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Agustí Rodríguez-Palmero52,53, Tanja Višnjar54, Karin Writzl54,55, Pradeep C. Vasudevan56,
Meena Balasubramanian8,57,*
A R T I C L E I N F O
Article history:
Received 5 July 2024
Received in revised form
The Article Publishing Charge (APC) for this
Renarta Crookes and Michael Spiller are coa
*Correspondence and requests for materials

Population Health, University of Sheffield, Beech
Nour Elkhateeb, Department of Clinical Genetics,
Hospital, Cambridge University Hospitals NHS F
net

Affiliations are at the end of the document.

doi: https://doi.org/10.1016/j.gim.2024.101348
1098-3600/© 2024 The Authors. Published by El
under the CC BY license (http://creativecommon
A B S T R A C T

Purpose: The thousand and one kinase (TAOK) proteins are a group of serine/threonine-protein
kinases involved in signaling pathways, cytoskeleton regulation, and neuronal development.
TAOK1 variants are associated with a neurodevelopmental disorder (NDD) characterized by
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distinctive facial features, hypotonia, and feeding difficulties. TAOK2 variants have been
reported to be associated with autism and early-onset obesity. However, a distinct TAOK2-
NDD has not yet been delineated.
Methods: We retrospectively studied the clinical and genetic data of individuals recruited from
several centers with TAOK1 and TAOK2 variants that were detected through exome and genome
sequencing.
Results: We report 50 individuals with TAOK1 variants with associated phenotypes, including
neurodevelopmental abnormalities (100%), macrocephaly (83%), and hypotonia (58%). We
report male genital anomalies and hypoglycemia as novel phenotypes. Thirty-seven unique
TAOK1 variants were identified. Most of the missense variants clustered in the protein kinase
domain at residues that are intolerant to missense variation. We report 10 individuals with
TAOK2 variants with associated phenotypes, including neurodevelopmental abnormalities
(100%), macrocephaly (75%), autism (75%), and obesity (70%).
Conclusion: We describe the largest cohort of TAOK1-NDD to date, to our knowledge,
expanding its phenotype and genotype spectrum with 30 novel variants. We delineated the
phenotype of a novel TAOK2-NDD associated with neurodevelopmental abnormalities, autism,
macrocephaly, and obesity.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

The thousand and one kinase (TAOKs) family is a group of
mitogen-activated protein (MAP) kinase kinase kinase
(MAP3K) enzymes, which are evolutionarily conserved and
ubiquitously expressed in eukaryotes.1 They include 3 proteins,
TAOK1, TAOK2, and TAOK3, encoded by the TAOK1
(HGNC:29259), TAOK2 (HGNC:16835), and TAOK3
(HGNC:18133) genes, respectively.2 They are serine/threonine-
protein kinases that act as central regulators in controlling
MAPK cascades and thus have roles in signaling pathways,
cytoskeleton regulation, neuronal development, and homeosta-
sis.1,2 The TAOK family shares a similar domain structure; yet,
they differ in amino acid length, including a highly conserved
N-terminal catalytic kinase domain, distinct C-terminal domains
with a regulatory domain, and 2 to 3 coiled coil (CC) motifs.1

The TAOK1 protein has a role in various cellular pro-
cesses, including neuronal cytoskeleton regulation, DNA
damage response, apoptosis regulation, neuronal matura-
tion, and cortical development,3,4 mediated via MAPK
regulation and stimulation of c-Jun N-terminal kinases
(JNK) and p38 MAPK signaling pathways,5 and it is highly
expressed in the brain.6 Monoallelic TAOK1 pathogenic (P)
variants are associated with a neurodevelopmental disorder
(NDD) (MIM #610266) characterized by varying degrees of
developmental delay (DD), intellectual disability (ID),
learning difficulties (LD), distinctive facial features, hypo-
tonia, and feeding and growth difficulties.4,7

The TAOK2 protein is implicated in various cellular pro-
cesses, including neuronal cytoskeleton, microtubule regula-
tion, and synapse development.8,9 TAOK2 is a pleiotropic
protein and has distinct catalytic kinase and endoplasmic
reticulum-microtubule tethering functions.10 Altered TAOK2
activity in Taok2 heterozygous and full knockout (KO) mice is
suggested to impair neuronal dendrite growth and synapse
development, cause cortical layering abnormalities, and reduce
excitatory neurotransmission, through reduction of RhoA
activation.11 TAOK2 P variants have been suggested to be a
risk factor for autism,11 and a potential candidate gene for
severe early-onset obesity.12 However, a distinct NDD asso-
ciated with TAOK2 variants has not been delineated so far.

Here, we characterized 50 previously unreported in-
dividuals from 40 families with TAOK1-NDD found to have
37 different variants, expanding the phenotype of this con-
dition and reporting 30 novel variants. We also delineated the
phenotype and genotype spectrum of TAOK2 variants in 10
individuals, suggesting an association with a distinct NDD.
Materials and Methods

The phenotypic and genotypic features of individuals with
TAOK1 and TAOK2 variants were collected from clinical
evaluations across several centers. Individuals were recruited
from the Deciphering Developmental Disorders (DDD) study
(https://www.ddduk.org/), which contains exome sequencing
(ES) data from over 13,000 individuals affected with devel-
opmental disorders, individuals identified by GeneDx, as well
as through matchmaking on DECIPHER,13 GeneMatcher,14

and MyGene2.15 TAOK1 and TAOK2 variants were identi-
fied through exome/genome sequencing (either panel-based
or agnostic approaches) as trio, duo, or singleton analyses,
on a clinical or research basis. Messenger RNA (mRNA)
sequencing (on blood-extracted mRNA) was performed for
the TAOK1 c.1909-7G>A intronic variant (details of genetic
testing methodologies included in Supplemental Data 1).

Variant interpretation and computational analysis

Variants were aligned to the human reference genome build
(GRCh38/hg38 Assembly) accessed from the National Center
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for Biotechnology Information database. TAOK1 variants were
annotated using the MANE Select transcript NM_020791.4,
and TAOK2 variants were annotated using the MANE Select
NM_016151.4 transcript for TAOK2α isoform and
NM_004783.4 for TAOK2β isoform.16 Alternative splicing of
TAOK2 is known to result in 3 isoforms. Several variants listed
in the study fall within exons 1 to 15, which are identical
across each isoform; therefore, the specific transcript is not
indicated for these variants. The variants (TAOK2)
NM_016151.4:c.2811dup p.(Cys938LeufsTer56), (TAOK2)
NM_016151.4:c.2551del p.(Val851CysfsTer45), and the
previously reported (TAOK2) NM_016151.4:c.2755G>A
p.(Asp919Asn) fall within exon 16 in the
NM_016151.4 transcript, whereas the variants (TAOK2)
NM_004783.4:c.2548delC p.(Arg850GlyfsTer46) and the
previously reported NM_004783.4:c.3064_3088del
p.(Pro1022Ter) fall within exon 18 and exon 19, respectively,
in the NM_004783.4 transcript; therefore, for these specific
variants, the corresponding transcript is indicated.

All identified variants were evaluated for pathogenicity and
causality according to the American College of Medical Ge-
netics and Genomics/Association for Molecular Pathology
classification of sequence variants17 and the American College
of Medical Genetics and Genomics consensus statement on
reporting copy-number variants.18 The predicted functional
impact of the variants was assessed using in silico prediction
tools (CADD, REVEL, AlphaMissense, and SpliceAI).
Evolutionary conservation of individual residues was assessed
using phyloP (Supplemental Table 1). The variants were
checked in PubMed and ClinVar to determine their novelty.
The frequency of identified variants was compared with the
control population on Genome Aggregation Database (gno-
mAD v4.1)19 and the UK Biobank Allele Frequency data
(https://afb.ukbiobank.ac.uk/). The missense variant tolerance
at each position in the TAOK1 and TAOK2 genes was assessed
using Metadome (v1.0.1).20 Nonsense-mediated decay (NMD)
escape for protein-truncating variants (PTVs) was predicted by
the rules described by Lindeboom et al21 and aenmd tool.22

In silico protein modeling

Protein modeling was conducted on 11 TAOK1 and 1
TAOK2 residues using DDMut23 in wild-type and mutant
forms to assess their effect on protein stability and dynamics,
and the computed predicted destabilizing effect was indicated
by the predicted stability change (ΔΔG Stability wt → mt)
(kcal/mol).23 The residues were modeled on the homologous
TAOK2 PDB structure (PDB ID: 2GCD) in Rattus norve-
gicus; the closest structure for TAOK1 with an alignment
score of 492 and an identity of 89.4% because of the lack of
structural information on the human protein homolog.

Facial gestalt analysis

DeepGestalt technology was used24 via the Face2Gene
application (FDNA, Inc) to analyze facial dysmorphology.
The facial features of 18 individuals with TAOK1 variants
were compared with a control cohort of unaffected in-
dividuals matched for age, sex, and ethnicity. The mean area
under the curve (AUC) value represents the degree of
discrimination between the cohorts. The mean AUC ranges
between 0 and 1 (0 means incorrectly classified cohorts, 0.5
indicates random classifications, and 1 represents perfect
discrimination between the cohorts). A P value of <.05
indicates that the DeepGestalt technology can distinguish
between case and control cohorts.
Results

We identified 50 individuals (31 males and 19 females) from
40 unrelated families with TAOK1 variants and 10 in-
dividuals (6 males and 4 females) with TAOK2 variants.
Their ages ranged between 2 and 52 years.

TAOK1-NDD cohort phenotypes

The phenotype findings of individuals with TAOK1-NDD in
the study were summarized and compared with previously
reported findings of 38 individuals in the literature4,7,25-27

(Table 1, Figure 1A-C, and Supplemental Table 2). All in-
dividuals with TAOK1 variants presented with neuro-
developmental/neuropsychiatric disorder abnormalities with
variable degrees of DD, ID, and LD ranging from borderline
to severe motor delay (n = 25), speech and language delay
(n = 36), ID and LD (n = 37), autism spectrum disorder
(ASD) (n = 12), attention deficit hyperactivity disorder (n =
6), other behavioral difficulties (n = 15), and mental health
disorders (including anxiety, depression, and bipolar disor-
der) (n = 6). Affected individuals caught up with motor
milestones; yet, speech and language difficulties persisted in
23 individuals assessed between ages 3 and 45 years
(including 3 adults). Eighteen individuals required educa-
tional support in mainstream education, whereas 9 attended
a special school. Developmental regression was observed in
1 individual (P20) who had a second variant of uncertain
significance (VUS) in CDKL5 (HGNC:11411) (seizures
were not reported in this individual). Macrocephaly (head
circumference more than 2 standard deviations) (n = 32/41)
and hypotonia (n = 18/31) were common. Primary
macrocephaly was seen at birth (n = 4/11). Seizures
and stereotypical hand movements were each reported
in 4 individuals, including P36, who has a second diagnosis
of SLC6A1-related myoclonic-atonic epilepsy (MIM
#137165). Neuroimaging abnormalities were observed (n =
14/22), with ventriculomegaly being the most common
abnormality; other neuroimaging abnormalities included
congenital hydrocephalus, cerebral cortical atrophy, cerebral
white matter abnormalities, corpus callosum abnormalities,
cerebellar atrophy/hypoplasia, brainstem dysplasia,
focal cortical dysplasia, and hippocampal abnormalities
(Figure 2A).

https://afb.ukbiobank.ac.uk/


Table 1 Summary of the phenotypic data of the study population compared with previously reported individuals with TAOK1 variants in
literature

Study Population

TAOK1 Study
Population
(n = 50)

TAOK1 LoF/Truncating
Variants (n = 34)a

TAOK1 Missense
Variants (n = 16)

TAOK1-NDD Previously
Reported Cases in

Literature (n = 38)4,7,25-27

TAOK2 Study
Population
(n = 10)

1. Demographic data
Sex: male/female, n (%) 31/19 (62%/38%) 19/14 (58%/42%) 12/4 (75%/25%) 22/16 (58%/42%) 6/4 (60%/40%)
Age at last assessment

(median-range)
(years)

11.1 (2.17-52) 10 (3-43) 12.2 (2.2-52) 5 (1.2-21) 6.8 (2-24)

2. Neurodevelopmental phenotypes, n (%)
Global developmental

delay
33/40 (83%)b 22/25 (88%) 11/14 (79%) 29/34 (85%) 4/9 (44%)

Severe 6/40 (15%) 3/25 (12%) 3/14 (21%) N/A 1/9 (11%)
Mild/Moderate 23/40 (58%) 17/25 (68%) 6/14 (43%) N/A 3/9 (33%)
Nonspecified 5/40 (13%) 2/25 (8%) 2/14 (14%) N/A 0/9 (0%)

Motor delay 25/42 (60%) 18/28 (64%) 7/14 (50%) 10/14 (71%) 4/9 (44%)
Speech and language

delay
36/40 (90%) 24/27 (89%) 12/13 (92%) 10/14 (71%) 7/9 (78%)

Persistent speech and
language difficulties

23/32 (72%) 15/21 (71%) 8/11 (73%) N/A 7/9 (78%)

Intellectual disability/
learning difficulties

37/43 (86%) 24/27 (89%) 13/16 (82%) 19/30 (63%) 8/10 (80%)

Mainstream education
(without support)

3/34 (9%) 3/23 (13%) 0/11 (0%) N/A 1/4 (25%)

Mainstream education
(with support)

18/34 (53%) 12/23 (52%) 6/11 (55%) N/A 3/4 (75%)

Special education 9/34 (27%) 6/23 (26%) 3/11 (27%) N/A 0/4 (0%)
Educational support
non-specified

4/34 (12%) 2/23 (9%) 2/11 (18%) N/A 0/4 (0%)

Autistic spectrum
disorder/traits

12/39 (31%) 8/26 (31%) 4/13 (31%) 8/35 (24%) 6/8 (75%)

ADHD 6/39 (15%) 3/26 (12%) 3/13 (23%) 19/35 (56%) 2/8 (25%)
Behavioral difficulties 15/39 (38%) 10/26 (38%) 5/13 (38%) 14/27 (52%) 2/8 (25%)
Mental health disorders 6/32 (19%) 3/21 (14%) 3/11 (27%) 4/25 (16%) 1/6 (17%)
3. Neurological phenotypes, n (%)
Macrocephaly 32/41 (83%) 24/27 (89%) 8/14 (57%) 18/33 (55%) 6/8 (75%)
Absolute
macrocephaly

25/41 (64%) 18/27 (67%) 7/14 (50%) 14/33 (42/%) 4/8 (50%)

Relative macrocephaly 7/41 (19%) 6/27 (22%) 1/14 (7%) 4/33 (12%) 2/8 (25%)
Primary macrocephaly
(at birth)

4/14 (29%) 4/11 (36%) 0/3 (0%) N/A 0/3 (0%)

Hypotonia 18/31 (58%) 14/21 (67%) 4/10 (40%) 20/33 (61%) 0/9 (0%)
Seizures 4/50 (8%)c 4/34 (12%)c 0/16 (0%) 2/13 (15%) 1/9 (11%)
Abnormal movements/

hand stereotypies
5/50 (10%) 3/34 (9%) 2/16 (12%) 2/38 (5%) 1/9 (11%)

Neuroimaging
abnormalities

14/22 (64%) 10/15 (67%) 4/7 (57%) 11/30 (37%) 2/3 (67%)

Ventriculomegaly/
hydrocephalus

4/22 (18%) 3/15 (20%) 1/7 (14%) 7/21 (33%) 0/10 (0%)

4. Growth/gastrointestinal phenotypes, n (%)
Neonatal-onset failure

to thrive
6/30 (20%) 6/21 (29%) 0/9 (0%) 3/20 (15%) 0/10 (0%)

Feeding difficulties 10/34 (29%) 7/22 (32%) 3/12 (25%) 13/23 (57%) 0/10 (0%)
Small for gestational age 2/30 (7%) 1/22 (5%) 1/8 (13%) 1/24 (4%) 0/7 (0%)
Large for gestational

age
3/30 (10%) 3/22 (14%) 0/8 (0%) 3/24 (13%) 2/7 (29%)

Short stature (height for
age <2.0 SD)

3/32 (9%) 2/22 (9%) 1/10 (10%) 4/20 (20%) 0/10 (0%)

(continued)
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Table 1 Continued

Study Population

TAOK1 Study
Population
(n = 50)

TAOK1 LoF/Truncating
Variants (n = 34)a

TAOK1 Missense
Variants (n = 16)

TAOK1-NDD Previously
Reported Cases in

Literature (n = 38)4,7,25-27

TAOK2 Study
Population
(n = 10)

Tall stature (height for
age >2.0 SD)

0/32 (0%) 0/22 (0%) 0/10 (0%) 1/20 (5%) 4/10 (40%)

Underweight 3/30 (10%) 3/22 (14%) 0/7 (0%) 5/28 (18%) 0/10 (0%)
Overweight/obesity

(weight for height
>2.0 SD)

7/30 (23%)d 4/23 (17%) 3/7 (43%) 10/28 (36%) 7/10 (70%)

Gastro-esophageal reflux 4/26 (15%) 2/17 (12%) 2/9 (22%) 6/27 (22%) 0/10 (0%)
Constipation 8/30 (27%) 4/20 (20%) 4/10 (40%) 5/24 (21%) 0/10 (0%)
5. Skeletal phenotypes, n (%)
Joint hypermobility 11/30 (42%) 10/21 (56%) 1/9 (13%) 12/32 (38%) 3/8 (38%)
Skeletal anomalies 7/30 (23%)e 3/21 (14%) 4/9 (44%)e N/A 3/8 (38%)
6. Other phenotypic abnormalities and congenital anomalies, n (%)
Distinctive facial

features
31/46 (70%) 22/32 (67%) 9/14 (64%) 15/20 (75%) 2/8 (25%)

Refractive errors 11/33 (33%) 8/22 (36%) 3/11 (27%) 1/8 (13%) 2/6 (33%)
Other ophthalmological

abnormalities
11/33 (33%) 6/22 (27%) 5/11 (46%) 1/8 (13%) 0/10 (0%)

Hearing impairment 4/34 (12%) 3/24 (13%) 1/10 (10%) 1/8 (13%) 0/10 (0%)
Cardiac anomalies 4/24 (17%) 3/15 (20%) 1/9 (11%) 3/15 (20%) 1/9 (11%)
Kidney and urinary tract

anomalies
0/25 (0%) 0/16 (0%) 0/9 (0%) 3/35 (9%) 1/9 (11%)

Genital anomalies 3/28 (11%) 0/19 (6%) 3/9 (33%) N/A 1/9 (11%)
Prematurity 11/39 (28%) 6/25 (24%) 5/14 (36%) 3/19 (16%) 2/9 (22%)
Polyhydramnios 0/50 (0%) 0/34 (0%) 0/16 (0%) 5/25 (20%) 0/10 (0%)
Recurrent ear/

respiratory infections
10/31 (32%) 7/23 (30%) 3/8 (38%) 6/18 (33%) 0/10 (0%)

Hypoglycemia 3/50 (6%) 3/34 (9%) 0/16 (0%) 0/38 (0%) 0/10 (0%)

ADHD, attention deficit hyperactivity disorder; LoF, loss-of-function; N/A, not available; NDD, neurodevelopmental disorder; VUS, variant of uncertain
significance.

aIncluding stop-gain, frameshift, deletions, splicing variants, and missense variants predicted to affect splicing.
bIncluding P39 with neurofibromatosis type 1 (17q11.2 deletion including NF1), P41 with TNRC6B-related neurodevelopmental disorder, P11 and P12 with

16p13.11 duplication.
cIncluding P36, who has a second diagnosis of SLC6A1-related myoclonic-atonic epilepsy. Seizures were not reported in P20 who had a second VUS in

CDKL5.
dIncluding P11 with 16p13.11 duplication. Data on body weight is not available for P12 with 16p13.11 duplication.
eExcluding P38, who had symphalangism (fusion of proximal interphalangeal joints) (attributed to a likely pathogenic NOG variant).
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Neonatal-onset failure to thrive (which subsequently
improved in most individuals) (n = 6/30) and neonatal-onset
feeding difficulties (n = 10/34) (which persisted in child-
hood in 5 individuals with 1 individual requiring a gastro-
stomy) were reported, and 6 individuals were described as
picky eaters well into adolescence, whereas gastrointestinal
abnormalities including gastro-esophageal reflux (n = 4)
and constipation (n = 8) were reported. At birth, there were
2 individuals who were small for gestational age (birth
weight of less than 10th percentile for gestational age), and
3 were large for gestational age (birth weight of more than
90th percentile for gestational age). Postnatal growth ab-
normalities were observed in small numbers of individuals
with short stature (n = 3), underweight (n = 3), and over-
weight/obesity (n = 7) (overweight was defined as a body
mass index between the 85th and 95th percentile and of 25-
29.9 kg/m2 in the pediatric and adult individuals, respec-
tively, whereas obesity was defined as body mass index in
the 95th percentile or above and of 30 or more kg/m2 in the
pediatric and adult individuals, respectively).

Joint hypermobility was common (n = 11/30), and other
skeletal abnormalities were reported in 7 individuals
(including scoliosis, pes planus, wrist deformity, valgus
calcaneum, splayed ribs, and pes cavus). Individual P38 had
symphalangism (attributed to a likely pathogenic [LP] NOG
(HGNC:7866) variant). Congenital abnormalities were var-
iable and included cardiac abnormalities (n = 4) and male
genital abnormalities (hypospadias and cryptorchidism)
(n = 3). Ophthalmological abnormalities (n = 17/33)
included refractive errors, strabismus, cataract, nystagmus,
ptosis, and optic conduction disorder. Recurrent ear/respi-
ratory infections were reported (n = 10/31). Eleven in-
dividuals were born premature (between 26+3 weeks and
37+3 weeks gestation). Other less common phenotypes
included hypoglycemia (transient neonatal or recurrent),
hearing impairment, and progressive tremors.



Figure 1 Phenotypic characterisation of individuals with TAOK1 and TAOK2 variants in this study. A. A radar chart illustrating the
percentage of frequencies of the neurodevelopmental and neurological phenotypes associated with TAOK1 variants, TAOK1 LoF variants,
TAOK1 missense variants, and TAOK2 variants in this study. B. A radar chart illustrating the percentage of frequencies of the other phe-
notypes associated with TAOK1 variants, TAOK1 LoF variants, TAOK1 missense variants, and TAOK2 variants in this study. (Figure 1A and
B are illustrated by FlourishStudio [https://flourish.studio/]). C. Illustration of the most common phenotypes in individuals with TAOK1 and
TAOK2 variants in this study. Phenotypes observed in >50% of the study population are highlighted in red, 10% to 50% are highlighted in
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TAOK1-NDD cohort distinctive facial features and
facial gestalt analysis

Facial gestalt analysis receiver operating characteristic
curves suggested that facial features were distinctive, yet
overlapping with the control cohort, with AUC = 0.757
(P = .124), suggesting that facial recognition analysis
cannot distinguish between TAOK1-NDD and the control
population (Figure 2C) and that there is no recognizable
facial gestalt for TAOK1-NDD. However, overlapping
distinctive features were reported in 31 individuals, with the
most common features being a broad forehead, thin upper
vermillion border, hypertelorism, upslanting or down-
slanting palpebral fissures, posteriorly rotated ears, low-set
ears, high palate, micrognathia, and clinodactyly of the
fifth finger (Figure 2B).

TAOK1-NDD cohort genetic findings and phenotype-
genotype correlations

The genotype findings of individuals with TAOK1-NDD in
the study were detailed (Figure 3A, Supplemental Table 1).
Thirty-seven monoallelic TAOK1 variants were identified,
30 of which were not previously reported. Variant types
included missense (n = 17), stop-gain (n = 9), frameshift
indels (n = 5), splice-site/intronic (n = 4) and multi-exon
deletions (n = 4) (3 intragenic deletions of exons 9 and
10, exons 1-8, exon 16-20, and the fourth deletion
encompassing the N terminus, including the promoter,
exon 1, and part of exon 2). Six variants were predicted to
have substantial splicing effects by in silico tools. mRNA
sequencing for (TAOK1) c.1909-7G>A variant showed
aberrant splicing with activation of a cryptic splice-site
resulting in intron inclusion of 5 bp, creating a frame-
shift, and the transcript is predicted to undergo NMD
(Supplemental Figure 1). The variants were de novo in 15
individuals, inherited from an affected parent in 11 in-
dividuals, whereas inheritance was unknown in 24 in-
dividuals. The variants were absent or observed at
extremely low allele frequencies across gnomAD (v4.1)
and UK Biobank control populations. All of the missense
variants involved conserved residues, most of them were
associated with residues of high intolerance to missense
variation on Metadome and n = 11 of 17 clustered in the
protein kinase domain (residues 34-295) (Figure 3A,
Supplemental Table 1). In silico protein modeling pre-
dictions suggest that the 11 modeled TAOK1 missense
variants have variable degrees of predicted decreased or
increased intramolecular stability effects on the protein.
The (TAOK1) c.70C>A p.(Pro24Thr), c.170A>C
p.(Lys57Thr), c.785T>C p.(Leu262Pro), and c.878T>G
green, and <10% of the study population are highlighted in blue. (Fig
available at www.freepik.com [see details in the Acknowledgments sec
opmental delay; GDD, global developmental delay; GORD, gastro-es
difficulties; LoF: loss-of-function.
p.(Leu293Arg) residues affecting the PK domain were
associated with the most predicted destabilizing effects
(Supplemental Table 1, Supplemental Figure 2). The most
frequent variants were the previously reported (TAOK1)
c.2092C>T p.(Arg698Ter), the novel c.1414C>T
p.(Arg472Ter) and c.2485C>T p.(Arg829Ter) variants,
seen in 2 families each, whereas most of the TAOK1 var-
iants were not recurrent. Twenty-eight variants were clas-
sified as either P or LP, whereas 10 variants were classified
as VUS.

Twenty individuals had additional genetic findings,
including P/LP variants (dual genetic diagnosis) and VUS,
in 11 copy-number variants and single-nucleotide variants in
21 genes. The confirmed second genetic diagnoses (P/LP
variants) included 17q11.2 deletion (including NF1
(HGNC:7765) (P39), NOG (HGNC:7866)-related sympha-
langism (P38), TNRC6B (HGNC:29190)-NDD (P41),
SLC6A1 (HGNC:11042)-related myoclonic-atonic epilepsy
(P36), congenital adrenal hyperplasia (21-hydroxylase
deficiency) (P35), and 16p13.11 duplication (P11, P12)
(Supplemental Table 1). These additional findings may
contribute to the phenotypes in the study and overlap
with TAOK1-NDD phenotypes of the respective individuals
(Table 1,4,7,25-27 Supplemental Table 2). Phenotypic features
of individuals with loss-of-function (LoF) variants
(including stop-gain, frameshift, deletions, splicing variants,
as well as missense variants predicted to affect splicing)
were compared with those with missense variants
(Table 14,7,25-27). None of the individuals with missense
variants presented with seizures or neonatal failure to thrive.
Genital anomalies (33% vs 6%) and overweight/obesity
(43% vs 17%) were more common in individuals with
missense variants; yet, macrocephaly (57% vs 89%) and
hypotonia (40% vs 67%) were less common in them
compared with the other group.

TAOK2-NDD cohort phenotypes

The phenotype findings of individuals with TAOK2 variants
in the study were summarized (Table 14,7,25-27 and Figure 1)
and described in detail (Table 2,29 Supplemental Table 2).
All individuals (n = 10) with TAOK2 variants presented
with neurodevelopmental abnormalities (100%) with vari-
able degrees of DD, ID, and LD ranging from borderline to
severe (motor delay [n = 4], speech and language delay [n =
7], ID/LD [n = 8], ASD [n = 6], attention deficit hyperac-
tivity disorder, and other behavioral difficulties [n = 2], and
mental health disorders [n = 1]). Speech and language dif-
ficulties persisted in all 7 individuals assessed between ages
3 and 7.7 years. One individual (P3) presented with child-
hood apraxia of speech. Macrocephaly was common
ure 1C contains elements designed by Freepik, with the original
tion]). ADHD, attention deficit hyperactivity disorder; DD, devel-
ophageal reflux disorder; ID, intellectual disability; LD, learning

http://www.freepik.com


Figure 2 Neuroimaging abnormalities and distinctive facial features in the study cohort. A. a. MRI brain (T1-weighted axial cuts) in
patient (P38) with (TAOK1) c.306+2T>C variant at age 3.5 years showing ventricular dilatation (red arrows). b. MRI brain (T1-weighted
coronal cuts) in the same patient (P38) showing hippocampal malrotation (red arrows). c. MRI brain (T1-weighted axial cuts) in patient (P27)
at age 10 years with the (TAOK1) c.1102_1103del p.(Val368Ter) variant showing mild hypoplastic cerebellar vermis (red arrow) and mildly
elongated superior cerebellar peduncle (black arrow). d. MRI brain (T2-weighted axial cuts) in patient (P4) with (TAOK2)
NM_004783.4:c.2548del p.(Arg850GlyfsTer46) variant at age 4 years showing focal deep parietal white matter increased signal intensity
(red arrow), with a small area of increased signal intensity along the frontal horn of the left lateral ventricle (white arrow). e. MRI brain

8 N. Elkhateeb et al.



N. Elkhateeb et al. 9
(n = 6). Abnormal brain neuroimaging (MRI) (n = 2/3)
included cortical migration abnormalities, thin corpus cal-
losum, and white matter abnormalities (Figure 2A). Growth
abnormalities, including overweight/obesity (n = 7) and tall
stature (n = 4) were common. Skeletal abnormalities (n = 3)
included scoliosis, arachnodactyly, pes planus, and joint
hypermobility. Congenital abnormalities were rare and
included retractile testes, unilateral microtia, preauricular
tag, unilateral small kidney, bladder diverticulum, and
bicuspid aortic valve. There was no recognizable facial
gestalt, with few distinctive features in 2 individuals.

TAOK2-NDD cohort genetic findings

The genotype findings of individuals with TAOK2 variants
in the study were detailed (Table 2,29 Figure 3B, and
Supplemental Table 2). We identified 6 novel and 3 previ-
ously reported monoallelic TAOK2 variants, which included
3 frameshift indels present in either of TAOK2α (n = 2) or
TAOK2β isoforms (n = 1), missense (n = 2), splice-site
(n = 2), stop-gain (n = 1), and inframe deletion (n = 1)
present in both TAOK2α and TAOK2β isoforms. The var-
iants were de novo in 4 individuals, inherited from an
affected parent in 2 individuals, and had unknown inheri-
tance in 4 individuals. Four variants were classified as P/LP
and 5 as VUS, assuming an established TAOK2 disease-
gene association. The 3 TAOK2 frameshift indels in the
last exon (located in the regulatory domain) are predicted to
escape NMD, resulting in a truncated TAOK2α or TAOK2β
protein (C-terminal deletion). The TAOK2 c.563+2T>C
variant is predicted by in silico tools to abrogate intron 7
donor splice-site resulting in intron 7 retention. The
(TAOK2) c.1260G>A, predicted as a synonymous (TAOK2)
c.1260G>A p.(Pro420=) variant, affects a canonical splice-
site and is likely to result in donor splice-site loss, although
splicing studies have not been performed for both variants.
The (TAOK2) c.1496G>A p.(Arg499Ter) affects both iso-
forms and therefore likely results in haploinsufficiency. The
(TAOK2) c.221_223del p.(Ile74del) and c.463G>A
p.(Gly155Arg) variants, both located in the kinase domain,
affect residues that are evolutionarily conserved and intol-
erant to missense variation. The (TAOK2) c.1496G>A
p.(Arg499Gln) variant, located in the CC motif 1 similarly
affects a conserved residue. One individual (P10) had an
additional genetic finding (a monoallelic CELF2
(HGNC:2550) c.1456 G>A VUS).
(T1-weighted sagittal cuts) in the same patient showing mild thinning o
weighted axial cuts) in patient (P2) with (TAOK2) NM_016151.4:c.126
signal intensity with blurring of white matter-gray matter junction sugges
Individuals b (P41) and c (P42) are a proband and her affected mother wi
pathogenic variant and a paternally inherited 11q22.3 deletion of uncerta
Individual f is (P45). Individuals g (P46) and h (P47) are a proband and
duplication of uncertain clinical significance. Individual i is (P40). Ind
IL1RAPL1 (HGNC:5996) variant of uncertain significance. C. Composi
variants (a) and a control cohort (b). Score distribution (c) and receiver
results between individuals with TAOK1 variants and the control cohort
Discussion

Here, we characterized the clinical and genetic findings in
50 individuals from 40 families with TAOK1-NDD
harboring 37 TAOK1 variants, reporting 30 novel variants,
and expanding the phenotype of TAOK1-NDD with novel
phenotype-genotype associations. We expanded the pheno-
type of TAOK1-NDD to include transient neonatal and
recurrent hypoglycemia and male genital abnormalities,
which have not been previously reported to our knowledge.
TAOKs have a role in the activation of the p38 MAPK
pathway because they function as MAP3Ks, which phos-
phorylate MKK3/6 with the subsequent phosphorylation of
p38 kinases.1 p38 MAPK has a crucial role in glucose ho-
meostasis,30,31 and p38 MAPK inhibition was found to exert
a hypoglycemic effect in db/db mice (an animal model of
type 2 diabetes) by improving β-cell function via inhibition
of β-cell apoptosis.32 We report significant inter- and
intrafamilial phenotypic variability with variable penetrance
because there are several individuals who have inherited the
TAOK1 variants from mildly affected parents with mild ID
or LD, which was also observed in previous studies.4 This is
supported by the presence of LoF TAOK1 variants in the
control population on gnomAD with extremely low allele
frequencies, suggesting possible reduced penetrance and
that TAOK1-NDD could be an underdiagnosed condition.
We observed dual genetic diagnoses with TAOK1-NDD and
a second genetic disorder, with overlapping phenotypes in
some individuals, in 14% of individuals with TAOK1 vari-
ants, relatively higher than previous reports.33,34 This is
suggested to be due to the cohort being enriched for neu-
rodevelopmental abnormalities and highlights the com-
plexities in the genetic investigation of individuals with
NDDs and phenotyping affected individuals with atypical
clinical features. The presence of dual genetic diagnoses and
genetic findings classified as VUS were also observed in
previous reports of TAOK1-NDD.4,7

We observed that most of the TAOK1 missense variants
in the study clustered at the protein kinase domain, similar
to previous reports,4,7 at residues with high intolerance to
missense variation.20 The kinase domain is structurally
evolutionarily conserved35 and is highly constrained for
missense variation (z= 5.92),19 with the N terminus, which
includes part of the kinase domain, being significantly
constrained to missense variation (P = 1.05 × 10−7).35 The
(TAOK1) c.332C>T p.(Ser111Phe), c.500T>G
f the body of the corpus callosum (red arrow). f. MRI brain (T2-
0G>A p.(Pro420=) variant showing left frontal cortical increased
tive of focal cortical dysplasia (red arrow). B. Individual a is (P10).
th. The proband P41 has a de novo TNRC6B (HGNC:29190) likely
in clinical significance. Individual d is (P7). Individual e is (P29).
his affected father. Individual g has a paternally inherited 1q21.3

ividual j (P38) has associated NOG-related symphalangism and a
te photos were computed from images of individuals with TAOK1
operating characteristic (ROC) (d) curves illustrate the comparison
. AUC, area under the curve.



Figure 3 Genotype findings of the cohort of individuals with heterozygous TAOK1 and TAOK2 variants. A and B. A schematic
representation of the TAOK1 and TAOK2 genes, their exons/introns, protein domains, the variants identified, and Metadome’s protein's tolerance
landscape (v1.0.1). Lollipops representing individual variants indicate variant location, classification of (predicted) consequence on the protein
(shape), and pathogenicity classification (color). Lollipops representing missense variants are represented on top and other variant types are on
bottom. Novel variants are highlighted in bold font. Larger deletions (individuals P4, P5, P34, P40, and P49) are not demonstrated. The
Metadome protein tolerance landscape is shown color-coded below the protein scheme and illustrates that TAOK1 missense variants (in and
outside the protein kinase domain) are associated with regions of high intolerance to protein variation. The figure is illustrated by IBS 2.0.28 AH,
amphipathic helix; CC, coiled-coil motif; MBD, MEK binding domain; MTBD, microtubule binding domain; PKD, protein kinase domain; RD,
regulatory domain; SBD, substrate-binding domain; TM, transmembrane domains; VUS, variant of uncertain significance.
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Table 2 Details of the phenotype and genotype findings of individuals with TAOK2 variants in the study
Study Participants P1 P2 P3a P4 P5 P6 P7 P8 P9 (Mother of P8) P10

Neurodevelopmental
and neurological
phenotypes

NDD, ID, ASD
Macrocephaly

Speech and language
delay, epilepsy
hallucinations

NDD, mild ID, speech
and language delay
(childhood apraxia
of speech), autistic
features
macrocephaly

NDD, ID, ASD
macrocephaly

NDD, macrocephaly NDD, ID, ASD
Relative

macrocephaly

Speech and
language delay

Speech and language
delay, ID, ASD,
ADHD, behavioral
difficulties,
macrocephaly

ID, learning
difficulties

ASD, ADHD, LD,
behavioral
difficulties

Growth
abnormalities

Obesity, tall
stature

Obesity Obesity Obesity, tall stature LGA tall stature N/A Obesity Obesity N/A Obesity, tall stature

Neuroimaging N/A Neuronal migration
abnormalities

N/A Thin corpus callosum
deep focal
WM signal
abnormalities

N/A N/A N/A N/A N/A

Other phenotypes Prematurity
Joint hypermobility

arachnodactyly
refractive errors
retractile testes

Chronic diarrhea N/A Joint hypermobility
pes planus

Refractive errors
Unilateral ear tag,

high forehead,
hirsutism,
clinodactyly

Scoliosis N/A Unilateral microtia
bicuspid aortic
valve

Bladder diverticulum Death of stomach
cancer (age 24)

Juvenile idiopathic
scoliosis, joint
hypermobility,
premature
pubarche

HGVS genomic
variant
description

NC_000016.10:g.
29979310T>C

NC_000016.10:g.
29983332G>A

NC_000016.10:g.
29985286G>A

NC_000016.10:g.
29990886del

NC_000016.10:g.
29978268_
29978270del

NC_000016.10:g.
29987083dup

NC_000016.10:g.
29986823del

NC_000016.10:g.
29985285C>T

NC_000016.10:g.
29985285C>T

NC_000016.10:g.
29979208G>A

Variant (nucleotide
change and
protein change)b

NM_016151.4:c.
563+2T>C

NM_004783.4:c.
563+2T>C

NM_016151.4:c.
1260G>A
p.(Pro420=)

NM_004783.4:c.
1260G>A
p.(Pro420=)

NM_016151.4:c.
1496G>A
p.(Arg499Gln)

NM_004783.4:c.
1496G>A
p.(Arg499Gln)

NM_016151.4:c.
*2906del

NM_004783.4:c.
2548delC p.
(Arg850GlyfsTer46)

NM_016151.4:c.
221_223del
p.(Ile74del)

NM_004783.4:c.
221_223del
p.(Ile74del)

NM_016151.4:c.
2811dup p.
(Cys938LeufsTer56)

NM_004783.4:c.
2232+579dup

NM_016151.4:c.
2551del p.
(Val851CysfsTer45)

NM_004783.4:c.
2232+319del

NM_016151.4:c.
1495C>T
(p.Arg499Ter)

NM_004783.4:
c.1495C>T
(p.Arg499Ter)

NM_016151.4:c.
1495C>T
(p.Arg499Ter)

NM_004783.4:c.
1495C>T
(p.Arg499Ter)

NM_016151.4:c.
463G>A
p.(Gly155Arg)

NM_004783.4:c.
463G>A
p.(Gly155Arg)

TAOK2α isoform
variant type

Splice-site Synonymous Missense Intronic Inframe indel Frameshift indel Frameshift indel Nonsense Nonsense Missense

TAOK2β isoform
variant type

Splice-site Synonymous Missense Frameshift indel Inframe indel Intronic Intronic Nonsense Nonsense Missense

Inheritance Paternal De novo De novo De novo Unknown Unknown Unknown Maternal (P9) Unknown Unknown
In silico prediction

tools
Splice AI:
Donor Loss 0.98
Donor Gain 0.91

Splice AI:
Donor Loss 0.80

CADD: 31.0
Revel: 0.41
Alpha-Missense: 0.909

N/A N/A CADD: 23.4 N/A CADD: 36 CADD: 36 Revel: 0.53
Alpha-Missense: 1

GnomAD v4.1 allele
frequency

Absent 4/1441368
AF 0.0000028

Absent Absent Absent 2/1461100
AF 0.0000014

Absent 1/1596674
AF 6.263e-7

1/1596674
AF 6.263e-7

Absent

Pathogenicity
criteriac

PM2 PVS1_
strong = LP

PP3 PS2_sup = VUS PM2 PS2_sup = VUS PM2 PS2_sup
PVS1_strong = LP

PM2 PM1
PM4_sup = VUS

PVS1_strong = VUS PM2 PVS1_
strong = LP

PM2 PVS1 = P PM2 PVS1 = P PM2 PM1 = VUS

ADHD, Attention deficit hyperactivity disorder; AF, allele frequency; ASD, autistic spectrum disorder; ID, intellectual disability; LD, learning difficulties; LP, likely pathogenic; N/A, not available; NDD, neu-
rodevelopmental delay; P, pathogenic; VUS, variant of uncertain significance; WM, white matter.

aThis individual was previously reported as P12.29
bTAOK2 variants were annotated using the MANE Select NM_016151.4 transcript for TAOK2α isoform and NM_004783.4 transcript for TAOK2β isoform.
cAssessment based on the assumption of an established TAOK2 gene-disease association.
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p.(Leu167Arg), c.656C>T p.(Ala219Val), and c.806G>A
p.(Arg269Gln) variants located in the kinase domain were
previously found by in vitro kinase assays to affect the
catalytic function of the kinase domain.35 The kinase ac-
tivity was found to be crucial for TAOK1 subcellular
localization and membrane architecture.35 The (TAOK1)
c.449G>T p.(Arg150Ile) variant was found to reduce the
kinase activity, whereas the (TAOK1) c.500T>G
p.(Leu167Arg) was found to act in a dominant-negative
manner.4 This supports that missense variants, especially
in the kinase domain, are a mechanism of TAOK1-NDD, in
addition to haploinsufficiency, which is an established
mechanism of this disorder.4,7 It was found that Taok1
haploinsufficiency in mice models resulted in macrocephaly,
autistic-like behaviors, and neuronal abnormalities in the
dorsal raphe nucleus (DRN).36 Genetic deletion of Taok1 in
VGlut3-positive neurons of DRN resulted in autistic-like
behaviors in adult mice models, which were reversed by
the reintroduction of wild-type Taok1 (but not kinase-dead
Taok1) into the DRN. This supports the observations of
macrocephaly and autism as common phenotypes with
TAOK1-NDD and highlights the importance of the TAOK1
kinase activity in the neurons.7 We report the novel
(TAOK1) c.2593C>T p.(Arg865Ter) in exon 20, which is
predicted to escape NMD and result in a truncated protein
(loss of the terminal 137 amino acids, including the C-ter-
minal part of the CC motif 2). The CC motifs in TAOK1 are
predicted to fold into a triple helix and are important for
plasma membrane tubulation through phospholipid bind-
ing.35 In vitro studies found that the C-terminal tail (residues
901-1001) was dispensable; yet, the residues 321-901 were
necessary and sufficient for TAOK1 plasma membrane as-
sociation and membrane protrusion generation.35 Therefore,
this variant may impair TAOK1 plasma membrane locali-
zation. We also observed that none of the variants in our
study or those reported in the literature with TAOK1-NDD
were located in the C-terminal tail, supporting the studies
suggesting that it is functionally dispensable.

We outlined the phenotypic spectrum of TAOK2-NDD in
10 individuals harboring 9 heterozygous TAOK2 variants,
reporting 6 novel variants. Our findings suggest that TAOK2
variants are associated with neurodevelopmental abnormal-
ities, autism, macrocephaly, obesity, and variable congenital
abnormalities, suggesting a novel disease-gene association.
TAOK2 protein is highly expressed during neuronal
development,37 with distinct catalytic kinase and endo-
plasmic reticulum-microtubule tethering functions,10 and is
important for neuronal development and function, dendrite
development,10,38 and synapse development.11,39 TAOK2
was found to act as a translational repressor through inter-
action with eukaryotic elongation factor 2 to modulate
phosphorylation on key regulatory sites. This requires the
kinase activity of TAOK2 and is independent of eukaryotic
elongation factor 2 kinase activity.40 TAOK2 is located in
the 16p11.2 region, and 16p11.2 deletions were reported to
be associated with neurodevelopmental abnormalities,
childhood apraxia of speech, epilepsy, and obesity with
incomplete penetrance and clinical heterogeneity.41-45 The
reciprocal 16p11.2 duplications were found to be associated
with susceptibility to autism and schizophrenia.41,43 Both
LoF and missense TAOK2 variants were previously reported
in association with autism,11,46 suggesting that it is a critical
gene in the locus.

The brains of the Taok2 KO and 16p11.2 heterozygous
deletion mouse models were found to show similar abnor-
malities, with reduced levels of phosphorylated JNK1 and
cortical neuronal abnormalities. Taok2 rescued autism-
related developmental abnormalities in a 16p11.2 hetero-
zygous deletion mouse model, which further highlighted the
association of TAOK2 variants with NDDs, including
ASD.46 Taok2 heterozygous and KO mice were also found
to have neural connectivity, cortical layering, dendrite and
synapse formation abnormalities, and decreased excitatory
neurotransmission,11 as well as dosage-dependent increased
brain size yet with decreased volumes of the corpus cal-
losum, anterior commissure, and olfactory bulbs.11 Taok2
overexpression and downregulation were found to disrupt
neuronal migration.47 Furthermore, the 16p11.2 heterozy-
gous deletion mouse model demonstrated in vivo cerebral
cortical translational abnormalities with increased cortical
neuronal protein synthesis, which was rescued with TAOK2
or TAOK2β reintroduction.40 Alternative splicing of
TAOK2 results in 3 isoforms, with TAOK2α and TAOK2β
sharing exons 1 to 16. TAOK2α is the longest isoform and
TAOK2β has a distinct C terminus from alternative splicing
of alternate exons at the 3' end. TAOK2γ is a shorter iso-
form that is alternatively spliced at the 3' end; yet, it
maintains the reading frame.9 Neuronal positioning during
cortical development was found to be affected in an
isoform-specific manner with TAOK2α variants but not
TAOK2β variants, causing abnormal neuronal migration as
the TAOK2α isoform colocalizes with microtubules and
activates JNK1.47 JNK1 is involved in neuronal differenti-
ation and microtubule dynamics.48 TAOK2β was found to
affect synapse morphology and connectivity through RhoA-
dependent actin modulation.47 Therefore, it was proposed
that the 2 isoforms have distinct functional roles, with
TAOK2α modulating early developmental processes, such
as neuronal migration, by affecting microtubules and
TAOK2β being involved in developmental processes that
occur later, such as neuronal differentiation and synaptic
connectivity, by affecting the actin cytoskeleton.47 These
findings were similar to what was observed in the TAOK2
study cohort, with macrocephaly being a common feature
and similar neuroimaging abnormalities. However, neuro-
imaging was performed in only a few individuals in our
study, and volumetric brain imaging to estimate brain vol-
ume abnormalities would be of interest.

TAOK2 was suggested as a potential candidate gene for
human obesity through the analysis of ES data in individuals
with severe early-onset obesity, with the transmembrane
domains (amino acids 941-1162),12 which is required for the
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localization of TAOK2 to ER subdomains,10 being enriched
for very rare variants associated with obesity.12 TAOK2 was
identified as a critical modulator of the Hippo signaling
pathway through direct phosphorylation,12,49 and knock-
down of Drosophila tao increased adiposity and triglyceride
levels in vivo in the Drosophila ortholog of TAOK2.12 The
Hippo signaling pathway has a role in regulation of cell
proliferation and growth and organ size,50 and its upregu-
lation is associated with obesity and increased adiposity.51

Growth abnormalities, including obesity and/or tall stature,
were observed in most individuals with TAOK2 variants in
our study, particularly in those with variants that are not
located in the C-terminal transmembrane domains.

We report several TAOK2 variants, including missense,
truncating indels, and splice-site variants. TAOK2 is highly
constrained to LoF variation (pLI = 1) and missense vari-
ation (z= 3.36),19 suggesting that both missense and LoF
TAOK2 variants could be deleterious.11 We report 3 TAOK2
frameshift indels in the last exon that are predicted to cause
a truncated protein (C-terminal deletion) in the TAOK2α
isoform in 2 individuals, and the TAOK2β isoform in the
third. The C terminus of TAOK2 is a negative regulator of
TAOK2 kinase activity52,53 and is required for microtubule
binding and stabilization independently of kinase activity.54

The truncating (TAOK2) NM_004783.4:c.3064_3088del
p.(Pro1022Ter) variant (affecting the TAOK2β isoform
only) was previously found by functional studies to result in
gain of function with TAOK2 overexpression, increased
kinase activity, and impaired protein stability; yet, it did not
affect auto-phosphorylation.11 The missense (TAOK2)
NM_016151.4:c.2755G>A p.(Asp919Asn) in the regulato-
ry domain was found to have no effect on kinase activity,
nor on JNK activation, yet severely reduced nuclear local-
ization of TAOK2 and apoptotic membrane blebbing.55

Functional studies have not been performed for the frame-
shift indels in our study, but our hypothesis is that this is
likely to result in gain of function, similar to (TAOK2)
NM_004783.4:c.3064_3088del p.(Pro1022Ter) because of
the truncation of TAOK2 C-terminal regulatory domain.

The (TAOK2) c.221_223del p.(Ile74del) and c.463G>A
p.(Gly155Arg) variants are reported, and they affect resi-
dues intolerant to missense variation in the kinase domain.
Another missense variant located in the kinase domain
(TAOK2) c.403G>C p.(Ala135Pro) (present in both
TAOK2α and TAOK2β isoforms) was previously found by
in vitro to impair auto-phosphorylation and reduce TAOK2
kinase function with resultant LoF11 and impaired trans-
lational repression function.40 The (TAOK2) c.506A>C
p.(Asp169Ala) variant was found by in vitro studies to cause
loss of kinase activity, yet not affecting MAP3K7-mediated
activation of NF-kappa-B or interaction with TAOK1.56

Functional studies have not been performed for the
(TAOK2) c.221_223del p.(Ile74del) variant in our study, but
our hypothesis is that it may impair the kinase domain
function. We report the (TAOK2) c.563+2T>C variant,
which is predicted by in silico tools to result in a splice
donor site loss and intron 7 retention. The (TAOK2)
c.563+12_563+15del variant affecting the same splice
donor site has been previously found to result in intron 7
retention and introduction of a premature stop codon on
RNA expression studies.11 Both LoF and truncating TAOK2
variants are observed in the control population on gnomAD
with low allele frequencies, suggesting possible reduced
penetrance.

The TAOK3 (HGNC:18133) gene encodes thousand and
one amino acid kinase 3,57 which has a similar role as a
regulator of MAPK cascades yet with distinctive functions
of ERKs and p38 MAPK activation and JNK inhibition.2

Previous large-scale ES and genome-wide association
studies58-60 suggest that TAOK3 variants may be associated
with an increased risk of neurodevelopmental abnormalities
and mental health disorders; yet, a distinct TAOK3-related
disorder has not been delineated. Our preliminary findings
of n = 12 LoF and n = 10 missense variants suggest that
TAOK3 variants are associated with a distinct neuro-
developmental disorder with developmental delay, intellec-
tual disability, microcephaly, and seizures (unpublished
data).

In conclusion, we describe the largest cohort of TAOK1-
NDD published to date. We expand the phenotypic spec-
trum of TAOK1-NDD to include male genital anomalies and
hypoglycemia and expand the genotypes of TAOK1-NDD
with 30 novel variants. Our findings confirm the previous
observations that the TAOK1 kinase domain is a hotspot for
missense variation. We delineated the phenotypic charac-
teristics of a potential novel TAOK2-NDD that is associated
with neurodevelopmental abnormalities, autism, macro-
cephaly, and obesity, which support the previous observa-
tions that TAOK2 missense and truncating variants are
associated with human disease. Both TAOK1- and TAOK2-
NDDs share overlapping phenotypes with neuro-
developmental abnormalities and macrocephaly; yet,
feeding difficulties and congenital abnormalities are more
common with TAOK1-NDDs, and obesity is more common
with TAOK2-NDDs.
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Catalonia, Spain; 53Germans Trias i Pujol Research Institute
(IGTP), Badalona, Barcelona, Spain; 54Clinical Institute of
Genomic Medicine, University Medical Centre Ljubljana,
Ljubljana, Slovenia; 55Faculty of Medicine, University of
Ljubljana, Ljubljana, Slovenia; 56Department of Clinical
Genetics, Leicester Royal Infirmary, University Hospitals of
Leicester NHS Trust, Leicester, United Kingdom; 57Divi-
sion of Clinical Medicine, University of Sheffield, Sheffield,
United Kingdom
References

1. Fang CY, Lai TC, Hsiao M, Chang YC. The diverse roles of TAO
kinases in health and diseases. Int J Mol Sci. 2020;21(20):7463. http://
doi.org/10.3390/ijms21207463

2. Hu C, Feng P, Yang Q, Xiao L. Clinical and neurobiological aspects of
TAO kinase family in neurodevelopmental disorders. Front Mol Neu-
rosci. 2021;14:655037. http://doi.org/10.3389/fnmol.2021.655037

3. King I, Heberlein U. Tao kinases as coordinators of actin and micro-
tubule dynamics in developing neurons. Commun Integr Biol.
2011;4(5):554-556. http://doi.org/10.4161/cib.4.5.16051

4. van Woerden GM, Bos M, de Konink C, et al. TAOK1 is associated
with neurodevelopmental disorder and essential for neuronal matura-
tion and cortical development. Hum Mutat. 2021;42(4):445-459. http://
doi.org/10.1002/humu.24176

5. Giacomini C, Koo CY, Yankova N, et al. A new TAO kinase inhibitor
reduces tau phosphorylation at sites associated with neurodegeneration
in human tauopathies. Acta Neuropathol Commun. 2018;6(1):37. http://
doi.org/10.1186/s40478-018-0539-8

6. Hutchison M, Berman KS, Cobb MH. Isolation of TAO1, a protein
kinase that activates MEKs in stress-activated protein kinase cascades.
J Biol Chem. 1998;273(44):28625-28632. http://doi.org/10.1074/jbc.
273.44.28625

7. Dulovic-Mahlow M, Trinh J, Kandaswamy KK, et al. De novo variants
in TAOK1 cause neurodevelopmental disorders. Am J Hum Genet.
2019;105(1):213-220. http://doi.org/10.1016/j.ajhg.2019.05.005

8. Moore TM, Garg R, Johnson C, Coptcoat MJ, Ridley AJ, Morris JD.
PSK, a novel STE20-like kinase derived from prostatic carcinoma that
activates the c-Jun N-terminal kinase mitogen-activated protein kinase
pathway and regulates actin cytoskeletal organization. J Biol Chem.
2000;275(6):4311-4322. http://doi.org/10.1074/jbc.275.6.4311

http://doi.org/10.3390/ijms21207463
http://doi.org/10.3390/ijms21207463
http://doi.org/10.3389/fnmol.2021.655037
http://doi.org/10.4161/cib.4.5.16051
http://doi.org/10.1002/humu.24176
http://doi.org/10.1002/humu.24176
http://doi.org/10.1186/s40478-018-0539-8
http://doi.org/10.1186/s40478-018-0539-8
http://doi.org/10.1074/jbc.273.44.28625
http://doi.org/10.1074/jbc.273.44.28625
http://doi.org/10.1016/j.ajhg.2019.05.005
http://doi.org/10.1074/jbc.275.6.4311


16 N. Elkhateeb et al.
9. Yasuda S, Tanaka H, Sugiura H, et al. Activity-induced protocadherin
arcadlin regulates dendritic spine number by triggering N-cadherin
endocytosis via TAO2beta and p38 MAP kinases. Neuron.
2007;56(3):456-471. http://doi.org/10.1016/j.neuron.2007.08.020

10. Nourbakhsh K, Ferreccio AA, Bernard MJ, Yadav S. TAOK2 is an ER-
localized kinase that catalyzes the dynamic tethering of ER to micro-
tubules. Dev Cell. 2021;56(24):3321-3333.e5. http://doi.org/10.1016/j.
devcel.2021.11.015

11. Richter M, Murtaza N, Scharrenberg R, et al. Altered TAOK2 activity
causes autism-related neurodevelopmental and cognitive abnormalities
through RhoA signaling. Mol Psychiatry. 2019;24(9):1329-1350.
http://doi.org/10.1038/s41380-018-0025-5

12. Agrawal N, Lawler K, Davidson CM, et al. Predicting novel candidate
human obesity genes and their site of action by systematic functional
screening in Drosophila. PLoS Biol. 2021;19(11):e3001255. http://doi.
org/10.1371/journal.pbio.3001255

13. Firth HV, Richards SM, Bevan AP, et al. DECIPHER: database of
chromosomal imbalance and phenotype in humans using Ensembl re-
sources. Am J Hum Genet. 2009;84(4):524-533. http://doi.org/10.1016/
j.ajhg.2009.03.010

14. Sobreira N, Schiettecatte F, Valle D, Hamosh A. GeneMatcher: a
matching tool for connecting investigators with an interest in the same
gene. Hum Mutat. 2015;36(10):928-930. http://doi.org/10.1002/humu.
22844

15. Website aims to accelerate gene discovery, diagnosis, treatment:
MyGene2.org fosters open sharing among families, researchers, and
clinicians. Am J Med Genet A. 2016;170(6):1388-1389. http://doi.org/
10.1002/ajmg.a.37746

16. Morales J, Pujar S, Loveland JE, et al. A joint NCBI and EMBL-EBI
transcript set for clinical genomics and research. Nature.
2022;604(7905):310-315. http://doi.org/10.1038/s41586-022-04558-8

17. Richards S, Aziz N, Bale S, et al. 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. Genet Med. 2015;17(5):405-424.
http://doi.org/10.1038/gim.2015.30

18. Riggs ER, Andersen EF, Cherry AM, et al. Technical standards for the
interpretation and reporting of constitutional copy-number variants: a
joint consensus recommendation of the American College of Medical
Genetics and Genomics (ACMG) and the Clinical Genome Resource
(ClinGen) [published correction appears in Genet Med. 2021;23(11):
2230. http://doi.org/10.1038/s41436-021-01150-9] Genet Med.
2020;22(2):245-257. http://doi.org/10.1038/s41436-019-0686-8

19. Chen S, Francioli LC, Goodrich JK, et al. A genomic mutational
constraint map using variation in 76,156 human genomes [published
correction appears in Nature. 2024;626(7997):E1. http://doi.org/10.1
038/s41586-024-07050-7] Nature. 2024;625(7993):92-100. http://doi.
org/10.1038/s41586-023-06045-0

20. Wiel L, Baakman C, Gilissen D, Veltman JA, Vriend G, Gilissen C.
MetaDome: pathogenicity analysis of genetic variants through aggre-
gation of homologous human protein domains. Hum Mutat.
2019;40(8):1030-1038. http://doi.org/10.1002/humu.23798

21. Lindeboom RGH, Supek F, Lehner B. The rules and impact of
nonsense-mediated mRNA decay in human cancers. Nat Genet.
2016;48(10):1112-1118. http://doi.org/10.1038/ng.3664

22. Klonowski J, Liang Q, Coban-Akdemir Z, Lo C, Kostka D. aenmd:
annotating escape from nonsense-mediated decay for transcripts with
protein-truncating variants. Bioinformatics. 2023;39(9):btad556. http://
doi.org/10.1093/bioinformatics/btad556

23. Zhou Y, Pan Q, Pires DEV, Rodrigues CHM, Ascher DB. DDMut:
predicting effects of mutations on protein stability using deep learning.
Nucleic Acids Res. 2023;51(W1):W122-W128. http://doi.org/10.1093/
nar/gkad472

24. Gurovich Y, Hanani Y, Bar O, et al. Identifying facial phenotypes of
genetic disorders using deep learning. Nat Med. 2019;25(1):60-64.
http://doi.org/10.1038/s41591-018-0279-0

25. Hunter JM, Massingham LJ, Manickam K, et al. Inherited and de novo
variants extend the etiology of TAOK1-associated neurodevelopmental
disorder. Cold Spring Harb Mol Case Stud. 2022;8(2):a006180. http://
doi.org/10.1101/mcs.a006180

26. Cavalli A, Caraffi SG, Rizzi S, et al. Heterozygous truncating variant of
TAOK1 in a boy with periventricular nodular heterotopia: a case report
and literature review of TAOK1-related neurodevelopmental disorders.
BMC Med Genomics. 2024;17(1):68. http://doi.org/10.1186/s12920-
024-01840-8

27. Blaschek A, Sitzberger A, Brugger M, et al. TAOK1-related neuro-
developmental disorder: a new differential diagnosis for childhood-
onset tremor? Parkinsonism Relat Disord. 2023;109:105320. http://
doi.org/10.1016/j.parkreldis.2023.105320

28. Xie Y, Li H, Luo X, et al. IBS 2.0: an upgraded illustrator for the
visualization of biological sequences. Nucleic Acids Res.
2022;50(W1):W420-W426. http://doi.org/10.1093/nar/gkac373

29. Kaspi A, Hildebrand MS, Jackson VE, et al. Genetic aetiologies for
childhood speech disorder: novel pathways co-expressed during brain
development [published correction appears in Mol Psychiatry. 2023
April;28(4):1664-1666. http://doi.org/10.1038/s41380-022-01879-y]
Mol Psychiatry. 2023;28(4):1647-1663. http://doi.org/10.1038/s41380-
022-01764-8

30. Lee J, Sun C, Zhou Y, et al. p38 MAPK-mediated regulation of Xbp1s
is crucial for glucose homeostasis. Nat Med. 2011;17(10):1251-1260.
http://doi.org/10.1038/nm.2449

31. Schultze SM, Hemmings BA, Niessen M, Tschopp O. PI3K/AKT,
MAPK and AMPK signalling: protein kinases in glucose homeostasis.
Expert Rev Mol Med. 2012;14:e1. http://doi.org/10.1017/
S1462399411002109

32. Wei X, Gu N, Feng N, Guo X, Ma X. Inhibition of p38 mitogen-
activated protein kinase exerts a hypoglycemic effect by improving β
cell function via inhibition of β cell apoptosis in db/db mice. J Enzyme
Inhib Med Chem. 2018;33(1):1494-1500. http://doi.org/10.1080/
14756366.2018.1477138

33. Posey JE, Harel T, Liu P, et al. Resolution of disease phenotypes
resulting from multilocus genomic variation. N Engl J Med.
2017;376(1):21-31. http://doi.org/10.1056/NEJMoa1516767

34. Spedicati B, Morgan A, Pianigiani G, et al. Challenging Occam’s razor:
dual molecular diagnoses explain entangled clinical pictures. Genes
(Basel). 2022;13(11):2023. http://doi.org/10.3390/genes13112023

35. Beeman N, Sapre T, Ong SE, Yadav S. Neurodevelopmental disorder-
associated mutations in TAOK1 reveal its function as a plasma mem-
brane remodeling kinase. Sci Signal. 2023;16(766):eadd3269. http://
doi.org/10.1126/scisignal.add3269

36. Wang J, Li W, Li Z, et al. Taok1 haploinsufficiency leads to autistic-
like behaviors in mice via the dorsal raphe nucleus. Cell Rep.
2023;42(9):113078. http://doi.org/10.1016/j.celrep.2023.113078

37. de Anda FC, Rosario AL, Durak O, et al. Autism spectrum disorder
susceptibility gene TAOK2 affects basal dendrite formation in the
neocortex. Nat Neurosci. 2012;15(7):1022-1031. http://doi.org/10.
1038/nn.3141

38. Nourbakhsh K, Yadav S. Kinase signaling in dendritic development
and disease. Front Cell Neurosci. 2021;15:624648. http://doi.org/10.
3389/fncel.2021.624648

39. Yadav S, Oses-Prieto JA, Peters CJ, et al. TAOK2 kinase mediates
PSD95 stability and dendritic spine maturation through Septin7 phos-
phorylation. Neuron. 2017;93(2):379-393. http://doi.org/10.1016/j.
neuron.2016.12.006
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