

4 | DISCUSSION

We present 23 patients with DIP2C variants, all with developmental
delays affecting expressive language and speech articulation and most
with mild developmental delays and intellectual disability. Additional
phenotypic findings were non-specific and there was no recognizable
facial gestalt, but recurrent anomalies did include a high anterior hair-
line, prominent forehead, and a broad nasal tip. Structural cardiac
anomalies without a family history were noted in four patients and
two patients had a bicuspid aortic valve and one patient had hypertro-
phic cardiomyopathy.

The clinical findings in this patient group support a role for this
gene in speech development and cognition. The results are consistent
with a recent study that found a significant association between sev-
eral single nucleotide polymorphisms (SNPs) in DIP2C (rs3740304,
rs2288681, rs7088729, rs4242757, rs10795060, and rs10904083)
and autism susceptibility in the Han population (Li et al., 2022). As fur-
ther evidence for the importance of DIP2C in expressive language, a
high confidence variant was found in a group of children ascertained
due to childhood onset of apraxia involving speech (Kaspi
et al., 2023). Several of the patients in this paper had inherited DIP2C
variants with variable penetrance, and the clinical manifestations asso-
ciated with this gene are likely to prove variable, with incomplete pen-
etrance for some individuals that suggest a role for genetic modifiers
or environmental influences. Several patients had parents or family
members with mild delays or intellectual disability who did not have a

DIP2C variant, thus supporting a multifactorial etiology of the
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FIGURE 3 Circular figure showing relative frequencies of facial and digital anomalies associated with heterozygous variants in DIP2C.

cognitive differences. In addition, several patients had copy number
variants (such as patients 2, 17 and 18) or variants in other genes
(e.g., patients 19 and 23) that could influence the penetrance of the
DIP2C phenotype. Our findings are in contrast to those described in a
patient with a homozygous missense variant in DIP2C, c.3283C>T:p.
(Arg1095Trp) (NM_014974.2), who had a skeletal dysplasia compris-
ing bilateral short femora, a short humerus, reduced length of the
metacarpal bones, bilateral metatarsus adductus and shortening of
the first metatarsals (Larsson et al., 2017; Maddirevula et al., 2018).
None of the patients in this report had biallelic variants or similar skel-
etal findings.

The mechanism for the developmental differences associated

with DIP2C variants is unclear. Brainspan analysis showed elevated

RIGHTS LI N K}

DIP2C expression in the human neocortex at 10-24 weeks after con-
ception, with higher expression in prenatal developmental stages
compared to postnatal stages. Dip2c is expressed in the brain of post-
natal mice and targeted homozygous deletions of the murine gene,

A2bp) in exon 4, have been

including a two base pair deletion (Dip2c
generated (Oo et al., 2020). RNA-Seq comparing gene expression in
the brain of 10, day old male Dip2c2?®® mice compared to wildtype
controls revealed 838 differentially expressed genes (DEGs) with a
fold change greater than two that were enriched for roles in neuro-
cognitive function, including ‘memory’, ‘neuropeptide signaling path-
way’ and ‘response to amphetamines’ (Oo et al., 2020). The genes
encoding glutamate receptors involved in neuronal excitation, Grid2ip

and Grin2a, were upregulated, whereas Grin2c and Grm4 were
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FIGURE 4

(a) Spatiotemporal bioinformatic analyses of DIP2C expression in the human brain across developmental stages. DIP2C expression

across pre- and postnatal stages shows higher expression in early stages of brain development. (a) Boxplots of gene expression (reads per kilobase
per million, RPKM) of the neocortex shows that DIP2C is highly expressed during early stages of development. Right. Boxplots of gene expression
(RPKM) of various other regions in the brain pooled including the hippocampus, amygdala, the ventral forebrain, the cerebral cortex and the
Mediodorsal nucleus of thalamus. Stages correspond to the following post-conception weeks (pcw): 8-9 pcw, 10-12 pcw, 13-15 pcw, 16-

18 pcw, 19-24 pcw, 25-38 pcw, birth to 5 months, 6-18 months, 19 months to 5 years, 6-11 years, 12-19 years, 20-29 years, 30-39 years,
40-49 years. (b) Spatiotemporal bioinformatic analyses of DIP2C expression across human brain regions for prenatal and postnatal time periods.
Regions of the brain correspond to the following: A1C, primary auditory cortex; AMY, amygdala; CBC, cerebellar cortex; DFC, dorsolateral
prefrontal cortex; HIP, hippocampus; IPC, posterior inferior parietal cortex; ITC, inferior temporal cortex; M1C, primary motor cortex; MD,
mediodorsal nucleus of the thalamus; MFC, medial prefrontal cortex; OFC, orbital prefrontal cortex; S1C, primary somatosensory cortex; STC,
superior temporal gyrus; STR, striatum; V1C, occipital cortex; VFC, ventrolateral prefrontal cortex.

downregulated (Oo et al., 2020). Genes encoding GABA receptors
were also dysregulated, with upregulation of Gabbr2, Gabra5, Gabre
and Gabrq and downregulation of Gabraé and Gabrr2 (Oo et al., 2020).
Loss of Dip2c did not result in detectable alterations in murine brain
morphology. The authors concluded that Dip2c may play an important
role in brain development and function (Oo et al., 2020). In colorectal
cancer cells, knockout of DIP2C resulted in cell enlargement and
abnormal growth, with differential regulation of genes involved in

epithelial-mesenchymal transition and cell death (Larsson et al., 2017).

RIGHTSE LI MN iy

5 | CONCLUSION

We present 23 patients with heterozygous DIP2C variants who had
mild developmental delays predominantly affecting expressive speech
and articulation. Additional phenotypic findings in some patients with
DIP2C variants included facial anomalies with a high anterior hairline,
prominent forehead, broad nasal tip, and a low incidence of structural
cardiac anomalies. Eight of the DIP2C variants were de novo loss of

function variants, suggesting haploinsufficiency as a mechanism, and
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several variants were inherited with variable expressivity. Although
heterozygous deletions of DIP2C have most frequently been noted
with deletions of ZMYND11 in 10p15.3 deletion syndrome (DeScipio
et al., 2012), the findings in the group of patients reported herein sug-
gest that variants predicting haploinsufficiency for DIP2C may also be
an independent risk factor for delays in expressive language and

speech articulation.
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