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Abstract

Autism spectrum disorders are early onset neurodevelopmental disorders characterized by deficits
in social communication and restricted repetitive behaviors, yet they are quite heterogeneous in
terms of their genetic basis and phenotypic manifestations. Recently, de novo pathogenic
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mutations in DYRK1A, a chromosome 21 gene associated to neuropathological traits of Down
syndrome, have been identified in patients presenting a recognizable syndrome included in the
autism spectrum. These mutations produce DYRK1A kinases with partial or complete absence of
the catalytic domain, or they represent missense mutations located within this domain. Here, we
undertook an extensive biochemical characterization of the DYRK1A missense mutations reported
to date and show that most of them, but not all, result in enzymatically dead DYRKZ1A proteins.
We also show that haploinsufficient DyrkZa*/~ mutant mice mirror the neurological traits
associated with the human pathology, such as defective social interactions, stereotypic behaviors
and epileptic activity. These mutant mice present altered proportions of excitatory and inhibitory
neocortical neurons and synapses. Moreover, we provide evidence that alterations in the
production of cortical excitatory neurons are contributing to these defects. Indeed, by the end of
the neurogenic period, the expression of developmental regulated genes involved in neuron
differentiation and/or activity is altered. Therefore, our data indicate that altered neocortical
neurogenesis could critically affect the formation of cortical circuits, thereby contributing to the
neuropathological changes in DYRK1A haploinsufficiency syndrome.

Keywords

autism spectrum disorder; cerebral cortex; DYRK1A mutations; epilepsy; neurodevelopment;
transcriptome

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social
communication deficits and restricted repetitive behaviors (Lord and Bishop, 2015), and it is
frequent associated with intellectual disability (ID), language deficits and seizures
(Geschwind, 2009; Sztainberg and Zoghbi, 2016). The causes of ASD remain largely
unknown, although a genetic cause has been identified in around 25% of cases (Huguet et
al., 2013). These genetic alterations include chromosomal rearrangements, de novo copy-
number variants and de novo mutations in the coding-sequence of genes associated with
chromatin remodeling, mRNA translation or synaptic function (de la Torre-Ubieta et al.,
2016). Additionally, alterations in the production or migration of neocortical neurons are a
point of convergence for ASD and ID (de la Torre-Ubieta et al., 2016; Ernst, 2016; Packer,
2016).

DYRKI1A is a member of the conserved dual-specificity tyrosine-regulated kinase (DYRK)
family of protein kinases (Aranda et al., 2011) that has different functions in the nervous
system (Tejedor and Hammerle, 2011). This kinase influences brain growth, an activity that
is conserved across evolution (Fotaki et al., 2002; Kim et al., 2017; Tejedor et al., 1995).
DYRKIA is located within the Down syndrome (DS) critical region on human chromosome
21 (Guimera et al., 1996). There is evidence that triplication of the gene contributes to
neurogenic cortical defects (Najas et al., 2015) and other neurological deficits in DS, making
it a potential drug target for DS-associated neuropathologies (Becker et al., 2014). Recently,
mutations in DYRK1A have been identified in a recognizable syndromic disorder named
DYRK1A haploinsufficiency syndrome (DHS), also known as MRD7 (Mental Retardation
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Autosomal Dominant 7; OMIM: 614104) and DYRK1A-related intellectual disability
syndrome (ORPHANET: 464306, 464311 and 268261). ASD-related deficits are common
clinical manifestations in DHS, which include moderate to severe ID, intrauterine growth
retardation, developmental delay, microcephaly, seizures, speech problems, motor gait
disturbances and a dysmorphic facies (Earl et al., 2017; Luco et al., 2016; van Bon et al.,
2016). The mutations identified to date in patients with DHS are de novo, involving
chromosomal rearrangements (Courcet et al., 2012; Moller et al., 2008; van Bon et al.,
2011), small insertions or deletions, and nonsense mutations (Courcet et al., 2012; Earl et
al., 2017; O'Roak et al., 2012; van Bon et al., 2016) and references therein). These mutations
lead to the production of truncated DYRK1A proteins that lack partially o totally the kinase
domain and that are therefore catalytically inactive. DYRK 1A missense mutations have also
been identified in patients with a distinctive DHS phenotype (Bronicki et al., 2015; Dang et
al., 2018; De Rubeis et al., 2014; Deciphering Developmental Disorders, 2015; Evers et al.,
2017; Ji et al., 2015; Ruaud et al., 2015; Stessman et al., 2017; Trujillano et al., 2017; Wang
et al., 2016; Zhang et al., 2015). The structural modeling of these mutations predicts that
they are loss-of-function (LoF) mutations (Evers et al., 2017; Ji et al., 2015). However,
experimental data supporting this prediction have been reported only for a few of them
(Widowati et al., 2018).

The Dyrkia*"~ mouse displays some of the core traits of DHS, including developmental
delay, microcephaly, gait disturbances and learning problems (Arque et al., 2008; Fotaki et
al., 2002; Fotaki et al., 2004). The cell density in the neocortex of the adult mutant mouse is
altered (Fotaki et al., 2002; Guedj et al., 2012) but the origin of this alteration and the
neuronal components affected are unknown. To gain additional insight into the pathogenesis
of DHS, we have performed a biochemical study to assess the impact of all reported
missense mutations within the catalytic domain on DYRK1A activity. Furthermore, we
analyzed the cytoarchitecture and gene expression profile of the neocortex in DyrkIa*’~
mice, also performing behavioral tests and obtaining electroencephalogram (EEG)
recordings from these animals. Our results indicate that defects in the production of
excitatory neocortical neurons are critical to the neuropathology of DHS.

2. Materials and methods

2.1

Plasmids

The plasmids to express HA-tagged DYRK1A have been described previously (Alvarez et
al., 2003): human isoform 754 aa; NP_569120; wild type (WT); or a kinase inactive version
in which the ATP binding lysine 179 (K188R in the 763 aa isoform) was replaced by
arginine. Single nucleotide mutations (numbering based on the 763 aa isoform, as appears in
most publications: Supplementary Table 1 and Fig. 1A) were introduced into the HA-
DYRK1A expression plasmid using the QuickChange Multi Site-Directed Mutagenesis Kit,
according to the manufacturer’s instructions (Agilent Technologies) and with primers
specific to each mutant (Supplementary Table 2). The A469fs* and A489fs* mutations were
produced by a T or C deletion, respectively, and the same alterations were created in the
DYRK1A expression plasmid. The plasmids generated by site-directed mutagenesis were
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verified by DNA sequencing and the transfection efficiency was assessed by co-transfection
with a green fluorescent protein (GFP) expression plasmid (pEGFP-C1, Clontech).

2.2. Animals

We used embryos and postnatal and adult DyrkZa*’~ mice and their control Dyrkia*’*
littermates, generated and genotyped as described elsewhere (Fotaki et al., 2002; Najas et al.,
2015). The day of the vaginal plug was defined as EO and the day of birth was defined as PO.
After weaning, mice from the same litter and of the same gender were housed in groups. The
animals were maintained at the PCB-PRBB Animal Facility in ventilated cages ona 12 h
light/dark cycle, at approximately 20°C and in 60% humidity, and with food and water
supplied ad libitum. For bromodeoxyuridine (BrdU) birthdating experiments, pregnant
females were peritoneally injected with a BrdU solution (50 mg/kg; Sigma), two injections
spaced 4 h, and pups were collected and processed at P7. Experimental procedures were
carried out in accordance with the European Union guidelines (Directive 2010/63/EU) and
the protocols were approved by the Ethics Committee of the CSIC, PCB-PRBB, CBM and
Fundacion Jiménez Diaz.

2.3. Cell culture and transfection

2.4,

The HEK293T cell line was obtained from the American Type Culture Collection
(www.atcc.org) and used for the exogenous expression of DYRK1A mutants. The cells were
maintained at 37°C in Dulbecco’s modified Eagle medium (DMEM,; Invitrogen), with 10%
fetal bovine serum (FBS; Invitrogen) and supplemented with antibiotics (100 pg/ml
penicillin and 100 pg/ml streptomycin; Invitrogen). The cells were transfected by the
calcium phosphate precipitation method and processed 48 h after transfection.

In vitro kinase (IVK) assays

Cells were washed in phosphate buffered saline (PBS) and then lysed in HEPES lysis buffer
(50 mM Hepes [pH 7.4], 150 mM NaCl, 2 mM EDTA, 1% NP-40) supplemented with a
protease inhibitor cocktail (#11836170001, Roche Life Science), 30 mM sodium
pyrophosphate, 25 mM NaF and 2 mM sodium orthovanadate. The lysates were cleared by
centrifugation and incubated overnight at 4°C with protein G-conjugated magnetic beads
(Dynabeads, Invitrogen) previously bound to an antibody against HA (Covance,
#MMS-101R). The beads were then washed 3 times with HEPES lysis buffer and used for
either IVK assays or to probe Western blots to control for the presence of HA-tagged
DYRKI1A. For the IVK assays, immunocomplexes were washed in kinase buffer (25 mM
HEPES [pH 7.4], 5 mM MgCl,, 5 mM MnCl,, 0.5 mM DTT) and further incubated for 20
min at 30°C in 20 pl of kinase buffer containing 50 pM ATP, [y32P]-ATP (2.5x1073 uCi/
pmol) and with 200 pM DYRKtide as the substrate peptide. The incorporation of 32P was
determined in triplicates as described previously (Himpel et al., 2000), and the kinase
activity was normalized to the amount of DYRKZ1A protein present in the immunocomplexes
determined in Western blots (see Supplementary Materials and Methods for details and
Table 3 for information on primary antibodies). DYRKZ1A autophosphorylation was
analyzed by SDS-PAGE fractionation of the immunocomplexes and exposure of the dried
gel to film.
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2.5. RNA extraction, microarray analysis and RT-gPCR

Postnatal day (P) 0 and P7 Dyrk1a*'* and Dyrkia*'~ mice (4-9 animals each condition) were
sacrificed by decapitation and the brain cortices were dissected out and stored at —80°C. The
tissue samples were homogenized in a Polytron and the total RNA was extracted with the
TriPure Isolation Reagent (Roche). A RNA clean-up step was performed using the RNeasy
Mini Kit (Qiagen) followed by DNAse I treatment (Ambion). Only RNA samples with an
integrity number above 8.0 (Agilent 2001 Bioanalyzer) were used for further analysis. For
microarray studies, total RNA was hybridized to an Affymetrix Mouse GeneChip 430 2.0
Array. RNA was analyzed by reverse transcription coupled to quantitative PCR (the
sequence of the gPCR primers is found in Supplementary Table 4) or using a low-density
array (probes included in Supplementary Table 5). For more detailed information see
Supplementary Materials and Methods. The microarray data reported in this paper has been
submitted to the GEO repository with accession number GSE127707.

2.6. Video-EEG recordings

Video-EEG recordings of adult DyrkZa*"* and Dyrkia*'~ male mice (8 animals each
genotype) aged 5-6 months were obtained as described elsewhere (Garcia-Cabrero et al.,
2012). Two home-made EEG stainless steel electrodes were implanted symmetrically into an
anesthetized mouse over the cortex in front of bregma, and the ground and reference
electrodes were placed posterior to lambda (Fig. 2C). A plastic pedestal (Plastic One Inc.,
Roanoke, VA, USA) was used to attach the pins of the electrodes, and the headset was fixed
to the skull and the wound closed with dental cement (Selectaplus CN, Dentsply DeTrey
GmbH, Dreireich, Germany). Four days after surgery, synchronized video-EEG activity was
recorded for 48 h in freely moving mice using a computer-based system (Natus Neurowork
EEG, Natus Medical Inc., San Carlos, CA, USA). EEG seizure activity was examined by
inspecting the entire EEG records and behavioral correlations were reviewed within the
corresponding video-type segments.

2.7. Behavioral Tests

The social and stereotyped behaviors (social interaction and marble-burying tests) of adult
4-6 month old DyrkIa* and Dyrkiat’~ male mice (12-15 animals each genotype) were
tested in a dedicated room for behavioral studies during the light phase. Before the
experiment, the animals were habituated to the room for at least 30 min and during the test,
the mice were recorded from above with a video-camera CCTV (Sonny Corporation). The
animal’s behavior was analyzed by an observer blind to their genotype using the SMART
3.0 software (Panlab Harvard Apparatus). See Supplementary Materials and Methods for
more details on these procedures as well as for the UsV analysis.

2.8. Tissue preparation, immunostaining, and cell and synapse counts

To obtain brain tissue, P7 and adult Dyrka™* and Dyrki1a*'~ mice (4-9 animals each
condition) were deeply anesthetized and transcardially perfused with 4% paraformaldehyde.
The mouse’s brain was removed and post-fixed, and cryotome or vibratome brain sections
were immunostained as described previously (Barallobre et al., 2014). To quantify neurons
and synapses, images were obtained on a Leica AF6500 motorized wide-field microscope
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and a Zeiss LSM780 confocal microscope, respectively. To quantify BrdU-labeled cells,
images were obtained on an Olympus BX51 motorized microscope with a JVC digital color
camera. The procedures for immunostaining, and cell and synapse quantification are
indicated in the Supplementary Materials and Methods. The source of the primary antibodies
for these procedures is indicated in Supplementary Table 6.

2.9. Statistical analysis

Statistical analyses were performed with GraphPad Prism v5.0a (GraphPad Software) or
with SPSS (IBM Analytics Software). The data from the IVK studies were analyzed with a
2-tailed unpaired Mann-Whitney test, synapse counts with a nested one-way ANOVA test,
and the rest of the analysis was performed with a two-tailed unpaired Student’s #test.
Differences were considered significant at p < 0.05. In the histograms, the data are
represented as the mean + standard error of the mean (SEM).

3. Results

3.1.

DYRK1A missense mutations in individuals with DYRK1A haploinsufficiency are

loss-of-function mutations

The kinase activity associated with most of DYRK1A missense mutations has been inferred
from their position within the DYRK1A catalytic domain (Evers et al., 2017). Given that
experimental data supporting the predicted models have been reported very recently for only
a few DYRKI1A missense mutations (Widowati et al., 2018), we set out to analyze the kinase
activity of all missense mutations within the DYRKZ1A catalytic domain published to date
and some others included in the ClinVar database (www.ncbi.nlm.nih.gov/clinvar/?
term=DYRKZ1A[gene]). We also included 2 missense mutations in the non-catalytic C-
terminal region (R528W and T588N) and 3 mutations generating truncated proteins at the
end of the kinase domain and predicted to contain the whole catalytic domain (Fig. 1A,
Table 1 and Supplementary Table 1). These mutations were introduced into a DYRK1A
expression plasmid and the catalytic activity of each of the mutants was evaluated using an
IVK assay with the DYRKTtide peptide as the substrate (see experimental design in Fig. 1B).
The activity of most of the missense mutants was comparable to that of the DYRK1A
K188R kinase-dead mutant (Fig. 1C), although the L295F, Q313H and R438H mutants
rendered proteins with half the activity of the WT protein (Fig. 1C). However, some of the
mutations did not alter the DYRK1A catalytic activity (K167R and T588N), and six even
enhanced the enzyme’s kinase activity: A195T, H223R, L259F, R458M, G486D and R528W
(Fig. 1C). Notably, the activity of the truncated proteins increased with the length of the
resulting protein, with truncations at R467 (before the a-helix I) devoid of activity, and at
F478 (downstream a-helix 1) with just 10% activity (Fig. 1C). Moreover, the fact that the
A498Pfs93* mutant does not have similar catalytic activity to the WT protein might indicate
that all or part of the non-catalytic C-terminal region is required for full DYRK1A kinase
activity. Of note, the crystal structures of DYRK1A have been obtained with truncated
proteins that, based on our data, are not fully active (Soundararajan et al., 2013).

Considering the mode of activation of DYRK1A (Lochhead et al., 2005), the negative results
in the IVK assays could be due to defective autophosphorylation of the Tyr residue in the
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activation loop, or to the inability of the mutants to phosphorylate an exogenous substrate.
The lack of activity on the substrate was correlated with a lack of Tyr phosphorylation (Fig.
1D), suggesting that the mutations altered the activation of the kinase. We also evaluated the
autophosphorylation of the mutant proteins (Fig. 1B), an activity associated with the mature
kinase (Himpel et al., 2001), and only the catalytically active mutant enzymes were seen to
autophosphorylate, with the exception of the truncated mutant A498Pfs93* (Fig. 1D and
Supplementary Fig. 1A and B). In this latter case, either the autophosphorylation sites are
located in the missing C-terminal region or the mutation alters the substrate preference of
the protein. Together, these results indicate that most but not all of the missense DYRK1A
mutants reported to date in DHS are bona-fide LoF mutants.

There is deficient accumulation of the kinase-dead DYRK1A K188R mutant (Kii et al.,
2016) and therefore, we evaluated the quantitative expression of these mutants and their
stability (Fig. 1E: stability index). We confirmed the reduced accumulation of the K188R
mutant relative to the WT protein (Fig. 1F), and a similar behavior was observed for other
catalytically inactive mutants (Fig. 1F and Supplementary Fig. 1C). In fact, kinase activity
and protein stability were positively correlated (Fig. 1G), suggesting that in heterozygosis,
the proteins expressed from the mutant allele will not accumulate as much as the WT
protein, thereby reducing their potential dominant-negative activity.

3.2. Stereotyped behavior and epileptic activity of Dyrk1la*/~ mice

Seizures, stereotypies and social anxiety are frequent in DHS (Earl et al., 2017; van Bon et
al., 2016). The Dyrkia™"~ mouse is more sensitive to the convulsive agent pentylenetetrazol
(Souchet et al., 2014) and it displays anxiety-like behavior in the open field (Fotaki et al.,
2004), although ASD-like behaviors and epileptiform activity have not been reported in this
model. Recently, a mouse carrying a frame-shift mutation in DyrkIa has been generated and
mice heterozygous for this mutation develop deficits in social contacts and communicative
ultrasonic vocalization (UsV), as well as hyperthermia-induced seizures (Raveau et al.,
2018). Dyrk1a™'~ pups displayed similar deficits in UsV when separated from their mothers
(Supplementary Fig. 2A). Moreover, adult Dyrk1a*’~ mice engaged in shorter social
olfactory interactions (oral-oral or oral-genital sniffing) in the resident-intruder test, while
more time was spent on repetitive digging and self-grooming (Fig. 2A). Stereotyped
behaviors were further evaluated in the marble-burying test, and the DyrkZa*~ mutant mice
buried fewer marbles and spent less time digging than their WT littermates (Fig. 2B and
Supplementary Fig. 2B). Furthermore, DyrkIa*'~ mutants spent less time exploring the
central region of the cage where the marbles were buried (Dyrk1at'* 288+41 s, Dyrkla
*1-133+15's; p<0.001, Student’s #test). This time difference is unlikely to be caused by
less locomotor activity, as both genotypes entered the central region a similar number of
times (Dyrk1a*'* 4145, Dyrklat'~ 35+4 s; p<0.314, Student’s ttest). Rather, Dyrklat’~
mice spent significantly longer on repetitive self-grooming (Fig. 2B). Together, these results
show that in addition to deficits in social communication, haploinsufficient DyrkZa*~ mice
develop repetitive and stereotyped behaviors.

The epileptic activity in Dyrkla*’~ mice was evaluated from video-EGG recordings (Fig.
2C-H), which revealed differences in the basal activity between the distinct genotypes
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(Dyrk1a*"* 9-12 Hz; Dyrk1a*'~ 6-7 Hz: Fig. 2D). Spontaneous myoclonic jerks that
corresponded to interictal epileptiform activity were evident in DyrkZa*~ mice, with
isolated spikes, polyspikes and spike-wave discharges (Fig. 2E-G). These mutant mice also
experienced periods of immobility, during which grooming, feeding and exploration were
suppressed. Such periods of inactivity, alternating with shorter ones of epileptic activity,
were characterized by groups of spikes and polyspikes in the EEG recordings (Fig. 2E and
F). At times, the epileptic activity in DyrkZa™~ mice coincided with situations of moderate
handling stress. In half of the DyrkZa*~ mice (4 out of 8), spontaneous generalized tonic-
clonic seizures were recorded that lasted for different periods, with distinct lengths of tonic
and clonic phases, and motor correlates that corresponded to stage 5-6 in the modified
Racine Scale (Luttjohann et al., 2009); see Fig. 2H and Supplementary Movie). Notably,
about half of the patients with mutations in DYRK1A develop epilepsy, displaying atonic
attacks, absences and generalized myoclonic seizures (van Bon et al., 2016). Thus, epileptic
activity seems to be a common characteristic in humans and mice with DHS.

3.3. Alterations in neuron numbers in the developing neocortex of Dyrkla*~ mice

The neocortex is a six-layered structure essential for higher cognitive functions and sensory
perception. Most neocortical neurons (more than 80% in the mouse) are projection
excitatory neurons that extend their axons to intracortical or subcortical targets and use
glutamate as neurotransmitter. The distinct types of excitatory neurons are produced in the
embryo dorsal telencephalon (from E11.5 to E17.5 in the mouse) in overlapping temporal
waves. The first neurons formed are those that are closest to the ventricle (layer VI neurons)
and the last formed are those neurons located in the most superficial layers (layers I1-111
neurons) (Florio and Huttner, 2014; Molyneaux et al., 2007). Of note, perturbations in
sensory regions and in the circuits that connect these regions have been described in several
ASD mouse models (Golden et al., 2018). We previously showed that production of the
early-born cortical neurons is enhanced in Dyrk1a*'~ embryos (Najas et al., 2015). To obtain
further evidence as to how Dyrkla haploinsufficiency affects cortical development, we
counted the number of neurons that express the neuronal marker NeuN in the internal (V-VI)
and external (11-1V) layers of the somatosensory cortex (SSC) at P7 (Fig. 3A), when radial
migration has ended and excitatory neurons adopt their final positions (Miller, 1995). The
neocortical layers were thinner in postnatal DyrkZa*'~ mice, while they contained more
neurons than their Dyrk1a!* littermates (Fig. 3B and C). The fact that the neuronal densities
in the internal and external layers of Dyrk1a*/~ mutants are similarly affected (Fig. 3C)
suggests that DyrkIa haploinsufficiency may alter neuron production along the neurogenic
phase of cortical development. This possibility was evaluated with BrdU-birthdating
analysis (Fig. 3D-F). The results showed that P7 Dyrk1a*/~ animals had more BrdU* cells in
the SSC than WT animals when the BrdU labeling was performed at E13.5 (Fig. 3D),
indicating that neurogenesis is enhanced in the DyrkZa*/~ mutant at this developmental
stage. By contrast, DyrkIa"* and Dyrkia*~ animals displayed similar numbers of BrdU*
cells when the treatment was performed at E15.5 (Fig. 3F). Additional BrdU-labeling
experiments indicated that cortical neurogenesis in DyrkZa*/~ embryos ends at the correct
time (Supplementary Fig. 4). Consistent with the temporal generation of cortical excitatory
neurons (Molyneaux et al., 2007), the BrdU-labeled cells generated at E15.5 were
concentrated in the external layers of P7 WT animals, while the labeled cells generated at
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E13.5 showed a broader layer distribution, with BrdU* cells located in both internal and
external layers (Fig. 3E and G). Additionally, the distribution of BrdU-labeled cells in
Dyrkla*'"= animals was similar to that in WT animals (Fig. 3E and G), indicating that radial
migration of excitatory neurons is not affected in the DyrkZa*/~ model. Taking all the results
together, we conclude that the augmented neuron density in the neocortex of Dyrkla~
mutants is the result of an increased neuron production during early and mid-corticogenesis.

Finally, the differentiation of excitatory neurons was assessed by studying the layer-specific
markers Ctip2 (layer V) and Mef2c (layers 11-1V). Dyrkla*'~ mutants have fewer Ctip2*
neurons and more Mef2c* neurons than their WT littermates (Fig. 3B and C). As the distinct
types of neocortical excitatory neurons display different electrophysiological properties and
project to distinct target areas (Molyneaux et al., 2007), the alteration in the proportions of
these neurons could modify the final wiring of the brain in the DyrkZa*'~ mutants.

3.4. Alterations to the synaptic circuitry in the neocortex of adult Dyrk1a*~ mice

Around 10-15% of neocortical neurons are interneurons that make local connections and use
y-aminobutyric acid (GABA) as a neurotransmitter (Markram et al., 2004). These neurons
maintain the stability of cortical networks and they modulate network activity through
synaptic inhibition (Somogyi et al., 1998). In fact, disturbances to the excitation/inhibition
ratio (E/I imbalance) in relevant brain circuits have been proposed as a common pathogenic
mechanism in ASD (Rubenstein, 2010). Studies in ASD mouse models indicate that E/I
imbalance may arise not only from changes in synapse function and homeostasis but also
from an altered proportion of excitatory and inhibitory neurons (de la Torre-Ubieta et al.,
2016).

We have previously shown that the brain of adult DyrkZa*~ mice present altered levels of
proteins related to the glutamatergic and GABAergic systems (Souchet et al., 2014). Based
on these data, we wondered whether the defects in cortical development displayed by the
Dyrk1a*'~ mice results in alterations in the adult circuitry. To this aim, we analyzed the
excitatory (NeuN*/GABA") and inhibitory (GABA™) neurons in the SSC of adult animals
(Fig. 4A and B). The number of excitatory neurons in DyrkZa*/~ mutants increased in both
the internal and external neocortical layers. The heterozygous mice also had more
GABAergic neurons than their WT littermates, although the difference between these
genotypes was only significant in the internal layers (Fig. 4B). The density of excitatory and
inhibitory synapses was estimated in adult neocortices using antibodies against presynaptic
markers VgluT1 (vesicular glutamate transporter 1) or VGAT (vesicular GABA transporter),
and the postsynaptic markers Homer or Gephyrin. There was a significant increase in
excitatory synapses in DyrkIa*'~ mutants in the two layers examined (IV and V1), while the
density of inhibitory synapses in the mutant mice was similar to that in WT animals (Fig. 4C
and D). The alterations in the proportion of glutamatergic and GABAergic neurons and
synapses observed in the DyrkZa™'~ neocortices may contribute to the ASD-related behavior
and epileptic activity in these animals.
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3.5. Transcriptome alterations in the postnatal Dyrkla*~ cerebral cortex

The amount of Dyrk1a protein in the mouse developing neocortex increases during
neurogenesis, reaching maximum levels in late embryonic development and during the first
postnatal week (Dang et al., 2018). At these developmental stages, neural precursors shift
their status and become gliogenic (Kriegstein and Alvarez-Buylla, 2009), while neurons
extend neurites and synaptogenesis begins (Li et al., 2010). These processes are coordinated
by transcriptional programs that are dynamically regulated during development (Telley et al.,
2016), and it is possible that alterations to these programs might contribute to the early
neurological phenotype in Dyrklahaploinsufficiency. To test this possibility, we compared
the transcriptional profile of the cerebral cortex in Dyrkla** and Dyrkia*~ mice at PO and
P7 (Supplementary Fig. 6A for the microarray experimental design and Fig. 5A for the
comparisons performed). The comparison of the Dyrkla expression profile during cortical
development in Dyrk1a*"* and Dyrkiat’~ mice confirmed that DyrkIaexpression was
reduced by half in the cortices of DyrkZa*'~ mice at any time-point, reflecting DyrkIa
haploinsufficiency (Supplementary Fig. 5).

The heatmap representation of the microarray expression data showed that the
developmental effect on gene expression was more relevant than the effect of the reduction
in Dyrkladose (Supplementary Fig. 6B). In fact, the analysis of genes differentially
expressed between P7 and PO in Dyrkla*'~ cortex showed numbers similar to the WT
samples (Fig. 5B; see also Supplementary Fig. 7 for validation of the microarray results and
Supplementary Dataset 1). A large proportion of the genes that were differentially expressed
during development in the WT samples changed in the same direction in DyrkZa mutant
samples (Supplementary Fig. 6B). However, the expression of many of the genes that were
up-regulated during development in the WT samples was diminished in Dyrk1a*/~ samples
and vice versa (Fig. 5C). These results suggest that DyrkIa haploinsufficiency does not have
a strong impact on the transcriptional program that drives postnatal cortical development but
rather, that it might affect the time-course of the repression/activation of transcription.
Nevertheless, the expression of a subset of genes was significantly altered between the two
genotypes at PO (182 genes) or P7 (73 genes), with changes greater or less than 1.4 fold
(Fig. 5D).

Pathway enrichment analysis of the genes differentially expressed when comparing PO and
P7 WT cortices showed that the up-regulated genes at P7 were associated with synaptic
transmission, while the down-regulated ones were enriched in cell cycle-associated functions
(Supplementary Fig. 8). These data are consistent with the developmental changes occurring
in the neocortex, since differentiating neurons acquire terminal features. Indeed, at these
stages most pluripotent progenitors in the ventricular zone lose their capacity to self-renew
or become less proliferative, producing cells of the glial lineage (Kriegstein and Alvarez-
Buylla, 2009). When analyzing the genes with transcriptional changes in the Dyrkla*’~
samples compared to the WT ones, no particular enrichment was associated with the up-
regulated genes in the DyrkIa*’~ animals, although known regulators of gliogenesis were
identified in this set, such as Sox4 or Sox11 (Fig. 5E), suggesting a possible defect in the
onset of glial cell production in the DyrkZa*’~ mutant model. By contrast, the down-
regulated set was enriched in genes whose products are located in dendrites (Calb1, Penk,
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ThyI) and/or that are involved in axon growth (Nefl, Nefm) or synaptic transmission
(Gabral, Gabrg1, Htr7: Fig. 5E and Supplementary Dataset 2). Hence, the transcriptional
alterations detected further support that neuron activity is altered in the neocortex of Dyrkla
*I~ mutant pups.

4. Discussion

In this study, we analyzed a series of DYRKIA missense mutations, most of which are bona-
fide LoF mutants that render the DYRK1A proteins enzymatically inactive. Moreover, the
positive correlation between activity and protein accumulation might indicate that the
presence of kinase-dead proteins has an added harmful effect. Very recently, the analysis of
several DYRK1A missense mutants found in humans has been published, with a focus on
the biochemical properties of the kinase variants (Widowati et al., 2018). Some of these
variants are included in our analysis (for instance, L245R, D287N and T588N), and results
are in agreement regarding the effect of the mutations on the DYRK1A catalytic activity.
Our work further expands this analysis by including all missense mutations in the catalytic
domain of DYRKZ1A published to date. Some of these mutations lie in regions predicted to
be essential, as the case of K188 in the ATP-binding domain or D287 and F308 (HCD- and
DFG-motifs, respectively), which are involved in the catalytic reaction. There is a particular
accumulation of mutations within the P+1 loop and the a-helix F (R325H, Y327C, R328W,
S346F/P, L347R), which render catalytically inactive kinase proteins. In addition, though the
number of missense mutations is still low, some residues can be considered as hot spots
either because the mutation has been reported in two different patients (S346P: (Bronicki et
al., 2015; Deciphering Developmental Disorders, 2015); R467Q: (Evers et al., 2017; Posey
et al., 2016)) and/or because the same residue is mutated to different amino acids (D287V
and D287Y: (Deciphering Developmental Disorders, 2015; Zhang et al., 2015); S346P and
S346F: (Bronicki et al., 2015) and ClinVar SCVV000712522). All of the mutations resulting
in kinases without catalytic activity are present in individuals with clinical traits associated
to the DHS; likewise, individuals with mutations leading to kinases with partial activity
(L295F, Q313H and tA498Pfs93*) present DHS features (Table 1 and Supplementary Table
1), suggesting that there is a threshold for DYRK1A activity regarding non pathological
phenotypes.

Somewhat unexpectedly, the enzymatic activity of several missense mutants was
indistinguishable from that of the WT kinase (K167R, T588N) and in some cases, even an
increment in activity was detected (A195T, H223R, L259F and R458M). No clinical
information is available for some of these variants and therefore, no correlations can be
established. For others, as the case of A195T, we cannot exclude that the activity of the
mutants could be the reflection of an altered substrate choice; alternatively, they might lead
to other alterations in DYRKZ1A function affecting its final biological activity with
pathological consequences. A third possibility could be that they represent pathogenic
variants of DYRK1A hyperactivity, based on the links of DYRK1A overexpression with
certain DS pathological traits (Becker et al., 2014). Of note, the hyperactive G486D
mutation was identified in a patient with macrocephaly (Dang et al., 2018), in contrast with
the DHS patients with LoF mutations in which microcephaly is, generally, observed (Table
1). Finally, the results might also mean that these mutations do not provoke any negative
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effects. Indeed, the effects of the catalytic missense A195T and L259F mutants have been
evaluated in cultured cortical neurons, where their impact on neurite extension was similar to
that of the WT neurons (Dang et al., 2018). Therefore, in the case of the catalytically active
mutants, the possibility that these genetic variants in the DYRK1A gene are not responsible
for the clinical phenotype should also be considered.

In ASD and ID syndromes, alterations to dendrite morphogenesis and synapse formation are
common (de la Torre-Ubieta et al., 2016). There is evidence that DYRK1A regulates the
actin cytoskeleton and microtubule dynamics, thereby contributing to the development and
maintenance of neurites and dendritic spines (Martinez de Lagran et al., 2012; Ori-
McKenney et al., 2016; Park et al., 2012). Indeed, the morphology of the dendritic arbor in
neurons of the motor cortex is altered in DyrkZa*~ mice and in transgenic mice
overexpressing Dyrkla (Benavides-Piccione et al., 2005; Martinez de Lagran et al., 2012).
These, together with the detrimental effect of DYRK1A truncated mutations in neuronal
dendritic and spine growth (Dang et al., 2018) suggested that postnatal neocortical
development is relevant to the neuropathology of DHS. However, our results indicate that
Dyrklahaploinsufficiency also affects neuron production in the developing neocortex
leading to alterations to the number and proportion of the excitatory neuron subtypes.
Considering that each of the many distinct excitatory neural subtypes fulfills a particular
function (Jabaudon, 2017), subtle alterations in the proportion of these neurons would
influence the activity of the synaptic circuits formed during postnatal development. In this
context, the different transcriptomic profiles of the postnatal DyrkZa*~ neocortex could be
the consequence of its different neuronal composition. However, given that DYRK1A can
directly or indirectly regulate transcription (Aranda et al., 2011; Di Vona et al., 2015),
Dyrklahaploinsufficiency might specifically modify the transcriptional programmes in
differentiating neocortical neurons. In any case, the transcriptome analysis highlighted the
weaker expression of genes involved in neuritogenesis and synaptic activity in the postnatal
Dyrk1a*'~ neocortex. Therefore, both the reduction in gene expression and the direct activity
of DYRKZ1A on proteins implicated on neuritogenesis should be considered as factors that
contribute to the neurological alterations in DyrkZa*~ mutant mice.

Adult Dyrkia*'~ mice experience epileptic activity and behavior deficits similar to those
observed in other ASD mouse models in which excitatory and/or inhibitory synaptic circuits
are perturbed (Lee et al., 2017). In fact, altered production and/or migration of excitatory
and/or inhibitory cortical neurons affects the E/I balance in mature circuits, usually making
them epileptogenic (Bozzi et al., 2012; Rubenstein, 2010). Dyrk1a*~ mutants exhibit an
excess of excitatory neurons and synapses in the neocortex, and these animals also show an
excess of inhibitory neurons in the internal neocortical layers. Thus, we propose that both
excitatory and inhibitory neurons contribute to the E/I imbalance underlying the epileptic
activity, ASD-like behavior and cognitive deficits associated with DHS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ASD autism spectrum disorder

BrduU bromodeoxyuridine

DD developmental delay

DHS DYRK1A haploinsufficiency syndrome
DS Down syndrome

DYRK dual-specificity tyrosine-regulated kinase
EEG electroencephalogram

E/l excitation/inhibition

GABA ~y-aminobutyric acid

GFP green fluorescent protein
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IUGR intrauterine growth retardation

IVK in vitrokinase

LDA low-density array

LoF loss-of function

SSC somatosensory cortex

UsV ultrasonic vocalization

WT wild-type.
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Highlights:

Lack of kinase activity for DYRKZA missense mutations in DYRK1A
haploinsufficiency syndrome

Stereotyped behavior and epileptic activity in haploinsufficient Dyrk1a*~
mutant mice

Alterations in neuron and synapse densities in the neocortex of Dyrk1a*!~
mice

Alterations in neurogenesis and transcriptomic profiles in the Dyrk1a*!~
developing cortex
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Fig. 1. DYRK1A missense mutations affect DYRKZ1A kinase activity, auto-phosphorylation and
protein stability.

(A) Representation of the secondary protein structure of the DYRKZ1A catalytic domain,
indicating the location of the mutants used in this study: AIK, HCD, DFG and YQY
correspond to key functional elements (Kannan and Neuwald, 2004). (B) Experimental
procedure followed to analyze the parameters summarized in (C) and (D). (C) The graph
represents the ability of the mutants to phosphorylate the DYRKtide peptide, with the WT
kinase activity arbitrarily set as 100. The catalytically inactive mutant K188R was also
included in the assay (n=3 independent experiments; mean+SEM; ***p < 0.001, ns=not
significant, unpaired 2-tailed Mann-Whitney's test). (D) Summary of the mutants' activity
measured as the substrate phosphorylation, auto-phosphorylation and T-loop auto-
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phosphorylation (see Supplementary Fig. 1B and C). (E, F) Scheme of the assay used to
assess the impact of the mutations on protein accumulation (E). A representative experiment
is shown (F; see also Supplementary Fig. 1C for quantification). (G) Correlation analysis of
the activity and stability of the DYRK1A mutants. The WT protein and the kinase-inactive
K188R mutant are indicated as black and red dots, respectively (Pearson's correlation, r=
0.9211; p< 0.0001).
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Fig. 2. Dyrkla a*'~ mice display social deficits, repetitive behavior and epileptic activity.

(A) Social interaction test. Time spent by adult mice on social interactions (sniffing) and
repetitive behavior (digging and self-grooming). (B) Marble-burying test in which the
number of buried marbles, and the time spent by adult mice digging and on self-grooming
was recorded over 20 min (n=12-15 mice each genotype: *p < 0.05, **p< 0.01, ***p<
0.001, Student’s #test). (C) Schematic drawing of a mouse skull indicating the electrode
placement for EEG recordings. (D) Fragments of representative EEG recordings of the basal
activity in Dyrki1a*™* and Dyrki1a*'~ mice. (E-G) Representative EEG recordings of Dyrkla
*I~ mice showing the spikes (E), polyspikes (F) and spike-wave discharges (G). (H) EEG
recording of a spontaneous generalized tonic-clonic seizure lasting 74 s in a Dyrkla*’~
mouse (see also Supplementary Movie), with a 10 s amplified portion (black square)
displaying spike-wave activity at a frequency of 4-5 Hz. The arrow indicates the beginning
of the clonic phase.
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Fig. 3. Dyrkla”‘ mice show altered numbers of excitatory neurons in the postnatal neocortex.
(A) Coronal brain section from a P7 Dyrkia** mouse stained with Hoechst indicating the

position of the neocortical layers Il to VI. Quantification in the somatosensory cortex (SSC,
white dashed rectangle). (B) Representative images of Dyrklat* (+/+) and Dyrkia’= (+/-)
sections immunolabeled for NeuN, Mef2c or Citp2. (C) Histograms showing the thickness
and number of neurons positive for the markers indicated in a 350 pm wide column of the
external (layers 11-1V) and internal (layers V-VI) layers of the neocortex (n=4-5 animals each
genotype). (D-G) Schedule of the BrdU-labeling protocol to estimate neuron production in
E13.5 (D) and E15.5 (F) embryos and representative images of Dyrkla** sections
immunolabeled for BrdU (brown signal) and the nuclei stained with Nissl. Histograms
represent the total number of BrdU™ cells in DyrkZa*’~ animals relative to that in Dyrkia*’*
animals arbitrarily set as 1 (D-F), and the distribution of these cells in 10 equal bins,
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represented as the percentage of BrdU™ cells in each bin (E, G) (BrdU* cells at E13.5, n=7-9
animals each genotype; BrdU™ cells at E15.5, n=5-6 animals each genotype). ns= not
significant, *p < 0.05, **p < 0.01, Student’s £test. Bars = 100 um (A) and 50 um (B and D).
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Fig. 4. Adult Dyrkla a*'~ mice have a higher density of cortical neurons and synapses.
(A) Representative images of the SSC from a DyrkZa*'* mouse section immunolabeled for

NeuN and GABA, and counterstained with Hoechst nuclear dye. (B) Images showing NeuN
*and GABA* neurons in the SSC, and histograms with the quantification of NeuN*/GABA~
(excitatory) and GABA® (inhibitory) neurons in the external (layers I1-1V) and internal
(layers V-VI) layers of a 350 pum wide column of the SSC (n=4 animals each genotype; ns=
not significant, *p < 0.05, **p < 0.01, Student’s £test). (C, D) Representative confocal
images of the SSC from a DyrkIa** mouse immunolabeled for VGIuT1 and Homer (C), or
for VGAT and Gephyrin (D), with the nuclei labeled with DAPI (blue). White rectangles
indicate the area magnified in the images on the right. The white arrowheads point to
interactions between presynaptic and postsynaptic markers. Box plots show the synapse
densities between the first and third quartiles, the line in the boxes corresponding to the
median synapse density (see Supplementary Fig. 3 for the automatic quantification of
synapses). Excitatory synapses, layer IV (Dyrkla*, n=639; Dyrkia*’-, n=661) and layer
VI (Dyrkiat"*, n=639; Dyrkla*’~, n=643). Inhibitory synapses, layer IV (Dyrkia’*, n=601;
Dyrkia*'=, n=539) and layer VI (Dyrki1a''*, n=616; Dyrk1a*'~, n=535) (6 animals per
genotype; **p < 0.01, ns=not significant, nested one-way ANOVA). Bars = 200 um (A), 10
um (B), and 5 um and 1 um (left and right photographs respectively in C, D).
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Fig. 5. Transcriptome alterations in the neocortex of postnatal Dyrkla”_ mice.
(A) Schematic representation of the comparisons performed to identify differentially

expressed genes during development or between genotypes (n=4 animals each condition).
(B) Transcriptional changes in the P7 and PO cortex from Dyrk1a*’* or Dyrkia™'~ mice (adj.
p<0.05; -1.4 < FC = 1.4). (C) Dot plots represent the changes in gene expression between
genotypes (+/- vs+/+) at PO and P7, and between the developmental stages (P7 vsPQ) in the
WT samples (+/+). Each dot represents a gene probe: green dots indicate probes with
significant changes between genotypes (adjusted p-value <0.05); grey dots genes with no
significant change. The numbers in green correspond to the percentage of green dots in each
guadrant. Light grey lines indicate the log2 fold-change equal to + 0.4. (D) The Venn
diagrams show the genes up-regulated or down-regulated in comparisons of DyrkIa*~ with
Dyrkia*"™* mice at the two developmental time points studied, with the overlap indicating
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genes altered at both PO and P7 (adj. p< 0.05; -1.4 < FC = 1.4). (E) Validation by RT-gPCR
of selected genes with altered expression in Dyrkl1a*'~ animals. The graphs represent the
MRNA expression relative to that in WT animals arbitrarily set as 1. RT-qPCR was used for
NIfi1b, Penk, Htr7, Nefland Nefm (n=4-9 animals each condition), and LDA for Gabrg1,
Notch2, Sox4 and Sox11 (n=4 animals each condition; ns=not significant, *p < 0.05,
Student’s #test).

Neurobiol Dis. Author manuscript; available in PMC 2020 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Arranz et al.

Table 1.

Mutations analyzed in this study
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Mutati a Ref Catalytic c
utation i eference ini i
ClinVar activityb Clinical traits
K167R - De Rubeis et al., 2014 + No information available
. _ IUGR; global DD; microcephaly; ID; seizures
K188l SCV000206791  Ji etal., 2015 Global DD; mild ID with particular impairments in
) language; complex partial epilepsy with epileptic
A195T Dang et al., 2018 + encephalopathy
) . _ IUGR; global DD; microcephaly; delayed speech
L207P Decipher et al., 2015 and language development
H223R SCV000620751 - + No information available
SCV000206792 .. _ IUGR; global DD; microcephaly; ID; severe
L245R SCV000807304 Vi étal. 2015 speech delay
L259F - Decipher et al., 2015; Dang et al., 2018 + No information available
A277P SCV000571206  Decipher et al., 2015 - Global DD; postnatal microcephaly
D287V SCV000598121  Decipher et al., 2015 - IUGR; microcephaly; specific learning disability
_ Severe ID/DD; generalized tonic-clonic seizures,
D287Y - Zhang et al., 2015 febrile seizures
SCV000206793 .. _ Mild global DD; microcephaly; severe speech
L295F SCV000321572 Jietal., 2015 +/ delay
F308Vv SCV000247240 - - No information available
SCV000586742 IR i \ oni
S311F SCV000520979 Ruaud et al., 2015 - Small stature; ID; microcephaly; epilepsy
Q313H - De Rubeis et al., 2014 +/- No information available
R325H SCV000574147 - - No information available
Y327C SCV000599256 - - No information available
R328W SCV000492371  Stessman et al., 2017 - No information available
S346F SCV000712522 - - No information available
Decipher et al., 2015;Bronicki et al., _ Microcephaly; ID; absent or delayed speech
S346P SCV000196060 2015 development; seizures
L347R - Trujillano et al., 2017 - Global DD; microcephaly; ID; seizures
R438H - Wang et al., 2016 + No information available
R458M - Dang et al., 2018 + No information available
SCV000245477 . . _ Developmental regression; primary microcephaly;
R467Q SCV000534701 Decipher et al., 2015; Posey et al., 2016 D
SCV000206787 . . .
RA6T* SCV000245476  Ji et al., 2015; Posey et al., 2016 - Se'igﬁ?ésDD' moderate |D; severe speech delay;
SCV000618033
F478Sfs112* - Rump et al., 2016 - Severe DD; low birth weight; brachycephaly
G486D SCV000747759 Dang et al., 2018 + ASD, learning disorder and macrocephaly
SCV000056592 \ _ Global DD; microcephaly; speech delay; febrile
A498PTSIS™  Scvooosaaeds O'Roaketal., 2012 + and febrile seizures
R528W SCV000594478 - + No information
T588N SCV000196065  Bronicki et al., 2015 + Micracephaly; ID; absent or delayed speech

development; seizures

a’CIinVar: www.ncbi.nlm.nih.gov/clinvar (Landrum et al., 2016).
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+, kinase activity < wt; +/- kinase activity ~50% wt; —, kinase activity below 5% wt.

only selected traits are shown; more detailed information is included in Supplementary Table 1.

ASD, autism spectrum disorder; DD, developmental delay; 1D, intellectual disability IUGR, intrauterine growth retardation.
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