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De Novo Variants in TAOK1 Cause
Neurodevelopmental Disorders
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De novo variants represent a significant cause of neurodevelopmental delay and intellectual disability. A genetic basis can be identified in
only half of individuals who have neurodevelopmental disorders (NDDs); this indicates that additional causes need to be elucidated. We
compared the frequency of de novo variants in patient-parent trios with (n = 2,030) versus without (n = 2,755) NDDs. We identified de
novo variants in TAOK1 (thousand and one [TAO] amino acid kinase 1), which encodes the serine/threonine-protein kinase TAO1, in
three individuals with NDDs but not in persons who did not have NDDs. Through further screening and the use of GeneMatcher,
five additional individuals with NDDs were found to have de novo variants. All eight variants were absent from gnomAD (Genome Ag-
gregation Database). The variant carriers shared a non-specific phenotype of developmental delay, and six individuals had additional
muscular hypotonia. We established a fibroblast line of one mutation carrier, and we demonstrated that reduced mRNA levels of
TAOK1 could be increased upon cycloheximide treatment. These results indicate nonsense-mediated mRNA decay. Further, there was
neither detectable phosphorylated TAO1 kinase nor phosphorylated tau in these cells, and mitochondrial morphology was altered.
Knockdown of the ortholog gene Taol (Tao, CG14217) in Drosophila resulted in delayed early development. The majority of the
Taol-knockdown flies did not survive beyond the third instar larval stage. When compared to control flies, Taol knockdown flies re-
vealed changed morphology of the ventral nerve cord and the neuromuscular junctions as well as a decreased number of endings (bou-
tons). Furthermore, mitochondria in mutant flies showed altered distribution and decreased size in axons of motor neurons. Thus, we
provide compelling evidence that de novo variants in TAOK1 cause NDDs.

Approximately 2%-5% of children are born with major
congenital malformations,’ which are often accompanied
by neurodevelopmental disorders (NDDs) with variable
severity and different behavioral abnormalities. Of note,
NDDs often arise from pathogenic de novo variants in genes
critical for brain development.”* As a result of the enor-
mous genetic heterogeneity of these disorders, next-gener-
ation sequencing approaches have been effective means of
diagnosing individuals with NDDs, but the diagnostic
yield is about 50% at best.* The molecular diagnosis pro-
vides an approach to shifting from a more phenotype-
driven management of the symptoms to a more refined
treatment based on genotype.®

To further elucidate the genetic spectrum of NDDs, we
analyzed exome sequencing data from 4,785 patient-
parent trios that were referred to Centogene AG (Rostock,
Germany) for diagnostic exome sequencing in the period
between January 2014 and June 2017. Most of the individ-

uals with NDDs originated from the Middle East (64%) and
from Europe (21%). Clinical information was provided by
the referring physicians. These trios included 2,030 indi-
viduals with some form of NDD (as defined by the Human
Phenotype Ontology [HPO] nomenclature®’: global devel-
opmental delay, seizures, microcephaly, macrocephaly,
motor delay, delayed speech and language development,
or intellectual disability). The remaining 2,755 trios
were comprised of persons with other diseases. Written
informed consent was obtained from affected individuals
and/or guardians after the benefits and risks of clinical
exome sequencing testing were explained to them. This
study was approved by the Ethical Commission of the fac-
ulty of Medicine of the University of Rostock, Germany
(registry no. A2015-0102). The samples were processed
in Centogene’s laboratory (see Supplemental Data).
Sequencing data were filtered for good quality (mean
sequencing depth of >100%) and variants were only
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Figure 1. De novo Variants in TAOK1 Detected in Individuals
with NDDs

(A) Photographs of individual 6 show dysmorphic features
including microsomia with short proximal extremities, macroce-
phaly with a high forehead, low-set ears, and down-slanting
eyelids. The asymmetry of the lips is caused by the surgical
intervention to correct the cleft lip and is therefore a secondary
phenomenon.

(B) Photographs of individual 8 show dysmorphic features
including a long face, a high forehead, big ears, a long nose,
down-slanting palpebral fissures, retrognathia, congenital flat
feet, and hyperextensibility of the distal joints. The latter three fea-
tures might be linked to the FBNI mutation and fit the diagnosis of
Marfan syndrome.

(C) Schematic representation of the encoded TAO1 kinase with its
1,001 amino acids. The functional domains (protein Kkinase
[amino acids 28-281] and coiled-coil motifs 1 [amino acids
458-651] and 2 [amino acids 754-877]) are highlighted in red
and blue, respectively. Arrows indicate the locations of the de-
tected variants (see Table 1 for further descriptions). GenBank:
NM_020791.2; NP_065842.1.

laxity. (Because of the relation between these features and
the FBN1 variant, these findings have not been included in
Table S1.)

The frequency of carriers of de novo variants among our
3,749 NDD trios was 0.13%; the carriers included three car-
riers of de novo missense variants and two carriers of trun-
cating variants. In gnomAD, a total of 12 carriers of LoF
variants, all heterozygous and spread over the gene, are

listed among the about 140,000 sequenced individuals
(0.009%). Of note, it is not confirmed that these variants
are real nor is there information about whether they
occurred de novo or about the phenotype of the carriers.
The gnomAD consortium removed individuals known to
be affected by severe pediatric disease from the database;
however, it should be noted that some individuals with se-
vere disease might still be included in the dataset, albeit
most likely at a frequency equivalent to or lower than
that seen in the general population, as stated at the gno-
mAD homepage. Comparing the frequency of truncating
variants in our samples (0.05%) and in gnomAD
(0.009%) reveals a significantly higher rate of truncating
variants among the individuals with NDDs (p = 0.049,
Fisher’s exact test) than among those without. In addition,
there are 163 unique missense variants listed in gnomAD,
and the Z score for missense variants (a measurement of
the deviation of observed missense variants from expecta-
tions)'* in TAOKT is 4.92, suggesting a pathogenic role for
at least a subset of missense variants. At this stage, func-
tional consequences cannot be confirmed for the missense
variants located within or near the kinase domain, as
found in individuals 1, 2, 4, or 6. However, the phenotypic
overlap with other individuals and the de novo occurrence
support pathogenicity.

For individual 7, RNA could be extracted from a fresh
blood sample via a PAXgene tube sampling. We also
included three healthy, mutation-negative controls. Total
RNA was extracted with the PAXgene Blood RNA Kit
(QIAGEN) and then reverse transcribed into cDNA
through use of the Maxima First Strand cDNA Synthesis
Kit (Thermo Scientific). First, we sequenced the TAOKI
cDNA, which confirmed the expression of the variant but
indicated lower levels of the mutant allele than of the
wild-type allele (Figure 2A). Second, we performed quanti-
tative PCR with SYBR Green on the LightCycler 480 system
(Roche Diagnostics) that revealed TAOKI expression of
only 20%-45% in individual 7 compared to the controls
(Figure 2B) when normalizing to two different reference
genes in the blood sample (ACTB, G6PD). Next, we estab-
lished a fibroblast line from individual 7 (L-13908) and
extracted RNA by using the QIAmp RNA Extraction Kit
(QIAGEN). Oligo(dT) nucleotides from the Maxima First
Strand c¢DNA Synthesis Kit (ThermoFisher) served as
primers for synthesis the complementary DNA (cDNA)
by use of reverse transcriptase (RT). Expression analyses
of TAOKI in fibroblasts revealed a level of 20%-30%
TAOKI in individual 7 compared to the controls. Because
this person carries one wild-type allele, the decrease in
expression levels is more pronounced than expected. It
can be speculated that TAO1 Kkinase regulates its own
expression through a feedback loop. Confirming this hy-
pothesis will require investigations of the expression in
additional mutation carriers and elucidation of a potential
mechanism. In the fibroblast line from individual 7, the
mutated mRNA could be stabilized by cycloheximide
treatment (CHX, for 8 h at 100 pg/mL final concentration)
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Figure 2. Characterization of the TAOK1
Variant ¢.2366_2367insC in Blood and a
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Carrier

(A) Electropherograms of Sanger sequencing
of genomic (gDNA) and complementary
DNA (cDNA) of individual 7 in the reverse
direction. The variant is shown on the
genomic level (upper left panel) from a
blood sample, and the inserted C (G on
the reverse strand) is highlighted. The
expression of the mutant allele is decreased
in blood (lower left panel), and in the
fibroblast line (upper right panel) compared
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P ©XN &
fractin_ G6PD ¢

150 to the wild-type allele, as shown by the
lower height of the peaks using Sanger
sequencing. The mutant allele could be sta-

. bilized upon treatment with cycloheximide

(CHX, 100 pg/mL, 8 h) as illustrated in the
lower right panel.

(B) The quantification of TAOKI mRNA
levels by real-time PCR indicated highly
reduced levels of TAOK1 in the affected indi-
vidual (AI) compared to the control individ-
uals (controls) in blood and fibroblasts. The
expression in fibroblasts can be increased
upon treatment with cycloheximide (CHX).
(C) Immunoblot analysis of total protein
extract from fibroblasts of the affected indi-
vidual (Al) and a control (control 1) with
an antibody against phosphorylated TAO
kinases TAO1, TAO2, and TAO3 indicates
the absence of detectable, phosphorylated
TAO1 kinase (p-TAOK1) in cells of the affected
individual. Phosphorylation and abundance
of TAO2 and 3 kinases (p-TAOK2/3) seemed
to be unaltered. B-actin (ACTIN) was used as
a loading control.

(D) Immunoblot analysis of total protein
extract from the fibroblast line of the

affected individual (AI) and two controls (control 1, control 2) with antibodies against total TAOK1 and phosphorylated tau protein
(p-tau) indicating absence of both TAOK1 and p-tau in cells of the affected individual. f-actin (ACTN) was used as a loading control.

(E) Form factor as a measurement for mitochondrial interconnectivity was calculated in the fibroblast line of the affected individual (AI)
and two controls (control 1, control 2) (10 cells each). Each dot represents the value in a single cell, and the mean and the interquartile

range per individual are indicated.

indicating nonsense-mediated mRNA decay as an explana-
tion for the reduced abundance of the mutant allele (Fig-
ures 2A and 2B).

We also performed immunoblotting with total protein
extracts from the fibroblast line from individual 7 and
two different control fibroblast lines. Antibodies used for
immunoblotting were as follows: anti-TAOK3 (phospho
S177) + TAOK2 (phospho S$181) + TAOK1 (phospho
S$181) antibody (1:1000; Abcam), anti-TAOK1 (1:1000;
Bethyl Laboratories), anti-p-tau (1:1000; Cell Signaling),
and anti-B-actin (1:1,000,000; Sigma). This revealed a
band for phosphorylated TAO1 kinase only in the control
but not in individual 7 indicating loss of detectable phos-
phorylated TAO1 Kkinase in the mutated fibroblasts
(Figure 2C). Total TAO1 kinase was also not evident in
the cells of individual 7 (Figure 2D).

In Drosophila, Taol has been reported to affect overall
brain volume at the mid-third-instar larval stage (L3).'*
Furthermore, mutant Taol in Drosophila has been demon-
strated to negatively regulate Par-1 as part of a signaling

pathway in developing neurons, causing defects in the
morphology of the central brain.'* Also, mammalian
TAO1 kinase has been shown to phosphorylate and
thereby activate PAR-1 (microtubule affinity-regulating
kinase[MARK2]), leading in turn to phosphorylation of
the mictotubule-stabilizing protein tau; this phosphoryla-
tion results in decreased tau affinity for microtubules.'®
Thus, mammalian TAO1 Kkinase controls the extension of
neurites in immature cultured neurons through its effects
on the microtubule cytoskeleton.'®'” Using patient-
derived fibroblast cells from individual 7 and two different
control fibroblast lines, we performed immunoblotting
against phosphorylated tau protein and showed that there
was no detectable phosphorylated tau (p-tau) protein in
the mutant fibroblasts (Figure 2D). In accordance with
previous observations,'® our results demonstrate that
decreased TAO1 kinase protein levels effectively decrease
tau phosphorylation in fibroblasts of a TAOKI mutation
carrier. Notably, higher p-tau levels have been shown to
elongate the mitochondria as a result of delocalization of
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dynamin related protein 1 (DRP1), the fission protein for
mitochondria.'” Having in mind the decreased levels of
p-tau in the fibroblast culture of the affected individual,
we speculated that reduced p-tau could result in shorter
or smaller mitochondria. Thus, we analyzed the effect of
decreased TAO1 kinase levels on the integrity of the mito-
chondrial network by calculating the form factor in fibro-
blasts of a TAOKI mutation carrier and two unrelated
healthy controls (Figure 2E). The form factor as a measure
of the integrity of the mitochondrial network was deter-
mined as previously described.? The form factor analysis
revealed a reduction in the degree of mitochondrial
branching and interconnectivity in fibroblasts from the
affected individual compared to fibroblasts from healthy
controls, implicating an impaired mitochondrial network.

Four of the eight TAOK1 variants that we detected in our
individuals result in null alleles as a result of premature
protein truncation or decreased expression due to
nonsense-mediated mRNA decay, as shown for the
¢.2366_2367insC variant. To further investigate the conse-
quences of loss of TAO1 kinase and to confirm its role in
neurodevelopment, we used two independent Drosophila
melanogaster RNAi-mediated knockdown lines for Taol
depletion: the TAO1_GD RNA interference line (17432)
and the TAO1_KK RNA interference line (107645) (pur-
chased from the Vienna Drosophila Resource Center).
Tao1l was ubiquitously knocked down via the Daughterless
Gal4 (DaGal4) driver, and w1118 (purchased from the
Bloomington Drosophila Stock Center) was used as a con-
trol line. Drosophila Taol (Tao, CG14217) is the single
representative of the TAO kinase subfamily”’ that is highly
similar to all three mammalian TAO kinase family proteins,
TAO1, TAO2, and TAO3 (60%-70% identity in the protein
kinase domain and 45% identity in the conserved C-termi-
nal domain). All fly experiments were performed at least
three times. Compared with controls, both TAO1_KK and
TAO1_GD knockdown flies showed delayed development
(Figure S1) and early death (discontinued development)
between the L3 and the pharate adult (PA) stage
(Figure 3A). Furthermore, we used immunostaining to
investigate the structure of the ventral nerve cord (VNC),
neuromuscular junctions (NMJs), and the NM]Js’ endings
(boutons). Standard dissection and immunostaining pro-
cedures were used for larval tissue analysis. For immunocy-
tochemical analysis, larval fillets at the L3 stage were
dissected in the physiological solution HL-3”* then fixed
for 20 min in 4% formaldehyde, washed in PBS, permeabi-
lized with 0.4% Triton X-100 dissolved in PBS, and blocked
for 1 h with 10% normal goat serum. Larval fillets were
incubated overnight with the following primary anti-
bodies: the synaptic marker anti-DLG (1:400; 4F3 anti-
Disc large; Developmental Studies Hybridoma Bank) for
labeling VNC and NMJs and anti-GABARABAP (1:100;
Abcam) for defining muscular structures. The respective
secondary antibodies were used: anti-rabbit Alexa Fluor®
488 (1:100; Thermo Fisher Scientific) and anti-mouse
Alexa Fluor® 596 (1:100; Thermo Fisher Scientific). The

images were taken on a confocal microscope (LSM710;
Zeiss). Images of z stacks were examined with Image]
(NIH software), and the number of boutons per muscle sec-
tion was counted. At least 15 images from four different
larvae were analyzed. Immunostaining of the larval VNC
showed a reduction in size of VNC, less-defined structures
of VNC, and less-developed axons originating in the VNC
in Taol knockdown larvae (Figure 3B). Additionally, im-
munostaining of the NM]Js revealed changed NM]J
morphology and a significantly decreased number of bou-
tons per muscle section in Taol knockdown larvae
compared to control larvae (Figures 3C and 3D).

Given the changes in the mitochondrial network de-
tected in fibroblasts from individual 7, we further analyzed
the effect of decreased Tao1 levels on mitochondrial distri-
bution and size in axons of Drosophila with knockdown of
Taol. Of note, dysmorphic mitochondria would result in
decreased mitochondrial production of ATP, which is
essential for the maintenance of axonal transport and
function.”> We crossed control (w1118) and Taol RNAi
lines (TAO1_GD) with flies expressing mitochondrial-
tagged GFP (mtGFP) predominantly in motor neurons
(mtGFP,D42Gal4) (purchased from the Bloomington stock
center). mtGFP encodes the S65T spectral variant of GFP
fused at the N terminus with the 31-amino-acid mitochon-
drial import sequence from human cytochrome C oxidase
subunit VIII. Taol was ubiquitously knocked down via the
D42Gal4 driver, which is predominantly expressed in mo-
tor neurons.”* Standard dissection and fixation procedures
were used for the L3 stage larval tissue analysis. Quantifica-
tion of mitochondrial area per axon (um?) was counted
from images of z stacks with Image]J (NIH software). Differ-
ences were analyzed statistically using unpaired t tests with
a Bonferroni-Dunn post hoc correction. We observed
disturbed mitochondrial distribution and significantly
decreased average mitochondrial size in axons of Taol
knockdown flies compared to the control flies (Figures 3E
and 3F), implicating impaired axonal transport and func-
tion. These data collectively demonstrate that the effect
of knockdown of Taol on early development is character-
ized by reduction in the number of NMJ endings, the size
of the VNC in flies, and the mitochondrial size in axons,
confirming that depletion of Tao1 results in neurodevelop-
mental impairment in Drosophila.

NDD is a highly heterogeneous disease group”® with a
large number of biological pathways affected by pathogenic
variants, reflecting the complexity of normal brain develop-
ment. A microdeletion on chromosome 17, comprising
TAOKI, had nominated TAOKI as a potential candidate
gene for developmental delay and microcephaly.”® The
Decipher database reports four additional patients with
large deletions that include the TAOK1 gene. These patients
include one who has an intragenic deletion of exons 2-8
and a reported phenotype of microcephaly and seizures.
We show here multiple sequence variants in persons with
NDDs; all of these variants occurred de novo and thus sup-
port the possibility that these changes are pathogenic and
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Figure 3. Impaired Neurodevelopment in
Drosophila with Knockdown of Tao1

(A) Early lethality in Taol knockdown flies.
The table indicates the number of living flies
in different stages (L3 — third instar larvae
stage; PA — pharate adult stage; A — adult
flies). Two Taol RNAi lines (TAO1_GD and
TAO1_KK) were crossed with w1118 control
line and the DaGal4 driver, which ubiqui-
tously knocks down Taol.

(B) Smaller-sized ventral nerve cord in Taol
knockdown flies. Representative images
of L3 control (w1118;;TAO1_GD) and L3
Taol knockdown (TAO1_GD/DaGal4) larval
ventral nerve cord (VNC) are shown, indi-
cating a reduction in the size of VNC and
less-developed axons starting from VNC in
Taol knockdown flies. Immunolabeling of
the L3 larval VNC was done with the synap-
tic marker anti-DLG (red). Four animals per
genotype were analyzed. The scale bar repre-
sents 20 um.

(©) Significantly decreased amount of neuro-
muscular junction endings (boutons) in
Taol knockdown flies. Quantification of
boutons in control (w1118;;TAO1_GD) and
Taol  knockdown (TAO1_GD/DaGal4)
larvae. p < 0.05 — significantly decreased
number of boutons compared to those of
the control; 15 images from four animals
per genotype were analyzed. Error bars repre-
sent the SEM.

(D) Representative images of the neuromus-
cular junctions and boutons are shown,
indicating changed morphology and a
reduced number of boutons. Immunolabel-
ing of L3 control (w1118;;TAO1_GD) and
L3 Taol knockdown (TAO1_GD/DaGal4)
larval neuromuscular junctions (NM]Js) and
their boutons with the synaptic marker

anti-DLG (red) and anti-GABARAB (green) defined muscular structure. The scale bar represents 10 pm.

(E) Significantly decreased average mitochondrial size (pm?) in axons of Taol knockdown flies. The control line (w1118) and Taol RNAi
line (TAO1_GD) were crossed with flies expressing mitochondrial-tagged GFP, predominantly in the motor neurons (mtGFP,D42Gal4),
and quantification of axonal mitochondrial area in control (w1118;;mtGFP,D42Gal4) and Taol knockdown (TAO1_GD/
mtGFP,D42Gal4) L3 larvae is shown. p < 0.05 — significantly decreased average mitochondrial area compared to the control; 10 images
from three animals per genotype were analyzed. Error bars represent the SEM.

(F) Representative images of axonal mitochondria are shown, indicating disturbed mitochondrial distribution and reduced mitochon-

drial size. The scale bar represents 10 pm.

that TAOK1 plays arolein NDDs. TAO1 kinase was shown to
induce microtubule instability via activation of microtu-
bule affinity-regulating kinase (MARK) and phosphoryla-
tion of microtubule-associated proteins, including tau,
whose dissociation from microtubules results in microtu-
bule disassembly.'*?” Altered microtubule stability in
maturing neurons could potentially lead to a perturbed
neuronal network.”®> Notably, previous studies have
shown that pathogenic variants in a number of tubulin sub-
units, including TUBB2B (MIM: 612850), TUBB3 (MIM:
602661), and TUBG1 (MIM: 191135), cause brain malfor-
mations and NDDs.”*? These findings link different
NDDs on the molecular level. Additionally, TAOKI is acti-
vated during microtubule-dependent processes such as
mitosis and neuritogenesis, and knockdown of TAOKI
expression inhibits these processes.”’”** Furthermore,
TAO1 Kkinase was previously implicated as an important

regulator of checkpoint control because it caused the most
penetrant checkpoint defect.** Its dual function in regu-
lating microtubule dynamics and mitotic progression con-
tributes to correct congression of chromosomes, thereby
protecting genomic stability in human cells. During
neuronal development, an impaired congression of chro-
mosomes during mitosis would lead to an altered propor-
tion of symmetrical and asymmetrical progenitor cell
division. This effect could be further enhanced by down-
regulation of the G2/M checkpoint as a result of TAO1
kinase loss,”* leading to reduced apoptosis.*® Apoptosis is
a necessary mechanism of programmed cell death during
neuronal development and differentiation.*’

Thus, through controlling the extension of neurites
in immature cultured neurons,'®'” through its role in
the regulation of tau phosphorylation and dissociation
from microtubules,'®'”*? and through congression of
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chromosomes during mitosis,>* TAO1 kinase plays a role in
the establishment of neuronal polarity, neuronal differen-
tiation, and early brain development. These molecular
mechanisms could play an essential role in impaired brain
development in TAOKI mutation carriers. Accordingly,
Taol kinase has been shown to affect the size of the larval
brain in Drosophila,'* and mutations in Taol cause defects
in the morphology of the central brain in flies."”

In conclusion, we provide strong genetic and functional
support that LoF variants in TAOK1 are an additional cause
of NDDs.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.05.005.
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