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Genetic investigations of people with speech and language disorders can provide windows into key aspects of human biology.
Most genomic research into impaired speech development has so far focused on childhood apraxia of speech (CAS), a rare
neurodevelopmental disorder characterized by difficulties with coordinating rapid fine motor sequences that underlie proficient
speech. In 2001, pathogenic variants of FOXP2 provided the first molecular genetic accounts of CAS aetiology. Since then,
disruptions in several other genes have been implicated in CAS, with a substantial proportion of cases being explained by high-
penetrance variants. However, the genetic architecture underlying other speech-related disorders remains less well understood.
Thus, in the present study, we used systematic DNA sequencing methods to investigate idiopathic speech delay, as
characterized by delayed speech development in the absence of a motor speech diagnosis (such as CAS), a language/reading
disorder, or intellectual disability. We performed genome sequencing in a cohort of 23 children with a rigorous diagnosis of
idiopathic speech delay. For roughly half of the sample (ten probands), sufficient DNA was also available for genome
sequencing in both parents, allowing discovery of de novo variants. In the thirteen singleton probands, we focused on
identifying loss-of-function and likely damaging missense variants in genes intolerant to such mutations. We found that one
speech delay proband carried a pathogenic frameshift deletion in SETDIA, a gene previously implicated in a broader variable
monogenic syndrome characterized by global developmental problems including delayed speech and/or language development,
mild intellectual disability, facial dysmorphisms, and behavioural and psychiatric symptoms. Of note, pathogenic SETDIA
variants have been independently reported in children with CAS in two separate studies. In other probands in our speech
delay cohort, likely pathogenic missense variants were identified affecting highly conserved amino acids in key functional
domains of SPTBNI and ARF3. Overall, this study expands the phenotype spectrum associated with pathogenic SETDIA
variants, to also include idiopathic speech delay without CAS or intellectual disability, and suggests additional novel potential
candidate genes that may harbour high-penetrance variants that can disrupt speech development.

1. Introduction

Most children learn to speak within the first few years of life
without exceptional effort or formal training. Typically,
exposure to linguistic input in their environment is enough
for children to develop the skills needed to understand
others and to produce speech. However, for a subset of chil-
dren, the path to intelligible speech is not so straightforward.
Children with delayed speech development take longer to

become proficient in this skill, demonstrated by (for
example) age-inappropriate speech sound deletions and/or
substitutions [1]. Sometimes this occurs in the context of
broader developmental problems such as intellectual disabil-
ity, deafness, autism, or neurological damage, but in the case
of idiopathic speech delay, such diagnoses are absent. Speech
delay may be considered as a subtype of a more general cat-
egory of speech sound disorders (SSD) that also includes
speech errors like lisps and motor speech disorders like
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childhood apraxia of speech (CAS) [2]. Children with persis-
tent speech delay often experience difficulties in other
domains as well and may present with reading difficulties
[3] and/or developmental language disorder [4]. However,
for children with speech delay who do not experience other
language-related problems or intellectual disability, intellig-
ibility usually develops to a level that is consistent with their
intellectual abilities within two to three years following
diagnosis [5].

Several lines of evidence suggest that speech- and
language-related skills and their associated disorders have
strong genetic underpinnings [6]. Most of the heritable
variation in speech- and language-related traits is likely to
involve an interplay of many genetic factors with small effect
sizes. Genome-wide association analyses have identified the
first common genetic variants associated with reading and
dyslexia and could explain 8 to 26% of variability in reading,
spelling, phoneme awareness, nonword repetition, dyslexia,
and vocabulary in infants and toddlers by common variants
(so-called SNP heritability) [7-9]. However, there are rare
cases documented where a speech and language disorder
occurs in a monogenic form. The most studied examples
thus far relate to the disorder CAS, for which the burden
of rare high-penetrance DNA variants appears relatively
high. The first findings in this area date back to 2001, when
mutation of FOXP2 was identified as the cause of CAS in
fifteen affected (but no unaffected) relatives in a large multi-
generational family (MIM: 602081) [10]. Following this,
additional inherited and de novo disruptive FOXP2 variants
have been implicated in speech/language deficits (with CAS
as the most prominent phenotype) in multiple independent
families and probands [11], but these still explain only a
small proportion of cases overall [12]. In recent years, sys-
tematic exome/genome sequencing screens of CAS cohorts
have begun to identify potential high-penetrance pathogenic
variants in genes beyond FOXP2 [6, 13-15]. Most of the
genetic loci highlighted by such CAS screens have also been
implicated in heterogeneous neurodevelopmental disorders,
in which speech problems may occur in the context of a
more pervasive syndrome, with notable examples including
CHD3 [16] (MIM: 618205), SETDIA [17] (MIM: 619056),
WDR5 [18], and SETBPI [19] (MIM: 616078). It is not yet
well understood why variants in the same gene yield more
selective issues with speech in some affected individuals
but cause broader syndromes involving multiple aspects of
the brain and behaviour/cognition in others [20]. Moreover,
systematic characterization of speech phenotypes is seldom
carried out when collecting clinical information of children
with monogenic neurodevelopmental syndromes, and for
some established disorders, problems in this area may be
more central than initially thought. This is, for example, evi-
dent from a recent assessment of the communication pro-
files of individuals with KAT6A syndrome (MIM: 616268),
showing that severe communication difficulties are a core
feature of the disorder [21]. More thorough phenotypic
characterizations of existing syndromes, as well as the iden-
tification of additional pathogenic DNA variants in different
loci, are required to obtain a better picture of how genetic
risk factors may derail speech development.
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In contrast to CAS, the genetic underpinnings of idio-
pathic speech delay have yet to be investigated with next-
generation DNA sequencing methods. Identifying whether
high-penetrance genetic variants can lead to monogenic sub-
types of speech delay, and characterizing the relevant genetic
loci, will enhance understanding of pathways underlying
speech (dys)function. In addition, by only including cases
of idiopathic speech delay, in the absence of a motor speech
disorder or intellectual disability, we can study whether there
are genetic overlaps between speech delay and broader neu-
rodevelopmental disorders, even when some cases do not
show phenotypic overlap, as demonstrated for CAS. Here,
we used genome sequencing of 23 children with a rigorous
diagnosis of idiopathic speech delay, with neither a motor
speech disorder nor intellectual disability, to search for
potentially pathogenic single-nucleotide variants, as well as
small and large insertions or deletions. For ten probands,
we had the possibility to also sequence the genomes of both
parents, allowing us to discover de novo variants. We used
strict filtering of the variants uncovered, which resulted in
the identification of a pathogenic or likely pathogenic vari-
ant in three cases from the cohort.

2. Material and Methods

2.1. Participants. Probands were selected from children
participating in a diagnostic classification and genetic study
of children with speech sound disorders conducted at the
Callier Center for Communication Disorders, University of
Texas at Dallas. Protocols for participant recruitment,
speech-language assessment, and saliva collection for the
genetic study were approved by Institutional Review Boards
at the University of Wisconsin-Madison and the University
of Texas at Dallas. All participants provided informed con-
sent. Potential study participants were identified by referring
certified speech-language pathologists. A telephone screen-
ing was conducted by research personnel supported by a
parent or caregiver to identify potential study participants
who met the following inclusionary criteria: moderate-to-
severe speech delay; 3 to 8 years of age; no intellectual, struc-
tural, hearing, neurological, or affective disorder; and from a
home in which English was the only or primary spoken
language.

A total of 67 participants for the diagnostic classification
study were assessed using the Madison Speech Assessment
Protocol [2], a two-hour battery of 25 measures that includes
15 speech tests and tasks scored using auditory-perceptual
and acoustic methods. The Speech Disorder Classification
System (SDCS) [2, 22] was used to cross-classify the speech
and motor speech status of each participant. All participants
met SDCS criteria for idiopathic speech delay. Additionally,
according to this scheme, their motor speech status was
classified into one of the five classifications (no motor speech
disorder), or one of four types of motor speech disorder
(speech motor delay, childhood dysarthria, childhood
apraxia of speech, or childhood dysarthria and childhood
apraxia of speech). In addition, the Detroit Test of Learning
Aptitude-Primary (DTLA; 3rd Edition) [23] was used to
assess the cognitive ability of the participants. Saliva samples
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for DNA isolation were collected from probands and some
nuclear family members using Oragene saliva collection kits
(DNA OG-500 kit; DNA Genotek Inc., Kanata, Ontario,
Canada).

Probands classified as having concurrent idiopathic
speech delay and no motor speech disorder at assessment
were considered further for the present genome sequencing
analysis. Cases with more severe speech delay were selected,
based on scoring at least two standard deviations below the
mean on one of the two speech competence markers: per-
centage vowels correct and percentage consonants correct
[2]. In addition, probands were excluded if their general
ability standardized score was below 80, or substantially
lower than the estimated IQ of at least one of their parents
based on the parent’s education level. For two cases, the
DTLA had not been administered, so their general ability
was not scored.

DNA from parents was included when it was available
from both parents and no verbal trait disorder was reported
in either parent. After applying these criteria, a total of 23
probands were included in the genome sequencing analyses.
A trio sequencing strategy was applied for ten probands,
who had DNA available from both parents. The other 13
probands were included with a singleton strategy. Phenotype
descriptions of these probands are summarized in Table S1.

2.2. Genome Sequencing and Variant Calling. Genome
sequencing was performed by Novogene (Hong Kong).
Paired-end sequencing was carried out on the Illumina
HiSeq Xten platform, with reads of 150 base pairs. The data
comprised on average 740 million reads per sample (range
599 to 1067 million) and an average sequencing depth of
33.1 times (range 19.2 to 47.8). The sequencing data were
mapped onto the human reference genome (GRCh37) using
the software Burrows-Wheeler Aligner (BWA) [24] and
then processed according to Genome Analysis Toolkit
Software Best Practices (GATK v4.0.1.1) [25]. First, PCR-
duplicated reads were marked using Picard, and BAM files
were sorted using SAMtools (v1.3.1) [26]. Genetic variants
in the sequence data were called using HaplotypeCaller, con-
solidated using GenomicsDBImport, and merged together
using the GenotypeGVCFs, three tools of GATK [25]. Lastly,
we performed Variant Quality Score Recalibration (VQSR)
on the genome sequence data and excluded variants with a
VQSR score over 99%. All variants discussed in the manu-
script were independently validated using Sanger sequenc-
ing. When DNA was available, Sanger sequencing was also
used to study the presence/absence of the variant in the
parents of the proband, independent of whether genome
sequence data were available from the parents.

2.3. Structural Variant Calling. Structural variants were
called using BreakDancer (v1.1.2) [27] and BIC-seq2 (BIC-
seq-norm v0.2.4 and BIC-seq-seq v0.7.2) [28]. BreakDancer
calls structural variants based on the alignment of read pairs
and was run on the pooled dataset using standard settings.
BIC-seq2 detects deletions and duplications based on the
comparison of read depth between two samples. Probands
in the proband-parent trios were compared to both parents

to identify de novo deletions and duplications. Singleton
probands were compared to two unrelated parents. Unique
sequencing reads with a quality score >20 were extracted
using SAMtools, after which BIC-seq2 was used to normal-
ize the data and identify structural variants. Lambda was
set to 0.5 for more lenient detection of deletions and dupli-
cations. Structural variants were considered if they were
detected by both tools (maximum twofold size difference
and maximal distance of 10kb between predicted start or
end sites), were not detected in any of the parents by Break-
Dancer, and were located in one or more exons of a protein-
coding gene.

2.4. Variant Annotation and Filtering. Variants were anno-
tated with ANNOVAR [29] (version 2017-07-17) and subse-
quently filtered. Only exonic variants in protein-coding
genes were included. Variants located in known regions of
genomic duplications were removed, as were variants with
three or fewer reads supporting either allele. For the
proband-parent trios, de novo variants were identified as
those variants present in the proband but not in the parents.
For the single probands, variants not present in either of the
parents of any of the trios were selected. Variants were fur-
ther filtered based on minor allele frequency (MAF), gene
intolerance, predicted functional impact of the variant, and
expression of the gene in developing brain, according to
thresholds outlined below. Strict filtering criteria were used
to prevent false-positive findings, even though they might
also filter out true causal variants.

Only variants with MAF <3.2x 10™* were considered.
This threshold was based on a statistical framework that
takes into account disease prevalence, genetic heterogeneity,
and penetrance [30]. We used a population frequency of
2.9%, as the prevalence of speech delay in 4-8-year-olds
has been estimated at 3.6% [4, 31, 32], of which 82% have
no motor speech disorder [22]. We used lenient values for
heterogeneity (0.02; i.e., no single variant causes more than
2% of cases) and penetrance (90%), since these values are
unknown for speech delay. The Genome Aggregation Data-
base [33] (gnomAD, v2.1.1) and Known VARiants database
[34] (Kaviar, version 2015-09-23) were used as reference.

For genes with pLoF variants and structural variants,
gene intolerance was based on the probability of being
loss-of-function intolerant (pLI) score [35]. For genes with
missense variants, gene intolerance was based on the
Z-score for missense constraint (MIS_Z) [35], pLI score,
and the local tolerance score from Metadome [36]. The pLI
and MIS_Z scores are calculated from the ratio between the
number of observed variants and the number of variants
expected based on the DNA sequence of the gene. The local
tolerance score from Metadome is calculated as a missense
over synonymous variant count ratio, in a sliding window
manner, to provide a per-position indication of regional tol-
erance to missense variation. All scores are based on the
sequencing data in gnomAD. Genes with pLI > 0.9 were con-
sidered intolerant to pLoF variants and structural variants.
For missense variants, genes with MIS_Z > 2.5 or pLI> 0.9
and amino acids with a local tolerance score indicating an
intolerant locus were considered intolerant.



The impact of pLoF variants was predicted based on
their location in the gene. Splicing variants were included
only if they affected the main acceptor and donor sites.
Frameshift and stop-gain variants were excluded when
located within 50 base pairs from the end of the transcript,
unless they affected a protein domain. The impact of
missense variants was predicted based on ratings of base-
specific evolutionary constraint using Genomic Evolutionary
Rate Profiling (GERP++) and three algorithms that predict
functional effects of human SNPs: rare exome variant ensem-
ble learner (REVEL) [37], Polymorphism Phenotyping-2
(PolyPhen-2) [38], and Sorting Tolerant From Intolerant
(SIFT) [39]. Missense variants with GERP > 2, REVEL > 0.5,
and PolyPhen and/or SIFT indicating a (possibly) damaging
effect were considered to have high impact.

Speech delay is a neurodevelopmental disorder; there-
fore, only variants in transcripts that are expressed in the
human brain were included. Expression levels of the genes
and exons carrying the variants were assessed in the
developmental human brain RNA-sequencing dataset of
Brainspan [40] and the adult human brain gene expression
data in GTEx [41].

2.5. Variant Interpretation. Phenotypes previously associated
with similar variants (either pLoF or missense) occurring in
the same gene were collected using searches in PubMed, the
Online Mendelian Inheritance in Man (OMIM) database,
denovo-db (v1.6.1) [42], and VariCarta [43] (assessed in
May 2023). For variants in genes previously associated with
a neurodevelopmental disorder, available interpretations of
pathogenicity were obtained from ClinVar [44]. Remaining
variants were interpreted according to a five-tier system of
classification for variants of Mendelian disorders into (1)
pathogenic, (2) likely pathogenic, (3) uncertain significance,
(4) likely benign, and (5) benign variants [45]. This approach
for interpreting variants has limited power to detect new gene-
disease associations, as variants in known causal disease genes
require less additional proof before being classified as (likely)
pathogenic than variants in genes that not yet have been
described as causal for a neurodevelopmental disorder. More-
over, it is unlikely to identify causal genes through recurrence
(i.e., identifying multiple mutations in the same gene), an
approach which would not have be affected by known gene-
disease associations, due to the limited sample size. Effects of
pLoF variants on nonsense mediated mRNA decay was stud-
ied using NMDEscPredictor [46].

3. Results

Genome sequencing was used to screen 23 probands with
speech delay for potential pathogenic variants that may
explain their speech phenotype. We were able to take advan-
tage of a proband-parent trio design for ten of the probands,
by sequencing the DNA of both unaffected parents and
searching for de novo variants. For the other thirteen pro-
bands, either DNA was not available in large enough quan-
tity for both parents or a parent reported problems with
speech or related issues. For these thirteen probands, we
focused on rare pLoF variants and missense variants pre-
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dicted to be damaging in genes intolerant to such mutations.
A total of five rare pLoF variants were identified in intolerant
genes (pLi > 0.9; Table 1). One pLoF variant was identified
in proband 01 in SETDIA (p.P1313Afs*17), a gene encoding
a histone methyl transferase. Sanger sequencing of this gene
in the father, for whom DNA was also available, showed that
the SETDIA frameshift was inherited from him. This father
self-reported problems with speech, reading, learning, and
cognition but was not further assessed, and so systematic
data on the nature of his speech difficulties were not
available (Figure 1(a)). The variant is predicted to lead to
nonsense-mediated decay and thus SETDIA haploinsuffi-
ciency. SETDIA haploinsufficiency is known to cause a
Mendelian disorder characterized by global developmental
delay including delayed speech and/or language develop-
ment, mild intellectual disability, subtle facial dysmorph-
isms, and behavioural and psychiatric symptoms (MIM:
619056) [17, 47]. The SETDIA frameshift was therefore clas-
sified as pathogenic. Of note, proband 01 does not have
symptoms indicative of developmental delay or a psychiatric
disorder and therefore presents with a mild phenotype com-
pared to others with SETDIA haploinsufficiency. Yet, this
proband represents one of the most affected of the speech
delay cohort based on two speech competence indices
(percentage consonants correct and percentage vowels cor-
rect) and the Goldman-Fristoe Test of Articulation [48]
(Figure 1(g) and Supplemental Table 1). Remarkably, in
prior genome sequencing efforts of modest sized samples, de
novo pLoF variants in SETDIA have been independently
identified twice in children with CAS: one without any
symptoms indicating developmental delay or psychiatric
problems [13] and one with a borderline low IQ of 79 [14].
These prior findings are in line with the current results,
indicating that SETDIA haploinsufficiency can cause a mild
disorder mainly affecting speech.

The other four pLoF variants were located in genes not
previously associated with a neurodevelopmental disorder
according to prior literature. Proband 02 carries a frameshift
variant in PPPIR7. A de novo pLoF variant was previously
found in PPPIR7 in a proband with autism spectrum disor-
der who was part of a large cohort of trios [49], but in that
investigation, no enrichment of de novo variants was identi-
fied that could point towards a causal role of the gene. In our
study, DNA was available from both parents for Sanger
sequencing, which revealed that the PPPIR7 frameshift var-
iant was inherited from the father who did not report
speech-related problems (Figure 1(b)). Thus, taking all evi-
dence together, we classified this as a variant of unknown
significance. Proband 04 has a pLoF variant in TCERGI,
which is classified as variant of unknown significance
because the proband also carries a likely pathogenic mis-
sense variant in SPTBN1 (Table 2). Proband 06 carries two
pLoF variants in intolerant genes RIPORI and TOP2A. Since
neither gene has yet been associated with a neurodevelop-
mental disorder, both were classified as variants of unknown
significance.

We also studied missense variants in the genomes of the
thirteen probands without DNA available from both parents.
After strict filtering for MAF, gene intolerance, predicted
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FiGure 1: Inheritance pattern of variants in six probands, the severity of speech delay, and conservation of the missense variants. (a—f)
Sanger validation and segregation analysis of variants. Sanger sequencing traces are shown for all individuals with DNA available.
Pedigrees show circles/squares filled black for probands, all of whom had speech delay, or for parents with self-reported speech and/or
language difficulties. Circles/squares filled white represent parents without self-reported speech and/or language difficulties. (a)
Frameshift variant in SETDIA in proband 01 that was inherited from the father, who self-reported problems with speech, reading,
learning, and cognition. (b) Frameshift variant in PPPIR7 in proband 02 that was inherited from the father, who did not self-report any
speech-related problems. (c) Missense variant in NAAI5 in proband 03, inherited from the mother, who did not self-report any speech/
language difficulties. (d) Missense variant in SPTBNI in proband 04. The variant was not present in the mother. (e) Missense variant in
ARF3 in proband 05. (f) De novo stop-gain pLoF variant in KDR in proband 06. (g) Speech competence of the speech delay cohort,
based on percentage consonants and vowels correct. The probands who carry a variant classified as (likely) pathogenic are highlighted.
(h) Amino acid evolutionary conservation of the relevant parts of proteins encoded by NAAI5, SPTBN1, and ARF3. The arrows point to
the amino acids affected by missense variants, each of which is highly conserved across diverse vertebrate species.

impact of the variant, and expression of the gene in the brain, a 05 (Figures 1(d) and 1(e)). SPTBNI was recently implicated
total of 18 missense variants remained (Table 2). Two mis-  in a neurodevelopmental disorder characterized by intellectual
sense variants were classified as likely pathogenic: p.A230T  disability, language and motor delays, autistic features, and
in SPTBNI in proband 04 and p.R75P in ARF3 in proband seizures (MIM: 619475) [50, 51]. Causal missense variants that
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have been previously identified in SPTBNI mostly cluster in
the second calponin homology domain [50], which is where
the p.A230T variant in proband 04 is located (Figure 2). Het-
erozygous missense variants in ARF3 have been associated
with a developmental disorder affecting the central nervous
system and skeletal system, with variable expressivity [52].
The p.R75 amino acid is located in the second switch domain
(Figure 2), which is important for GTP/GMP binding and
protein interactions. The amino acids affected by the missense
variants in SPTBNI and ARF3 are highly conserved in dis-
tantly related vertebrate species (Figure 1(h)). Compared to
individuals previously described with SPTBNI- and ARF3-
related disorders, probands 04 and 05 present a very mild
neurodevelopmental phenotype with only speech delay. But
compared to the remainder of the speech delay cohort that
we screened in the current study, the speech of both probands
can both be considered as highly affected (Figure 1(g) and
Supplemental Table 1).

Seven other missense variants from the current cohort
were identified in genes previously associated with a hetero-
zygous neurodevelopmental disorder: NAA15 (p.D540Y) in
proband 03, RELN (p.G3368R) in proband 05, HCNI
(p.G74_E75insGGG) in proband 08, CIC (p.C444F) in pro-
band 06, STXBP1 (R100W) in proband 09, and KIFIB
(p-Y96C) in proband 02. The NAAI5 variant in 03 was also
present in the mother (Figure 1(c)), who did not self-report
any speech, language, or cognitive problems, but noted that
her father (the grandfather of proband 03) had hearing,
reading, and learning problems. PLoF variants [53] and mis-
sense variants [54] in NAA15 have been linked to a neurode-
velopmental disorder with variable levels of intellectual
disability, delayed speech and motor milestones, and autism
spectrum disorder (MIM: 617787). The mutated amino acid is
a residue with high evolutionary conservation (Figure 1(h)).
Yet, missense variants described as pathogenic or likely patho-
genic are mainly located in a small region of the protein
between amino acids 450 and 484 (Figure 2). Given the distance
between the p.D540Y variant and this region of the protein, the
variant identified in our cohort was classified as a variant of
unknown significance. Missense and pLoF variants in STXBP1
have been associated with a disorder characterized by neurode-
velopmental delay, seizures, and delayed speech and language
development (MIM: 612164) [67]. However, the presence of
the p.R100W variant in gnomAD, conflicting interpretations
in ClinVar, and its location outside hotspots with recurrent
pathogenic variants [67] led it to be classified as a variant of
unknown significance. Variants in CIC have been associated
with a neurodevelopmental disorder characterized by intellec-
tual disability, autism, and ADHD [58, 60] (MIM: 617600;
Figure 2), with several pLoF variants and one missense variant
in the HMG-box domain described. Because the missense var-
iant in CIC identified here is not located in the HMG-box
domain, it was classified as variant of unknown significance.
The variants in HCN1 and RELN were also classified as variants
of uncertain significance and likely benign in ClinVar. Lastly,
the phenotype associated with pathogenic variants of KIFIB,
peripheral sensorimotor neuropathy named Charcot-Marie-
Tooth disease type 2A1 (MIM: 118210), is highly dissimilar to
speech delay; therefore, the variant in this gene was also classi-
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fied as a variant of unknown significance. The other missense
variants, in genes not previously associated with a neurodeve-
lopmental disorder, were also all considered to be of unknown
significance. Recurrence, segregation information, and/or func-
tional evidence would be required to classify them otherwise.
No structural variants affecting an exonic region of an intoler-
ant gene were identified.

Turning to the ten cases with genome sequencing data of
both parents available, a total of six rare de novo nonsynon-
ymous variants were identified after filtering for minor allele
frequency in public databases and for expression of the tran-
script in the (developing) brain (Table 3). Most of the iden-
tified de novo variants are predicted to be tolerated by the
encoded protein (SIFT or PolyPhen indicating a tolerated/
benign variant and/or REVEL < 0.25) or are located in a
(region of a) gene tolerant to missense variants (MIS_Z < 3
or the local missense tolerance score indicating a tolerant
region), and we therefore classified them as variants of
unknown significance. Only one of the de novo variants is
predicted to be damaging and is located in an intolerant
gene: the stop-gain in KDR (c.C823T; p.R275X) in proband
14 (Figure 1(f)). KDR is a growth factor receptor tyrosine
kinase that acts as a cell-surface receptor for vascular endo-
thelial growth factor [68]. Sequencing studies in large devel-
opmental disorder cohorts previously reported de novo pLoF
variants in KDR in one proband with a neurodevelopmental
disorder [69] and in another with autism spectrum disorder,
as well as a de novo missense variant in a case with autism
spectrum disorder [70]. However, no statistically significant
enrichment of (likely) pathogenic variants has yet been iden-
tified to prove a causal role of KDR. Recently, pLoF variants
in KDR were associated with pulmonary arterial hyperten-
sion in a large cohort [71] and in two families [72] and with
a congenital heart defect called tetralogy of Fallot [73]. Due
to these conflicting reports, the KDR variant was classified
as being of unknown significance.

4. Discussion

Here, we used genome sequencing to study the genetic
underpinnings of idiopathic speech delay. We included 23
children with speech delay and also sequenced the genomes
of both parents of ten of the probands to allow for the inves-
tigation of de novo variants. We only included children that
had a diagnosis of speech delay without signs of intellectual
disability, to avoid studying neurodevelopmental disorders
with a broader phenotypic spectrum, which is common
practice and has already led to the identification of many
genes with causal variants [69]. In our idiopathic speech delay
cohort, we identified a pathogenic frameshift variant in
SETDIA and likely pathogenic variants in SPTBNI and
ARF3. In the remaining 20 probands, multiple rare pLoF and
likely deleterious missense variants were identified that might
play causal roles in the observed speech delay, but that require
additional evidence to be formally classified as pathogenic.

To our knowledge, this study provides the first case of a
SETDIA disorder where only speech delay is the symptom,
in the absence of other syndromic features. Prior cases have
been reported with developmental delay, intellectual disability,
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subtle facial dysmorphisms, behavioural problems, early-onset
epilepsy, schizophrenia, and/or CAS [13, 14, 17, 47, 74, 75].
Notably, speech or language delays, although typically not well
defined, have been observed in the majority of reported
SETDIA disorder cases, but never as the sole symptom. The
identified pathogenic SETDIA variant is a deletion leading to
a frameshift and a truncated protein that lacks several key
functional domains, including the highly conserved SET
domain which is essential for histone 3 lysine 4 methylation
[76]. The variant is predicted to lead to nonsense-mediated
mRNA decay, leading to typical SETDIA haploinsufficiency.
It is therefore unlikely that this variant has reduced penetrance
due to a mild effect on the protein. Moreover, the identical var-
iant was independently reported to be pathogenic in a case of
SETDIA haploinsufhiciency disorder with broader and more
severe symptoms including intellectual disability, global devel-
opmental delay, speech delay, and autism spectrum disorder
[17]. Tt is likely that additional genetic, environmental, and/
or stochastic factors modify the effects of pathogenic SETDIA
variants, leading to the relatively speech-specific phenotype
observed in proband 01. Variable expressivity and pleiotropy
have previously been shown for SETDIA, as well as a set of
genes implicated in monogenic syndromes, for which neuro-
developmental disorders and schizophrenia are part of the
clinical spectrum [17, 47, 75]. Our results indicate that the full
clinical spectrum associated with SETDIA haploinsufficiency
also includes speech delay in the absence of intellectual disabil-
ity or global developmental delay.

Remarkably, in recent studies, de novo pLoF variants in
SETDIA have been identified twice in children ascertained
based on their speech disorder, despite the relatively modest
size of the cohorts being screened [13, 14]. In cohorts with
people with speech disorders, SETDIA haploinsufficiency
therefore seems rather frequent (2 out of 123 people with
CAS and 1 out of 23 people with speech delay) [13-15],
compared to cohorts with people with schizophrenia (10
out of 7,776) or a neurodevelopmental disorder (4 out of
11,110) [47]. The full extent to which CAS and idiopathic
speech delay are caused by pathogenic SETDIA variants
has yet to be revealed, because cases with mild symptoms
have likely been undersampled in the clinical populations
from which most published cases have been identified. This
is also evident from, for example, the enrichment of
penetrance-increasing cis-regulatory variants [77] and risk-
increasing common genetic variation [78] in probands with
a monogenic disorder in clinical cohorts. Still, very few pLoF
variants have been found in SETDIA in large population
databases with sequencing data like gnomAD ([33]. There-
fore, it is likely that SETDIA disorder generally does not
go unobserved and undiagnosed. Unbiased genotype-to-
phenotype studies are required to identify the full spectrum
of phenotypes associated with SETDIA haploinsufficiency.
Given the high yield of rare high-penetrance variants, our
results indicate that probands with profound developmental
speech disorders such as CAS or severe speech delay should
be considered for genetic screening.

In our speech delay cohort, likely pathogenic variants
were also identified in SPTBNI and ARF3. Both genes have
already been associated with a neurodevelopmental disorder,
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in which speech delay has been reported in the majority of
cases but never as the sole symptom [50-52, 56]. In ARF3-
related disorder, speech is completely absent in multiple
cases. The probands described here likely represent very
mild cases of the clinical spectrum of the disorders associ-
ated with these genes. The variants reported here in SPTBN1
and ARF3 are missense variants, and future functional assays
in animal and cellular systems may help clarify further the
effects of the variants on the encoded proteins. Given several
lines of evidence (the variants are novel (i.e., never previously
observed in DNA sequencing data from large numbers of
healthy individuals), predicted to be damaging, and affect a
key amino acid in a highly conserved functional domain), it is
likely that both variants are pathogenic. For 20 probands, no
pathogenic or likely pathogenic variants were identified. Where
the trio approach [13, 14] and singleton approach [13, 15] were
previously successful in identifying high-confidence variants for
CAS in 26-42% of cases, the yield is much lower (13%) for pro-
bands with speech delay, and no additional benefit was obtained
from the trio approach taken for half of the cohort.

Genome sequencing is a powerful method to identify
genetic variants within and outside coding regions with high
quality. In the present study, by including only probands
without signs of intellectual disability or other syndromic
features, we were able to search for genes implicated in
speech delay against a background of relatively preserved
general cognitive function. These analyses are however lim-
ited by our sample size, reducing the chance of identifying
multiple pathogenic variants in the same gene, which could
help provide stronger evidence for causal relations. As this
represents the first next-generation sequencing analysis to
focus on idiopathic speech delay, we had to rely on associa-
tions with other speech or neurodevelopmental disorders for
validating pathogenic roles. Our strict inclusion criteria may
have therefore limited the number of (likely) pathogenic var-
iants we could successfully identify. Sequencing DNA of
patients and their healthy parents has been a highly success-
ful approach in identifying pathogenic de novo variants for
many neurodevelopmental disorders, including severe
speech phenotypes like CAS, but may be less suitable for
milder forms of speech impairment. Finally, we note that
some of the variants that we identified in the current study
might in future be classified as (likely) pathogenic, when
more evidence for causal roles of the relevant genes is gath-
ered from larger sequencing datasets.

Data Availability

The primary data for the study have been deposited at the
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