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Abstract

The DEAD/DEAH box RNA helicases are a superfamily of proteins involved in the

processing and transportation of RNA within the cell. A growing literature supports

this family of proteins as contributing to various types of human disorders from neu-

rodevelopmental disorders to syndromes with multiple congenital anomalies. This

article presents a cohort of nine unrelated individuals with de novo missense alter-

ations in DDX23 (Dead-Box Helicase 23). The gene is ubiquitously expressed and

functions in RNA splicing, maintenance of genome stability, and the sensing of

double-stranded RNA. Our cohort of patients, gathered through GeneMatcher,

exhibited features including tone abnormalities, global developmental delay, facial
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dysmorphism, autism spectrum disorder, and seizures. Additionally, there were a vari-

ety of other findings in the skeletal, renal, ocular, and cardiac systems. The missense

alterations all occurred within a highly conserved RecA-like domain of the protein,

and are located within or proximal to the DEAD box sequence. The individuals pres-

ented in this article provide evidence of a syndrome related to alterations in DDX23

characterized predominantly by atypical neurodevelopment.

K E YWORD S

DDX23, neurodevelopment, RNA helicase

1 | INTRODUCTION

In recent literature, DEAD/DEAH box (DDX/DHX) RNA helicases

have been increasingly associated with distinct human disease pheno-

types. The DDX23 gene (OMIM* 612172; GeneID: 1519246410),

located at 12q13.12, is ubiquitously expressed and encodes a DEAD

box RNA helicase (named DDX23 or Prp28) with the primary role of

assisting in the creation of the mature spliceosome, but with second-

ary functions related to genomic stability maintenance through R-loop

suppression and a role in viral immunity as a dsRNA sensor

(Möhlmann et al., 2014; Ruan et al., 2019; Sridhara et al., 2017;

Teigelkamp et al., 1997). Multiple cancers have been associated with

increased presence of R-loops due to reduced function of DDX23

protein, further stressing its importance in genomic stability (Chae

et al., 2015). Interestingly, upregulation of DDX23 has also been

associated with increased risk of malignancy and metastasis for

unknown reasons (Mao et al., 2017; Yin et al., 2015). With the excep-

tion of somatic loss of function in cancers, no phenotype has previ-

ously been reported in relation to DDX23 variants. In this study, we

present a cohort of nine patients with constitutional variants in

DDX23 and propose they are associated with an autosomal dominant

neurodevelopmental syndrome.

2 | MATERIALS AND METHODS

This cohort of patients was collected through GeneMatcher (https://

genematcher.org/ Sobreira et al., 2015). Individuals with variants in

the DDX23 gene were identified through exome sequencing and

genome sequencing. Phenotypic information was obtained through

review of patient medical records. Informed consent was obtained

and approved through appropriate institutional internal review

committees.

Standard laboratory procedures were used for exome analyses

and were performed in diagnostic laboratories. The whole genome

sequencing was performed in a research laboratory. In general, com-

parable procedures were implemented for DNA isolation, sequencing,

bioinformatics processing, and variant interpretation. The reference

sequence of the DDX23 transcript used in this study is NM_004818.2

(Figure 1).

3 | RESULTS

3.1 | Patient 1

Patient 1 is a now 2-year and 10-month old female born full term to a

27-year-old G3P1 mother. She was born via spontaneous vaginal

delivery without complications. Her birth weight was 3.1 kg

(Z-score = �0.29) with a length of 50.8 cm (Z-score = 0.89) and head

circumference of 34.5 cm (Z-score = 0.52). Following delivery, there

were no complications and the patient was discharged home within

48 hours of birth. Family history is unremarkable.

Hypotonia and developmental delay were first noted at 5 months

of age by her daycare attendants. She was initially seen in genetics

clinic at 9 months of age for developmental delays and hypotonia,

F IGURE 1 Schematic of the DDX23 gene. The DDX23 gene (NM_004818.2) consists of 17 exons, with the start codon (arrow) located in
exon 2. Exons 10–17 encode for the N-terminal RecA-like domain (striped pattern) and C-terminal RecA-like domain (checkered pattern). The
locations of all the DDX23 variants described in this study are annotated above the schematic. Annotation of functional domains are based on the
study by Möhlmann et al. (2014)
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which was improving. Physical exam was significant for generalized

hypotonia, full cheeks, mild epicanthal folds, short palpebral fissures,

and low nasal bridge. Prior to the genetic evaluation, she had been

seen by a pediatric neurologist who sent biochemical testing, including

acylcarnitine profile, free/total carnitine, plasma amino acids, creatine

kinase, and urine organic acids. This testing was normal.

Developmental progress continued steadily with no periods of

regression. At age 2, she was attempting to kneel and sit up. She used

Supra-Malleolar Orthosis (SMO) due to excessive pronation. Her speech

was significantly delayed with no spoken words and consistent use of

approximately six hand signs. Her most recent evaluation noted height

of 76.3 cm (Z-score = �2.84), weight of 9.8 kg (Z-score = �1.11), and

head circumference of 48.2 cm (Z-score = 0.67).

3.2 | Patient 2

Patient 2 was a 7-year-old male at the time of analysis born via C-

section complicated by respiratory distress. Pregnancy was uncompli-

cated. Prenatal ultrasounds revealed an echogenic focus in the left

cardiac ventricle. Following delivery, he was diagnosed with pulmo-

nary hypertension requiring a prolonged NICU admission. His family

history is significant for a maternal aunt who did not walk until the

age of 4 years and now requires a wheelchair for mobility.

His initial genetic evaluation occurred as a toddler for a history of

global developmental delay. Prior to the genetic evaluation, he was seen

by neurology and had a brain MRI indicating possible decreased white

matter and corpus callosum abnormalities. He developed seizures at the

age of 5, which led to loss of language. He remains nonverbal at the age of

7. Motor milestones were delayed. He did not walk until the age of 2 and

was unable to grasp objects until 1 year of age. Other medical concerns

include severemyopia (estimated�10 diopters). His dysmorphology exam

is unremarkable except for protrusion of upper lip (Figure 2a-c).

3.3 | Patient 3

Patient 3 is an 8-year-old male with an unremarkable prenatal and

perinatal history. He initially presented with global developmental

delay and cryptorchidism. Growth parameters at his most recent visit

were a height of 115 cm (Z-score = �2.30), weight of 27 kg

(Z-score = 0.32), and a head circumference of 51 cm (Z-score = �1.07).

At the age of 8, he is nonverbal. His motor milestones were

delayed. In addition to his delays, he was noted to have stereotypies

on evaluation with no diagnosis of autism spectrum disorder. On

exam, he was noted to have generalized hypotonia, bilateral ptosis,

posteriorly rotated ears, and a tendency to hold his mouth open.

3.4 | Patient 4

Patient 4 was born at 39 weeks via spontaneous vaginal delivery

following an uncomplicated pregnancy. She required resuscitation

following delivery due to a reported umbilical cord issue. Congenital

anomalies noted in the neonatal period included an atrial septal defect

and ventricular septal defect.

Initial genetics evaluation occurred at the age of 4 months for his-

tory of failure to thrive and dysphagia secondary to laryngomalacia

and hypotonia. Brain MRI revealed gray matter heterotopias alongside

portions of the right and left lateral ventricles and thinning of the cor-

pus callosum, but was otherwise unremarkable. On initial exam, exact

measurements were unavailable, but clinical assessment noted short

stature and a small appearance of the head (Figure 2d). The patient

was also diagnosed with Brown's sheath syndrome of the eye.

3.5 | Patient 5

Patient 5 was born at term following an uncomplicated pregnancy and

delivery. She was noted to have atypical facial features that were felt

to be consistent with Cornelia de Lange syndrome including hyper-

trichosis, bushy eyebrows with synophrys, wide nostrils, long plain

philtrum, thin lips, and low set ears (Figure 2e).

Shewas seen by genetics for her history of atypical features and global

developmental delays. She has significant speech delay exacerbated by

hearing loss. She was also noted to have features consistent with autism

spectrum disorder. At the age of 9, her growth parameters included height

of 124 cm (Z-score=�1.48), weight of 33.5 kg (Z-score= 0.73), and head

circumference of 49 cm (Z-score=�2.07). In addition to the physical exam

features noted above, other dysmorphic features identified during the neo-

natal period included radioulnar synostosis, shortened fifth fingers with

camptodactyly bilaterally, and gaps between the first and second toes.

Additionally, after birth, she was noted to have mild pulmonary stenosis,

which resolved on subsequent echocardiograms.

3.6 | Patient 6

Patient 6 was born at term following an unremarkable pregnancy and

delivery. Following delivery, she was noted to have a cleft of the soft

palate requiring surgical repair. She was also diagnosed with mild

pectus excavatum and proximal radioulnar synostosis in the right arm.

In addition to these congenital anomalies, she was diagnosed with

diffuse hypotonia and significant oral dysphagia.

Initial genetics evaluation was at 4 years of age. Her referral was

made due to concerns for global developmental delays. At the time of

her evaluation, she was walking only with a gait trainer, was nonverbal

with limited sign language, and had significant fine motor delays. She

had a history of seizures with a brain MRI identifying heterotopic gray

matter and corpus callosum dysplasia. She was followed by ophthal-

mology for cortical vision impairment with myopia and astigmatism.

Her growth parameter Z-scores were height � 2.30, weight � 2.29,

and head circumference � 1.6. She had bitemporal narrowing, bul-

bous nasal tip, broad philtrum, full lips, downturned corners of the

mouth, bilateral epicanthal folds, and bluish sclerae. Bilateral coxa

valga was noted on exam.

BURNS ET AL. 3



3.7 | Patient 7

Pregnancy was complicated by intrauterine growth restriction (IUGR)

identified by ultrasound. She was born via C-section at 33 weeks and

5 days. Birth weight was <1st percentile for age. She required admis-

sion to the NICU for cardiopulmonary support and due to her severe

growth restriction. Echocardiogram indicated the presence of a

secundum atrial septal defect. Notable at birth was truncal hypotonia

with hypertonia of the extremities.

She was referred to genetics for a history of delays and failure to

thrive following multiple hospital admissions with negative metabolic

workup. Her available growth parameter Z-scores at her most recent visit

included height � 3.24 and weight � 7.99. She continues to have signifi-

cant truncal hypotonia at 13 months of age. At the age of 13 months, she

is able to roll over, but is unable to crawl or reach a quadruped position.

She is nonverbal with concerns for cognitive delays. During her exam,

she was noted to have a prominent forehead with bitemporal

narrowing, broad nasal bridge, triangular face, pointed chin, deep-set eyes,

retrognathia, sparse hair, and two hair whorls (Figure 2f-g). Other physical

findings included prominent mammary gland tissue and a sacral pit.

3.8 | Patient 8

Patient 8 is a 17-year-old female who presented with developmental

delays. She was born at term without significant complications during

pregnancy or delivery. No significant concerns were noted in the neo-

natal period.

Her initial genetics evaluation was due to her history of develop-

mental delays. She remains nonverbal but is capable of using limited sign

language and communication devices. Her motor milestones have also

had significant delays. Additionally, she has stereotypies and other signs

concerning for autism although no formal diagnosis has been made. On

exam, she had generalized hypotonia and a triangular face with mild

retrognathia. Her face was slightly asymmetric with the right side being

more prominent than the left. Bilateral exotropia was noted. Ear canals

were narrowed. Her feet demonstrated pes planus with broad halluces

and scooped toenails. She had right-sided scoliosis with lumbar lordosis.

The patient had diffuse hypotonia. Other findings included a brain MRI

showing mild cortical volume loss obtained due to papilledema, and renal

ultrasound indicating renal cysts and nephrocalcinosis.

3.9 | Patient 9

Patient 9 is a 4-year and 10-month old female evaluated for a history

of global developmental delays. Prenatally, she was noted to have

hypoplastic nasal bones, IUGR, and suspected heart failure. The preg-

nancy and delivery were otherwise uncomplicated.

She was referred at the age of 4 years and 10 months for a

genetic evaluation due to her developmental delays and congenital

anomalies. She has significant delays in all areas, especially speech.

F IGURE 2 (a) Patient 2 at less than 1 year of age.Mild protrusion of upper lip is noted,which is present at subsequent ages. (b) Patient 2 at the ageof
3. (c) Patient 2 at the age of 6. (d) Patient 4 at the age of 3. Facial features noted on exam include the bilateral low set ears and downturned corners of the
mouth. (e) Patient 5 is noted to share facial featureswithCornelia de Lange syndrome including the bushy eyebrows, synophrys, broad nasal tip, long philtrum,
thin lips, down-turnedmouth corners, and low set ears. (f) Lateral viewof Patient 7 at the age of 2 years and6 months is notable for retrognathia. (g) Anterior
viewof Patient 7 at the age of 2 years and6 months is notable for a triangular-shaped face and prominent foreheadwith bitemporal narrowing. (h) Patient 9 at
the age of 9 years and4 months. Facial features include deep set eyeswith bilateral epicanthal folds, short nosewith flat nasal bridge, prominent forehead, and
a thin upper lip. I) Lateral viewof Patient 9 at the age of 9 years and4 months [Color figure can be viewed atwileyonlinelibrary.com]
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She is nonverbal with concerns for receptive delays. Developmental

testing also indicated intellectual disability and autism spectrum disor-

der. There was a history of febrile seizures at 1 year of age with

normal brain MRI and follow-up EEG. At the time of her evaluation,

growth parameter Z-scores were height � 2.34, weight � 3.78, and

head circumference � 2.14. On exam, she was noted to have a promi-

nent forehead with full cheeks, thin upper lip with downturned

corners of the mouth, deep-set eyes, epicanthal folds, a short nose,

and central hypotonia (Figure 2h-i).

4 | SUMMARY OF IDENTIFIED DDX23
VARIANTS

The individuals in our cohort all had whole exome sequencing or

whole genome sequencing following the completion of the previous

genetic testing. Previous testing for each patient is available in

Table 1. Of note, chromosomal abnormalities were not ruled out for

Patients 3, 5, and 8 prior to whole exome or genome sequencing

being ordered. Testing identified de novo missense alterations in

DDX23 in all patients (Table 1). Patients 4 and 6 have variants in the

same location, which may represent a mutational hotspot within this

gene. All variants identified were within the N- or C-terminal RecA-

like domains. Additionally, six of the nine variants are located in con-

served motifs involved in ATP-binding and hydrolysis or RNA binding

(Möhlmann et al., 2014) (Figure 1).

5 | DISCUSSION

Herein, we present nine patients with global developmental delay and

frequent muscle tone abnormalities with rare de novo alterations in

DDX23. All identified variants represent de novo missense changes

identified through whole exome or genome sequencing. The DDX23

gene encodes a ubiquitously expressed, highly conserved RNA helicase

with multiple roles in the processing and sensing of RNA. The pheno-

typic similarities of this cohort allow us to propose DDX23 as a gene

associated with autosomal dominant syndromic neurodevelopmental

delay. The most commonly identified clinical features include tone

abnormalities, developmental delays, and a wide spectrum of dysmor-

phic features.

Clinical features varied among patients. However, all the patients

within our cohort (nine of nine patients) presented with global devel-

opmental delays, tone abnormalities, and dysmorphic facial features

of some kind (Table 2). In particular, speech delay was prominent with

five of nine patients being nonverbal. Hypotonia was the most com-

mon tone abnormality but two of nine patients presented with either

global hypertonia or hypertonia in specific extremities. Other findings

seen in more than half of our cohort include seizures, autism spectrum

disorder or autistic-like features, short stature, and low weight

(Table 2). Among our patients, seizures of varying types (with and

without fevers, focal or generalized) were reported in five of the nine

patients. Of note, tone abnormalities and autism spectrum disorder

have been described in conditions caused by other members of the

DDX/DHX RNA helicase gene family, DDX3X and DDX6 (Balak

et al., 2019; Snijders Blok et al., 2015). DDX3X is the most well-

described gene within this protein family with over 150 patients

reported in the literature (Snijders Blok et al., 2015).

Although each patient presented with at least one atypical facial

feature, physical exam findings were not consistent enough to make

the diagnosis easily recognizable in a clinical setting. The most consis-

tent facial features were bitemporal narrowing, prominent forehead,

and downturned corners of the mouth. Downturned corners of the

mouth may be related to hypotonia in many of the patients, although

Patient 5 was noted to have downturned corners of the mouth with a

history of hypertonia. Based on this cohort and previously described

variants in this protein family, any patient with global developmental

delays in the setting of tone abnormalities and mild dysmorphic

features should be suspected of having alterations in DDX23 and

related genes. Similar features with the addition of movement or gait

abnormalities should raise suspicion for alternations in other genes

within this family including DDX3X, DHX30, and DDX6 (Balak

et al., 2019; Lessel et al., 2017; Snijders Blok et al., 2015).

In addition to the wide range of features seen in our patients, sev-

eral of our patients had phenotypes overlapping recognizable syn-

dromes, such as Cornelia de Lange syndrome (CdLS), Russell–Silver

syndrome (RSS), or Prader–Willi syndrome (PWS). Patient 5 has a

clinical exam consistent with CdLS with a negative genetic workup for

cohesinopathies. At this time, we do not know of any specific connec-

tion between the cohesinopathies and DDX23 or other DDX-related

genes. It is possible Patient 5 may have a form of CdLS without a rec-

ognized gene alteration. A study in 2013 suggests that approximately

16 percent of individuals with clinical signs of CdLS may not have rec-

ognizable molecular variants even with testing for mosaicism for the

condition (Huisman et al., 2013). Similarly, Patient 6 has some features

consistent with CdLS such as an upper extremity anomaly, cleft

palate, short stature, and atypical facial features. Two other patients

presented with signs and symptoms suggestive of Russell–Silver

syndrome (RSS) or Prader–Willi syndrome (PWS). Both patients had

negative testing for these two syndromes. In terms of PWS, genetic

testing is capable of identifying nearly 100% of all cases. However, up

to 40% of individuals meeting diagnostic criteria for RSS do not have

an identifiable genetic cause (Wakeling et al., 2017). Therefore,

although our cohort has phenotypic similarities supportive of a

DDX23-related disorder, it is possible that some of our patients have

separately identified syndromes with unrecognized molecular diagno-

ses. Additionally, it is possible that the identified variants in DDX23

are not causative of a phenotype in some or all of the individuals in

our cohort.

All of the alterations in the DDX23 gene identified in our cohort

were located within the RecA functional domain. The overall structure

of the DDX/DHX RNA helicases involves a helicase core consisting of

two RecA-like domains connected by a binding domain that acts as

the ATP-binding site when in the active conformation (Linder &

Jankowsky, 2011). These domains play an integral role in the pro-

cesses of transcription, translation, processing, and transportation of
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RNA in the cell (Bleichert & Baserga, 2007; Bourgeois et al., 2016; Lin-

der & Jankowsky, 2011; Putnam & Jankowsky, 2013). These are

highly conserved domains among the proteins in the family with sev-

eral conserved motifs involved in ATP-binding and hydrolysis and

RNA binding. Interestingly, Patients 1, 8, and 9 had variants located in

conserved ATP-binding and hydrolysis motifs, which may alter

enzyme kinetics. Additionally, codon 528 is involved in RNA binding

within the N-terminal RecA-like domain, and de novo alterations of

this position were identified in three out of the nine patients in this

study, which suggests that this may be a mutational hot spot.

DDX23 gene constraint analyses indicate that missense alter-

ations are not tolerated (Z score = 4.62), whereas loss of function

alterations are tolerated (pLI score = 0.54 and observed/expected

score = 0.22) (Lek et al., 2016). These findings suggest that the molec-

ular mechanism of pathogenesis is not likely to be through

haploinsufficiency, but rather via gain of function or dominant nega-

tive action. In silico prediction models indicate a deleterious effect is

expected in at least three of the identified alterations (Patients 1, 8,

and 9). Other variant in silico prediction scores indicate a moderate

chance these alterations are deleterious to protein function (Ioannidis

et al., 2016). Additionally, the location of the variants does not appear

to correlate to the severity of neurodevelopmental delays or other

symptoms in our patient cohort. Thus, no genotype–phenotype corre-

lation can be made based on this study. Further studies are required

to fully elucidate the mechanism of disease and additional patients are

needed to determine if there is a genotype–phenotype correlation

including functional characterization of the gene and these variants as

well as protein modeling.

The DHX/DDX family of proteins have been increasingly associ-

ated with human disorders, particularly neurodevelopmental disor-

ders. The name originates from a highly conserved amino acid

sequence of D-E-A-D/H (Asp-Glu-Ala-Asp/His) in the Walker B motif

(motif II) of the RecA-1 domain shared by members of the protein

family. With the first protein being initially described in the 1980s, theT
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TABLE 2 Summary of total number of patients within cohort with
specific clinical features

Clinical feature

Total number of

affected patients

Global developmental delays 9/9 (100%)

Tone abnormalities 9/9 (100%)

Dysmorphic facial features 9/9 (100%)

Short stature 6/9 (66.7%)

Autism or Autistic-like features 5/9 (55.6%)

Seizures 5/9 (55.6%)

Low weight 5/9 (55.6%)

Microcephaly 4/9 (44.4%)

Skeletal anomalies 4/9 (44.4%)

Genitourinary abnormalities 3/9 (33.3%)

Vision abnormalities 2/9 (22.2%)

Cardiac anomalies 1/9 (11.1%)
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DDX/DHX RNA helicases now compose a large superfamily of over

50 proteins (Linder & Fuller-Pace, 2013). A brief literature review

identified at least 13 separate helicase genes correlated with clinical

phenotypes (Ajmal et al., 2014; Balak et al., 2019; Favaro et al., 2014;

Jang et al., 2015; Latif Z et al., 2018; Lessel et al., 2017; Paine

et al., 2019; Polprasert et al., 2015; van der Lelij et al., 2010). The

clinical features of the individuals in our cohort fit well with the

previously identified neurodevelopmental disorders noted in this

family of proteins. The most common recognizable syndrome associ-

ated with DEAD/H box RNA helicases with a neurodevelopmental

phenotype is the DDX3X-related intellectual disability. It is estimated

to cause up to 0.5% of developmental delay overall and 2% of devel-

opmental delay in females (Wang et al., 2018). DHX30 and DDX6

cause global developmental delays with gait abnormalities and more

consistent facial dysmorphism (Balak et al., 2019; Lessel et al., 2017).

Depending on the specific helicase and the tissue expression, the

phenotypes can also include gonadal dysgenesis (DHX37), early onset

retinitis pigmentosa (DHX38), and syndromes of congenital anomalies,

such as Richieri-Costa-Pereira syndrome (EIF4A3). The degree of

variability between the specific family members of this highly con-

served protein family may be secondary to the differential tissue

expression, variations in the C- and N-terminal domains, or combina-

tions of factors.

Given the increasing relationship between DEAD/H box RNA

helicase alterations and human disease, further functional studies will

be important to clarify disease mechanisms and expand our knowl-

edge of this growing set of related disorders. Given the breadth of the

defined and proposed functions of DDX23, future efforts will be

aimed at characterizing the impact of these variants on DDX23's roles

in RNA processing, the maintenance of genome stability, and its ability

to act as a sensor for dsRNA. This last function could be relevant in

the defense against viruses that carry their genetic information as

dsRNA. Defining the contribution of these different functions to each

associated phenotype is likely to uncover pathogenic mechanisms that

are shared with other DEAD/H box RNA helicases, as well as those

that are unique to DDX23.

6 | CONCLUSION

We propose that this cohort adds DDX23 to the expanding set of

DDX/DHX-related disorders, but this requires confirmation with func-

tional validation and additional reported cases. Patients with alter-

ations in DDX23 also appear to have an increased risk for autism

spectrum disorder, seizures, and atypical facial features. Functional

studies are needed to further elucidate the underlying mechanism

causing these features. Based on gene constraint metrics and the loca-

tion of missense alterations described herein, dominant negative or

gain of function, rather than loss of function, appears to be the most

likely mechanism. For patients with neurodevelopmental symptoms,

variants discovered in DDX23 should be considered as possible cau-

ses. Our cohort adds DDX23 to the emerging number of DEAD/H box

RNA helicase related disorders.
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