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Abstract

Background—Mutations in DYRK1A are a cause of microcephaly, autism spectrum disorder
(ASD), and intellectual disability (ID); however, the underlying cellular and molecular
mechanisms are not well understood.

Methods—We generated a conditional mouse model using EmxI-cre, including conditional
heterozygous and homozygous knockouts, to investigate the necessity of DyrkZain the cortex
during development. We employed unbiased, high throughput phospho-proteomics to identify
dysregulated signaling mechanisms in the developing Dyrka mutant cortex as well as classic
genetic modifier approaches and pharmacological therapeutic intervention to rescue microcephaly
and neuronal undergrowth caused by DyrkIa mutations.

Results—We found that cortical deletion of DyrkZain mice causes decreased brain mass

and neuronal size, structural hypoconnectivity, and autism-relevant behaviors. Using phospho-
proteomic screening, we identified growth-associated signaling cascades dysregulated upon
Dyrkla deletion, including TrkB/BDNF, an important regulator of ERK/MAPK and mTOR
signaling. Genetic suppression of Pten or pharmacological treatment with IGF-1, both of which

"Corresponding author: Damon T. Page, Ph.D., Department of Neuroscience, The Scripps Research Institute, Jupiter, Florida, 33458,

USA. paged@scripps.edu.

Author contributions: J.L. and D.T.P. conceived of and designed experiments. J.L. executed experiments and data analysis except
for in vitro primary neuronal culture experiments, which were performed and analyzed by C.W.L., and TMT/Mass Spectrometry
experiments, which were conducted by G.T and analyzed by G.C. Data interpretation by J.L., CW.L, G.T., G.C., and D.T.P. J.L. and
D.T.P. wrote the paper and J.L., CW.L., G.T., G.C., and D.T.P. edited the paper.

The authors report no biomedical financial interests or potential conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Levy et al.

Page 2

impinge on these signaling cascades, rescued microcephaly and neuronal undergrowth in neonatal

mutants.

Conclusions—Altogether, these findings identify a previously unknown mechanism through
which Dyrk1amutations disrupt growth factor signaling in the developing brain, thus influencing
neuronal growth and connectivity. Our results place Dyrk1a as a critical regulator of a biological
pathway known to be dysregulated in humans with autism spectrum disorder and intellectual
disability. Additionally, these data position DyrkZawithin a larger group of ASD/ID risk genes
that impinge on growth-associated signaling cascades to regulate brain size and connectivity,
suggesting a point of convergence for multiple autism etiologies.
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Introduction

Loss of function mutations in DYRK1A (OMIM #600855) are strongly associated with
autism spectrum disorder (ASD) and intellectual disability (ID). A recent study found that
48% and 81% of individuals with DYRK1A mutations exhibited ASD and ID, respectively
(1). Primary microcephaly, described as decreased head circumference at birth (2-4),
occurs in as many as 90% of these patients (1). Other clinical findings in this population
include developmental delay, anxiety, seizures, speech and motor difficulties, and vision
abnormalities (5, 6).

Dyrk1a is a serine/threonine kinase (7) that targets proteins critical for proliferation

and differentiation in the developing mammalian brain, including Gsk3p (8), CyclinD1

(9), Foxo1l (10), Notch Intracellular Domain (NICD) (11), and P53 (12). Mutations in
Dyrklaimpact cell cycle and proliferation through these phosphorylation targets. Germline
Dyrk1a*~ mice exhibit decreased brain and body mass in adulthood as well as behavioral
deficits (13-15) and altered proliferation (9, 12, 13). Dyrk1a mutations also cause decreased
complexity of cultured neurons (16). However, the molecular mechanisms governing these
phenotypes are currently unknown.

Multiple signaling cascades have been implicated in the pathogenesis of ASD, including
Wnt/GSK3B, mTOR, and ERK/MAPK signaling (17-21). These molecular cascades are
critical for regulating growth and proliferation in the developing mammalian brain (22—
24) and have been proposed as signaling “hubs” for various etiologies of ASD (21, 25,
26). Convergence between Wnt/GSK3p, ERK/MAPK and PI3K/Akt/mTOR pathways in
the developing brain (27-29) illustrate the abundant crosstalk between signaling cascades
implicated in ASD pathobiology. Multiple studies indicate that Dyrkla may interact with
these ASD-associated signaling cascades. For example, Dyrklaoverexpression causes
increased MAPK signaling in PC12 cells (30) and increased ERK/Akt activation in mice
(31). Dyrk1a is a priming kinase for GSK3p (32), and PI3K/Akt/mTOR signaling is
hyperactivated in human brain tissue from patients with Down syndrome, caused by trisomy
of chromosome 21 including DYRK1A (33). While these findings are suggestive, the role
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of these cascades in ASD/ID-relevant brain and behavioral phenotypes caused by Dyrkla
mutations is unexplored.

Methods and Materials

Mice:

Results

Please see Supplementary Methods and Materials for more details.

All mice used in the study were obtained from the Jackson Laboratory or MMRC

and have been previously described, including C57BL/6- Dyrk1a?™e¢|) ( Dyrk1aloxF/loxP,
stock #027801), Gt (ROSA)26Sorim14 (CAG-tdTomato)Hzeyy (Aj14 or tdTomato, stock
#007914), PtentmIHWu (prenloxPloxP stock #006440), Emx1im (Cre)Kiy (Emx1-cret!-,

stock #005628), and B6.FVB (Cg)- Ty (Rbp4-cre)KL100Gsat/Mmucd (Rbp4-cre?’~, stock
#037128-UCD). WT and EmxI-cre”; Dyrk1d®P* mice were used as controls. To avoid
germline recombination in males, EmxI-cre™;Dyrk1al®*/1oxF males were bred with £mx1-
cre* :Dyrk1a’°*/* females. The same breeding strategy was used for experiments involving
Rbp4-cre, mTORIOXF/IOXP and Pren/oXF’*, Genomic DNA isolated from ear samples was
used for PCR to confirm genotypes. All animal experiments were conducted in accordance
with National Institutes of Health and Association for Assessment and Accreditation of
Laboratory Animal Care guidelines and were approved by The Scripps Research Institute’s
Institutional Animal Care and Use Committee. Mixed sexes were used for all cellular

and molecular assays. Male mice were used for behavioral experiments. Mixed sexes of
even numbers were used for proteomic analysis, and females were used for the phospho-
enrichment and analysis.

Conditional mutations in Dyrkla cause microcephaly and ASD-relevant behaviors

To circumvent pleiotropic effects outside the brain and isolate the effects of Dyrkla
mutation in the cerebral cortex, which is heavily impacted in microcephaly, we employed

a conditional approach. Using an £mxI-cre driver, which is expressed in ~88% of

neurons in the neocortex and hippocampus as well as a subset of cells in the astrocyte

and oligodendrocyte lineages (34), we generated heterozygous (EmxI-cre*; Dyrkl1aloxF/*,
“cHet”) and homozygous (EmxI-cre*; Dyrk1a/oXF/loxP “cK(0™) mutants (Figure 1A, S1).
cKOs survive to birth but die by the end of postnatal day 0 (P0). Thus, cKO data was

only collected at PO for all assays. We found that cHets and cKOs exhibit decreased brain
and cortex mass at birth (P0), throughout development (P7), and in adulthood (>P56)
(Figure 1B,C) indicating that cortical mutations in DyrkZa cause microcephaly. cKOs exhibit
morphological abnormalities including increased ventricle size, lack of a corpus callosum,
and an absent lateral cortex (Figure 1D, top panel). Adult cHets also exhibit significantly
enlarged ventricles and a thinner corpus callosum (Figure 1E,F). We measured cortical
thickness as the distance from the ventricle to pial surface at several positions on the
mediolateral axis (Figure 1D (bottom panel)) and found that the cHet cortex is not altered at
birth. However, the cKO cortex is markedly thinner (Figure 1G). P7 and adult cHets exhibit
decreased cortical thickness at multiple measurement points (Figure 1H,1).
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To determine whether cHets model phenotypes relevant to patients with DYRKIA
mutations, we investigated ASD-relevant behaviors. In the three-chamber social approach
assay, control mice exhibit a significant preference for interaction with a stimulus mouse,
while cHets spend equal amounts of time in the chamber containing a stimulus mouse and
the chamber with an empty tube (Figure 2A). cHets spend significantly less time in the
social chamber, suggesting a social deficit (Figure 2B,C). Further, cHets bury significantly
fewer marbles thereby displaying an altered repetitive behavior (Figure 2F). cHets do not
exhibit alterations in sensorimotor gating (Figure 2D,E), locomotion (Figure 2G,H), anxiety-
like behavior (Figure 21-K), or depression-like behavior (Figure 2L). These data show that
a cortical Dyrk1amutation is sufficient to cause microcephaly and ASD-relevant behavioral
deficits.

Microcephaly in Dyrkla conditional mutants corresponds to reduced cell size at birth and
fewer cells during postnatal development

Since germline Dyrk1a*~ mice exhibit altered neurogenesis and cell cycle exit (9), we
predicted that decreased cell number would correspond with microcephaly at birth. We
conducted isotropic fractionator to obtain the absolute number of cells (Figure 3A) (35).
Despite decreased cortical mass and thickness upon DyrkZa deletion, cell number is
unexpectedly not altered in cHets or cKOs at birth. The density of cells in the cKO cortex
is significantly increased, suggesting a decrease in cell size or spacing. P7 cHets exhibit
decreased cell number relative to both controls and PO cHets, but cell density is not altered.
We observed the same effect in adult cHets, with the mutant cortex containing significantly
fewer cells and unchanged cellular density (Figure 3B,C). These findings suggest that
decreased cell number is not driving microcephaly in conditional mutants at birth, but rather
there is a decrease in cell number in the mutants between PO and P7.

Because E£mx1 is expressed in both neurons and glia, we investigated the specific cellular
population driving the decreased cell number by flow cytometry of dissociated nuclei
stained with neuronal marker Neu-N. At PO, in which no difference in cHet total cortical
cell number is observed, the proportions (percentage of total nuclei) of Neu-N+ and Neu-N-
cells are unchanged in cHets and cKOs, consistent with unchanged total numbers of both
neuronal and non-neuronal populations. At P7, the decrease in cHet total cortical cell
number corresponds with a significant decrease in the proportion of Neu-N+ cells and a
significant increase in the proportion of Neu-N- cells, consistent with a decrease in the total
number of neurons and no change in the total number of non-neuronal cells. In adults, the
decrease in cHet total cortical cell number corresponds with no change in the proportion

of Neu-N+ or Neu-N- cells, consistent with a decreased total number of both neuronal and
non-neuronal cells. Altogether, the data show that at PO, the populations of putative neurons
and putative glia are unchanged. At P7, the observed decrease in cell number may be driven
by a decrease in the neuronal population, which persists into adulthood with the addition of
a decrease in the putative glial population (Figure S2).

To determine the source of increased cell density in cKOs at birth, we employed fluorescent
Nissl staining to measure cell soma size in the somatosensory cortex (S1). We observed a
decrease in cell soma size across all layers in cKOs at birth, aligning with our finding of
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increased cell density (Figure 3D). At PO, cHets exhibit decreased cell soma size in layers
I1-1V and V. At P7, cell somas in layer V are significantly smaller, and this decrease persists
into adulthood in addition to a significant decrease in cell soma size in layer VI (Figure
3E,F). This decrease of cortical cell number in cHets at P7 but not at birth prompted us

to investigate cell death as a potential mechanism. We observed increased apoptosis, as
measured by apoptotic marker cleaved caspase 3 (CC3), throughout the cortex at P4 (Figure
3H). Staining of the PO cKO cortex revealed a marked induction of apoptosis, particularly
near the midline (Figure 3G).

Because layer V soma size is impacted in EmxI-cre cHets and cKOs across ages, we tested
whether the putative layer V (Ctip2+) population is altered in density in cHets and cKOs.
We quantified the number of Ctip2+ cells normalized to DAPI+ cells using 10-bin analysis
and found that at PO, the density of Ctip2+ cells is comparable in cHets but altered in cKOs
(Figure S3A). At P7 and adulthood, cHets exhibit decreased density of Ctip2+ neurons in
the bins corresponding to layer V (at P7) and layers V and V1 (in adults) (Figure S3B,C).
These data indicate that conditional DyrkZa mutations cause decreased neuronal cell number
by P7 and provide layer V as a potential neuronal population driving this decrease.

Dyrkla (RNA (36) and protein (37)) is enriched in, but is not exclusive to, layer V
pyramidal neurons. This, together with decreased layer V soma size and Ctip2+ cell
density at multiple timepoints in cHets led us to investigate the sufficiency of layer V-
specific deletion of Dyrklato drive these cellular phenotypes. We generated conditional
knockouts using Rop4-Cre, which depletes Dyrklain layer V from development (Rbp4-
cre*: Dyrk1aloxP/oxP) (Figure 31). At PO, Rbp4-cKOs exhibit decreased soma size in layer VV
and a subtle yet significant decrease in layer VI soma size (Figure 3J,K). We also observed
a robust induction of apoptosis within layer V of Rbp4-cKOs (Figure 3L). Altogether,
microcephaly in Dyrkla mutants corresponds to smaller cells at birth and fewer cells after
birth, which may be driven by induction of apoptosis. Additionally, deletion of Dyrkiain
layer V neurons is sufficient to drive both the reduction in cell soma size and increased
apoptosis.

Cortical pyramidal neurons display altered morphology and axonal projections upon
Dyrkla mutation

To investigate a potential cellular mechanism driving altered social behavior, we investigated
whether cHets display altered neuronal complexity /n vivo by measuring Golgi-stained layer
V neurons in the mPFC. These neurons send projections to subcortical regions (i.e., BLA,
VTA) and are responsible for encoding social behavior and other ASD-relevant behaviors
(38). We found that cHets exhibit significantly less complex layer V neurons, particularly
close to the soma (Figure 4A—C). This significant decrease in soma size of cHet neurons
(Figure 4D) validates our findings from fluorescent Nissl staining (Figure 3F). Additionally,
basal dendritic branching is significantly decreased, while apical dendrites are unaffected
(Figure 4F). After observing that somas of layer V neurons in mutant brains were more
circular than controls, we quantified circularity [4 7 (area/perimeter?)] where 1.0 indicates

a perfect circle. We found that cHet somas are significantly more circular than controls,
exhibiting a mean value closer to 1.0 (Figure 4E). A similar decrease in complexity and
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soma size as well as an increase in circularity of layer 11/111 pyramidal neurons suggests that
cortical mutations in Dyrklahave a widespread impact on neuronal morphology and axonal
projections (Figure S4).

We next investigated a circuit that encodes social behavior and is dependent on layer V
neurons. Using an anterograde Cre-dependent virus (rAAV2-Efla-DIO-EYFP), we traced
projections from the mPFC to the BLA in adult mice to measure axonal projections /n vivo.
Reconstruction of fibers in the BLA showed decreased density in cHets with comparable
injection site density (Figure 4G,H), providing a substrate of altered axonal projections that
may cause social deficits in cHets. To determine whether there are more widespread effects
on layer V projecting circuits caused by DyrkZa mutation, we investigated the corticospinal
tract (CST), which contains the longest projections in the mammalian brain (39) and thus
may be sensitive to alterations in growth. Using Cre-dependent reporter tdTomato in sagittal
sections, we found that cHets exhibit significantly decreased density of CST projections,
suggesting that multiple circuits dependent on layer V pyramidal neurons are altered in
cHets (Figure 41,J). Both decreased arborization of pyramidal neurons and decreased axonal
projections in cortico-subcortical circuits provide a potential cellular link between alterations
in brain growth and autism-relevant behavior.

Growth signaling pathways are altered in conditional Dyrkla mutants

To investigate altered signaling cascades through which DyrkIa mutations cause
microcephaly, decreased neuronal growth, and ASD-relevant behaviors, we conducted a
phospho-proteomic and proteomic screen via high-resolution tandem mass spectrometry
coupled to liquid chromatography (LC-MS/MS). Our tandem mass tag (TMT) approach
and phosphopeptide enrichment in PO control and cKO cortices identified 89 significantly
altered proteins with abnormal abundance in the cKO cortex at birth (56 decreased and

33 increased) (Figure 5A, Supplemental Table 1). Ingenuity Pathway Analysis (IPA)
identified axonal guidance signaling, RhoA signaling, and semaphorin signaling in neurons
as significantly altered canonical pathways. IPA also identified BDNF, mTOR, and IGF-1
as predicted upstream regulators of the altered proteome. We then surveyed the altered
proteome for proteins encoded by risk genes for ASD, ID, and brain growth abnormalities
using SFARI gene and the Developmental Brain Database (DBDB), specifically using

the categories “autism”, “intellectual disability”, “microcephaly”, “megalencephaly”, and
“hemimegalencephaly”. We found that several proteins in the dataset are encoded for by
ASD/ID risk genes or genes that impact brain growth (Figure 5B).

After phosphopeptide enrichment, 51 significantly altered phosphopeptide groups (35
phospho-proteins) were discovered (24 decreased and 11 increased) (Figure 5C,
Supplemental Table 2). IPA identified synaptogenesis signaling, axonal guidance, and
ERK/MAPK as altered pathways. BDNF, ERK, and MAPK were found to be predicted
upstream regulators. Using the same analysis against SFARI gene and DBDB, we identified
multiple proteins in the altered phospho-proteome encoded for by ASD/ID/brain growth
genes (Figure 5D).

Gene ontology (GO) enrichment analysis revealed significant overlap shared between the
down-regulated protein and down-regulated phosphopeptide groups, including GO terms
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“anatomical structure development” and “neuron projection development” (Figure 5E). No
biological processes were significantly enriched after correction in either the up-regulated
phosphopeptide group or up-regulated protein group.

Noting BDNF as a predicted upstream regulator of both the altered proteome and phospho-
proteome, we are interested to report significantly decreased phosphorylation of TrkB
(YY816) in DyrklacKOs. To validate this and other significantly altered targets in the
phospho-proteome, we performed western blots on PO controls and cKOs (Figure 5F,G).
Indeed, p-TrkB ('Y816) is decreased in DyrkiacKOs when normalized to total TrkB. We
also validated increased inhibitory phosphorylation on Cdk1 relative to total Cdk1 and
B-actin. Phosphorylation of MAPT/Tau was also identified as significantly decreased in the
cKO dataset. Dyrkla is known to phosphorylate Tau at Thr212, Ser202, and Ser404(40);
however, the peptide identified by mass spectrometry in this experiment is phosphorylated at
Ser704, which does not contain the Dyrkla consensus sequence and thus may not be a direct
target of Dyrkla. We found that multiple isoforms of Tau are depleted in DyrkIacKOs.
Map2 was found to be significantly decreased in the proteome, and indeed was found to be
decreased in cKO cortical lysate (Figure 5F,G). These data implicate signaling cascades that
were previously not known to be altered by DyrkZa mutations (Figure S5).

As mTOR was identified by IPA in DyrkIacKOs, and because mTOR is regulated by
BDNF/TrkB signaling (41, 42), we next investigated whether activation of the mTOR
signaling cascade is altered in cortical tissue. We performed western blots on cortical lysate
at PO, P7, and adult timepoints. At PO, cHets showed no difference in the activation of
mTOR signaling components; however, cKOs exhibit a severe reduction in phosphorylation
of S6, S6K1, and ERK1/2 (Figure 6A,S6). This remarkably low activation of ERK1/2 aligns
with the prediction by IPA that ERK/MAPK signaling is significantly disrupted in Dyrkla
cKOs and corroborates down-regulation of BDNF-TrkB signaling. Both P7 and adult cHets
exhibit a significant decrease in phosphorylation of S6K1 (Figure 6B,C,S6). To determine
whether there is a cell-selective effect of decreased mTOR signaling in Dyrkla mutants, we
used phosphorylation of S6 (Ser235/246), which is enriched in layer V pyramidal neurons
(20), as a readout of mMTORC1 activity. We found decreased p-S6 per putative layer V
neuron (Ctip2+) in cHets at PO, P7, and adulthood (Figure 6D-G). In cKOs, p-S6 is virtually
ablated in layer V neurons. We did note bright, fluorescent bodies that did not colocalize
with DAPI or Ctip2. These have been noted in other mouse models of mMTOR ablation (data
not shown) and warrant further investigation (Figure 6D).

To test the necessity of mTOR for regulating cell soma size, we generated conditional
mTOR cKOs (EmxI-cre*; mTOR/XF/IoxP\ (Figure S7C,D). At PO, mTOR cKOs exhibit
decreased soma size, comparable to Dyrkla cKOs (Figure S7E,F). This phenocopy of
Dyrklamutants by mTOR deletion suggests that decreased mTOR signaling may drive
decreased cell size in Dyrklamutants. To determine whether decreased mTOR activation
can be driven by deletion of DyrkZain layer V neurons, we measured p-S6 (Ser235/236)
in PO Rbp4-cKOs. Similar to EmxI-cKOs, PO Rbp4-cKOs exhibit markedly decreased
p-S6 intensity in layer V neurons (Figure S7A,B). These data provide a novel molecular
mechanism by which Dyrkiaimpacts growth signaling cascades, including mTOR and
BDNF-TrkB, to regulate growth and connectivity.

Biol Psychiatry. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Levy et al.

Page 8

Genetic suppression of Pten or pharmacological treatment with IGF-1 rescues
microcephaly and neuronal undergrowth in cHets

Given the decreased activation of BDNF-TrkB and mTOR signaling and the decrease in
overall cortex mass and cellular size, we hypothesized that increasing mTOR signaling
would rescue the observed deficits. Since Pten is a negative regulator of the PI3K/Akt/
mTOR pathway (43), decreasing Pten dosage in cHets would remove the “brake” on mTOR
signaling and be expected to rescue the observed microcephaly and decreased neuronal

size. We generated conditional double heterozygous mutants (EmxI-cre*; Dyrk1aloxF/*;
Pten/oF/* “dHets”) to genetically suppress Ptenin DyrklacHets (Figure 7A). At P7, the
cortex mass of dHets is similar to controls (Figure 7B). dHets also exhibit rescued soma size
of layer V neurons, and p-S6 per layer V neuron is significantly higher than cHets (Figure
7C-E). Thus, genetic suppression of Ptenin Dyrklamutants rescues the decreased cortical
mass and cellular size through increased mTOR signaling. Moreover, the data suggest
epistatic regulation between Ptenand Dyrkilawhereby Pten must be present at normal levels
to observe the effects of DyrkZamutations.

We next aimed to increase mTOR signaling via pharmacological intervention. Because
activation of TrkB receptor is decreased in cKOs, treating mice with exogenous BDNF may
not be effective. To circumvent this issue while stimulating the same signaling cascades,

we injected neonatal pups with (1-3)IGF-1 (GPE), a tripeptide cleaved from the N-terminus
of IGF-1 (44). Pups were injected daily from PO to P7 with 10ug/g (1-3)IGF-1 or vehicle
based on a previously described treatment paradigm (45). Eight hours post-injection on

P7, pups were sacrificed, and brains were fixed (Figure 7F). DyrklacHets treated with
(1-3)IGF-1 exhibit cortex mass similar to vehicle-treated controls, and (1-3)IGF-1 treatment
had no effect on cortex mass of controls (Figure 7G). (1-3)IGF-1 treated DyrkIacHets

also display soma size comparable to controls as well as normal levels of p-S6 per layer V
neuron (Figure 7H-J). Taken together, these data show that neonatal (1-3)IGF-1 treatment in
Dyrkla cHets rescues cortical and neuronal undergrowth corresponding with increased p-S6
levels.

Lastly, to test whether (1-3)IGF-1 treatment rescues the decreased complexity of Dyrkla
cHet neurons, we cultured control and cHet primary cortical neurons. Neurons analyzed
were restricted to Ctip2+ neurons, as we are focused on the impact of DyrkIa mutations
on the growth and connectivity of layer V pyramidal neurons. On DIV15, vehicle-treated
cHet neurons displayed significantly decreased complexity compared to controls. This
was rescued by treatment with 100ng/mL (1-3)IGF-1 daily from DIV13 to DIV15 while
(1-3)IGF-1 did not affect control neurons (Figure S8). These data show that (1-3)IGF-1
treatment rescues the decreased neuronal complexity /in vitroin DyrklacHets.

Discussion

DYRKI1A haploinsufficiency causes ASD, ID, and microcephaly in humans (4, 5). Trisomy
of chromosome 21 (including DYRK1A) causes Down syndrome and microcephaly (OMIM
#190685). These patient genetic findings confirm a critical role of DyrkZain regulating
brain growth and the development of behavior and cognition. Utilizing both heterozygous
and homozygous conditional mutants has enabled us to study a clinically relevant model
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with similar construct validity to patients and a loss-of-function model to investigate the
role of Dyrkla, respectively. The investigation of cKOs is particularly interesting because
germline DyrkIaknockouts (Dyrkla™") die by embryonic day 13.5 (13). Here we describe
the altered trajectory of postnatal brain growth and found that cortical DyrkZa mutations
cause decreased brain and cortex mass at birth, during development, and in adulthood.
cHets also exhibit cortical thinning and enlarged ventricles, which may be explained

by the excessive cell death observed. Interestingly, MRI reveals patients with DYRK1A
mutations also display enlarged ventricles and a hypoplastic corpus callosum (4). In addition
to morphological aberrations, mouse models of Dyrk1a mutations exhibit behavioral
abnormalities, including altered social behavior (14, 15, 46, 47), and our finding of altered
social interest in cHets illustrates the necessity of DyrkZain the cortex for encoding this
behavior. Thus, we have shown that the conditional Dyrka mutant accurately models
phenotypes observed in humans with DYRK1ZA mutations in both brain size/morphology
and ASD-relevant behavioral deficits.

Dyrklaplays an evolutionarily conserved role in regulating proliferation in neural
progenitor cells in both vertebrates and invertebrates (48-50). Thus, we were surprised that
cortical cell number was not changed in cHets or cKOs as compared to controls at birth.
This may differ from findings in germline DyrkZa*~ mutants due to the timing of Dyrkla
deletion using £mx1-Cre. However, germline DyrkIa*’~ mutants exhibit increased density
in the cortex, which suggests the presence of smaller cells (13). This supports our finding
of decreased cell size at all ages in the cHet and cKO cortex. Layer V pyramidal neurons
are one of the largest neuronal types in the brain (51), send subcortical projections that

are critical for social behavior and other ASD-relevant behaviors (52, 53), and their size is
correlated with the amount of mTOR activity in the neuron (20). The decreased complexity
of layer V neurons in the mPFC together with the decrease in neuronal number and layer
V (Ctip2+) neuronal density suggest potential cellular mechanisms responsible for altered
connectivity and behavior in Dyrkiamutants. A proposed cellular mechanism driving the
altered postnatal growth trajectory in cHets is summarized in Figure S9.

Using high-throughput proteomics and phospho-proteomics, we identified signatures of
altered growth, development, and microtubule dynamics in cKOs at birth. The role of
Dyrklain regulating microtubule dynamics has been described (54), but implication of both
BDNF-TrkB signaling and mTOR signaling is novel. The nature of the interaction between
Dyrkla and BDNF remains unclear; however, our findings provide a mechanism by which
Dyrk1a regulates survival and growth through BDNF-TrkB signaling. It is important to note
that mutations in 7rkB cause decreased cellular size and neuronal complexity as well as a
compressed cortex (55). TrkB is a critical receptor that activates multiple growth signaling
cascades, suggesting changes in activation of TrkB by Dyrkla will result in alterations in
plasticity through CAMK?2 and PKC, transcription and translation through AKT/mTOR,
and growth and differentiation through ERK (56). Additionally, Xu et al. noted “rounder”
cell somas in cortical pyramidal neurons of 7rkB mutants, supporting our finding that
Golgi-stained pyramidal neurons in cHets exhibit more circular cell somas (55).

Concordant with the predicted involvement of mTOR signaling in Dyrk1a mutants by IPA,
p-S6 levels are decreased in layer V neurons at all ages in the conditional Dyrka mutant,
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and mTOR cKO phenocopies the pyramidal neuronal undergrowth observed in Dyrkla
cKOs. While these data underscore a novel role of mTOR dysregulation in DyrkIa mutants,
our findings cannot rule out other contributing mechanisms. Signaling through the mTOR
pathway is critical for regulating neuronal growth via protein synthesis and controlling
proliferation, differentiation, migration, and autophagy in diverse neuronal cell types (28,
57). Deviations from optimal levels of protein synthesis—either increased or decreased—are
detrimental for synaptic connectivity and cognitive function (58). Genetic suppression of
Ptenin cHets not only rescued the observed microcephaly and decreased neuronal growth
but also provided evidence of a novel genetic interaction between two highly penetrant
ASD/ID risk genes that impact brain growth. We also utilized (1-3)IGF-1 treatment, which
has been used in Shank3and MecpZ2 mutant mouse models of ASD to rescue growth

and behavioral deficits (45, 59, 60). To our knowledge, this is the first investigation of

the efficacy of an FDA-approved drug (Increlex, FDA reference ID 3517143) to rescue
neurodevelopmental deficits caused by Dyrklahaploinsufficiency. Neonatal treatment with
(1-3)IGF-1 rescued brain and neuronal undergrowth in neonatal cHets, corresponding with
an increase in p-S6 levels. Additionally, (1-3)IGF-1 treatment rescued neuronal complexity
in primary neurons /n vitro, suggesting the potential to rescue altered connectivity and
behavior in vivo.

Genetic suppression of mTOR signaling components m7OR, IGF-1, and Erk1/2 causes
microcephaly, decreased neuronal size, and social deficits (23, 24, 61), and dysregulated
mTOR signaling has been identified in models of ASD/ID and abnormal patterns of brain
growth, e.g., Pfenand Mecp2 mutants (20, 62). Our findings add DyrkIato an increasing list
of genes that impinge on growth-associated signaling cascades, including mTOR, to cause
altered connectivity and/or growth, including Mecp2, Fmrl, Tsc, Pten, Nf1, and Ube3a (58,
63). Future work will investigate whether increasing mTOR signaling during development

is sufficient to rescue altered connectivity and behavior in adult cHet mice. Overall, we

have identified a novel molecular mechanism through which mutations in DyrkZa cause
microcephaly and decreased neuronal size via decreased growth factor signaling and tested a
therapeutically relevant avenue to rescue the observed deficits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Cortical mutations in Dyrk1la model microcephaly and ASD-relevant behaviors.
(A) Breeding scheme used to generate cHets and cKOs. cKOs do not survive past birth and

are analyzed only at PO as reflected in the data points.

(B-C) Cortical deletion of Dyrkla causes decreased brain (B) and cortex (C) mass

at birth, throughout development, and in adulthood. PO analyzed by one-way ANOVA
with Tukey’s post hoc multiple comparisons tests showed significant effects of genotype
on brain (F2,29=41.15, P<.0001) and cortex mass (F; 21=22.14, P<.0001). P7 and adult
timepoints were analyzed by independent sample #test (P7 brain: tyg=4.472, P=.00186; P7
cortex: t17=2.437, P=.026081; adult brain: t,5=3.602, P=.001366 adult cortex: t11=3.811,

P=.002889). N=8-15/genotype per timepoint.

(D) Dorsal view of dissected whole brains at birth from each genotype (left
panel). Representative images of coronal brain sections showcasing the morphological
abnormalities in the cKO brain at birth (top panel). Representative coronal brain images
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of adult control cHet brains at Bregma 0.26mm (bottom right panel) with schematic showing
measurements used in (G-I) to determine cortical thickness (ML=midline).

(E) The ventricles in adult cHet brains are significantly larger compared to controls
(ts=4.551, P=.0061).

(F) The corpus callosum is significantly thinner in adult cHets (t,=2.833, P=.0472).
Ventricle and corpus callosum measurements were analyzed by independent sample #tests.
N=3-4/genotype.

(G) The thickness of the cortex in the cKO brain is significantly reduced at multiple
measurement points with no gross alterations in the cHets at birth. Analysis by repeated
measures two-way ANOVA (F1g 36=1.244, P=.2977) shows no significant interaction of
angle measured X genotype. Despite absence of significant interactions between layer

and genotype, planned comparisons between genotypes at each layer (with Tukey’s post
hoc multiple comparisons tests) showed significant differences (one-way ANOVAs; 120°:
F26=1.893, P=.2305; 90°: F5 6=4.871, P=.0554; 60°: F5 ¢=7.852, P=.0211; 45°: F; §=19.99,
P=.0022; 30°: F¢=38.20, P=.0004; ML": F; =13.89, P=.0056).

(H) At P7, the cortex is thinner at multiple angles in cHets. Repeated measure two-way
ANOVA with Sidak’s post hoc multiple comparisons tests showed a significant interaction
between genotype and measurement angle (Fs 50=12.52, P<.0001).

(1) Adult cHet cortex is thinner at multiple measurement angles as analyzed by repeated
measures two-way ANOVA (Fs 30=.8433, P=.5299). While there were no significant
interactions between layer and genotype, planned comparisons between genotypes at

each layer showed significant differences (independent sample #tests; 120°: t6=2.14646,
P=.075474; 90°: t6 =2.67184, P=.036936; 60°: t6=2.34475, P=.057470; 45°: t6=3.75555,
P=.009448; 30°: t6=2.74530, P=.033499; ML°: t6=2.96656, P=.025069).
N=3-4/genotype.

Results from post hoc and ttests indicated on graphs. Error bars represent mean +/—~SEM.
*P<.05, **P<.01, ***P<.001, ****P<.0001.
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Figure 2: cHets exhibit autism-relevant behaviors but no alterations in locomotor activity,
anxiety-like behavior, or depressive-like behavior.

(A) Analysis of 3-chamber social approach assay shows that controls exhibit a significant
preference for the chamber with the stimulus mouse compared to the chamber with the

empty tube (paired sample #test within control group, t10=3.576, P=.0050). cHets do not
exhibit this preference and spend equal time in the social and nonsocial chambers (paired
sample #test within cHet group, t;3=.5569, P=.5871).
(B) cHets spend significantly less time with the social stimulus compared to controls.
Analyzed by independent sample #test (t)3=2.082, P=.0487).

Biol Psychiatry. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Levy et al.

Page 19

(C) Averaged heat map from controls and cHets during 3-chamber social approach assay
where “M” represents the chamber with the stimulus mouse and “E” represents the chamber
with the empty tube. N=11-14 males/genotype.

(D) In the pre-pulse inhibition assay, there is no difference in percent inhibition between
controls and cHets. Repeated measures two-way ANOVA shows no significant interaction
between genotype and volume of pre-pulse (F 5,=.9034, P=.4114); however, there is a
significant effect of pre-pulse volume (F; 5,=.70.39, P<.0001).

(E) Acoustic startle measured within the pre-pulse inhibition assay shows no differences
between controls and cHets. While there is no significant interaction between timing and
genotype shown by repeated measures two-way ANOVA, (F; 5, =.6061, P=.5493), there is a
trend towards an effect of genotype (F1 26 =3.638, P=.0676) and significant effect of timing
of startle (F1 408 36.62 =4.339, P=.0319).

(F) cHets bury significantly fewer marbles in 30 minutes compared to controls (t;6=3.806,
P=.0008).

(G-1) In the open field test, cHets do not exhibit any alterations in distance traveled

(G; tp5=1.705, P=.1005), velocity (H; tp5=1.698, P=.1018), or thigmotaxis (I; Center;
tr5=.498910, P=.622205; Sides/corners; t5=.511655, P=.613383).

(J-K) In the elevated plus maze, cHets do not exhibit alterations in closed arm duration (J;
t24=.04611, P=.9636) or open arm duration (K; t4=1.283, P=.2117).

(L) In the tail suspension test, cHets do not exhibit any alterations in immaobility
(t23=.9501, P=.3519). For all behavioral experiments, N=11-14 males/genotype. Analyzed
by independent sample #test unless otherwise specified.

Results from post hoc and Etests indicated on graphs. Error bars represent mean +/— SEM.
*P<.05, **P<.01, ***P<.001, ****P<.0001.
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Figure 3: Microcephaly in conditional Dyrkla mutants is driven by decreased cell size at birth
and decreased cell number after birth.

(A) Schematic of isotropic fractionator protocol.

(B) At birth, PO cHets and cKOs do not exhibit alterations in cell number in the cortex.

At P7 and adulthood, cell number is significantly reduced relative to controls. PO analyzed
by one-way ANOVA with Tukey’s post hoc multiple comparisons tests (shown on graph;

F2 16=.01390, P=.9862). P7 and adult timepoints analyzed by independent sample #test (P7:
tg=2.663, P=.028690; adult: tg=2.579, P=.032651).

Biol Psychiatry. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Levy et al.

Page 21

(C) At PO, cortical cell density is significantly increased in cKOs and is normalized

by P7 and through adulthood. PO analyzed by one-way ANOVA with Tukey’s post hoc
multiple comparisons tests (shown on graph; F5 16=18.31, P<.0001). P7 and adult timepoints
analyzed by independent sample £tests (P7: tg=1.345, P=.215528; adult: tg=1.942, P=.0881).
For all ages, N=4-8/genotype.

(D) Representative images of Nissl-stained cell somas in layer V of somatosensory cortex
at birth with quantification showing significant decreases in multiple layers of PO cHet and
cKO cortices. Analyzed by one-way ANOVA [I-1V (F; =18.83, P=.0026), V (F; 6=65.83,
P<.0001), VI (F,,6=21.62 P=.0018)] with Tukey’s post hoc multiple comparisons tests.

(E) Representative Nissl-stained cell somas at P7 with quantification showing a significant
decrease in layer V of somatosensory cortex in cHets [independent sample £tests: /111
(tg=1.842, P=.114989), IV (t=1.897, P=.106656), V (t5=2.462, P=.048976), VI (t5=1.328,
P=.23571)].

(F) Representative images of Nissl-stained cell somas in layer V of somatosensory cortex in
adult animals with quantification showing that somas in layers V and V1 are significantly
smaller in cHets [independent sample #tests I1/111 (t4,=1.612, P=.182235), IV (t4=1.045,
P=.355062), V (t4=5.107, P=.006961), VI (t4=7.862, P=.001414)]. For all ages, N=3-4/
genotype.

(G) Representative images of CC3 staining in the cortex at birth.

(H) Representative images of increased CC3 in the cortex at P4 with quantification of CC3+
cells per cortical hemisphere using immunohistochemistry. Analyzed by independent sample
t-test (t,=10.21, P=.0005). N=3/genotype.

(1) Breeding scheme used to generate Rbp4-cre*,; Dyrk1a'oF/1oxP pups.

(J) Representative images of Nissl-stained cell somas in layer V of somatosensory cortex at
birth in RHp4-cKOs

(K) Quantification of soma size using Nissl-stained sections shows that RHp4-cKOs

exhibit decreased soma size in layer V of somatosensory cortex compared to controls
[independent sample £tests: 11-1V (t4 =4.00343, P=.091760), V (t14=6.48343, P=.006136),
VI (t4=2.46921, P=.021545)]. N=3/genotype.

(L) Representative images of CC3 staining in the cortex at birth shows that R6p4-cKOs
exhibit increased CC3+ apoptotic cells in layer V.

Results from post hoc and Etests indicated on graphs. Error bars represent mean +/— SEM.
*P<.05, **P<.01, ***P<.001, ****P<.0001.
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Figure 4: Dyrkla cHets exhibit altered neuronal morphology of layer VV pyramidal neurons and
decreased cortico-subcortical projection density.

(A) Representative Golgi-stained layer V area of the mPFC from adult control and cHet
brains.

(B) Reconstructed neurons from the representative images in (A) using Neuromantic
software.

(C) Sholl analysis of neuronal arborization on individual neurons shows that cHets exhibit
significantly decreased neuronal arborization (independent sample #test of area under the
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curve generated for each genotype: t4=8.818, P=.0009). N=10-15 neurons/mouse, 3 mice/
genotype across two sections.

(D) Adult cHets exhibit decreased soma size in layer V pyramidal neurons in the mPFC
(t4=4.775, P=.0088).

(E) cHet pyramidal neurons exhibit more circular somas measured by the circularity plugin
in ImageJ (t,=2.991, P=.0403).

(F) cHet layer V pyramidal neurons contain less complex basal branches, measured by
counting the endpoints on the reconstructed neurons (apical: t4=.9301, P=.404961; basal:
t4=4.026, P=.015785).

(G) Overview of injection site in the mPFC where 50nL AAV-DIO-EYFP was injected

in adult mice (Bregma 1.98mm). Zoomed inset shows comparable density of virus in the
mPFC. Inset of the BLA shows decreased EYFP+ projections in the BLA in cHets (Bregma
-1.58mm).

(H) cHets exhibit decreased projection density in the BLA (t4,=2.933, P=.0427). Measured
by fiber reconstruction in ImageJ relative to size of the ROI. N=3/genotype.

(1) Control sagittal brain section showing tdTomato expression under the EmxI-cre
promoter. Dotted rectangle delineates the area in which the image was taken with
enhancement of the red fluorophore expressed in the fibers of the corticospinal tract (CST).
When comparing matched sections from a control and cHet, the qualitative difference is
striking.

(J) Quantification of the fiber density from the cortex to the corticospinal tract shows
cHets have decreased intensity of the red fluorophore expressed in these fibers (t4=3.977,
P=.0164). Analyzed by averaging the mean gray intensity in the CST in 3 matched
sections per animal normalized to the size of the CST. N=3/genotype. Results analyzed

by independent sample #tests unless otherwise specified.

Results from post hoc and Etests indicated on graphs. Error bars represent mean +/— SEM.
*P<.05, **P<.01, ***P<.001, ****P<.0001.
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Figure 5: Dyrkla targets trkB-BDNF signaling cascades in the developing cortex.
(A) Volcano plot showing number of significantly altered proteins after FDR correction.

A false discovery rate (FDR) of 0.01 was used and only peptides that had an adjusted P
value of <0.05 after correction were analyzed. Additionally, only phosphopeptides with a
probability value > 75% were included. Individual proteins were used to compare cKOs
to controls using the ANOVA option in Proteome Discoverer, and adjusted P values were

generated. N=6-7 mice/genotype,

males and females.
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(B) Log, abundance ratio of proteins (identified in proteome data set) that are encoded for
by ASD/ID risk genes or genes involved in regulating brain size as identified in DBDB. For
SFARI gene, only genes with confidence score 1-3 were considered.

(C) Wolcano plot showing number of significantly altered peptides after FDR correction.
N=3-4 female mice/genotype.

(D) Log, abundance ratio of proteins (identified in phospho-proteome dataset) that are
encoded for by ASD/ID risk genes or genes involved in regulating brain size as identified in
DBDB. For SFARI gene, only genes with confidence score 1-3 were considered.

(E) Dot plot of GO terms enriched in both down-regulated proteins and down-regulated
phosphopeptides. Abbreviations: development (dev.), cellular (cell.), morphogenesis
(morph.), projection (proj.), membrane (mem.), and regulation (reg.). Dot size corresponds
to the number of proteins in the dataset identified under the GO term. Color corresponds to
FDR-corrected Pvalue. The size of the dot is relative to the dataset, such that the smallest
dot represents 6 proteins.

(F) Western blot of PO control and cKO cortical lysate using antibodies against phospho-
proteins and total proteins identified by mass spectrometry.

(G) Quantification of western blot where phospho-proteins are normalized to total protein
and to a loading control (B-actin). Analyzed by multiple #tests. N=3-4/genotype.

Results from post hoc and ttests indicated on graphs. Error bars represent mean +/— SEM.
*P<.05, **P<.01, ***P<.001, ****P<.0001.
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Figure 6: Activation of the mTOR pathway is decreased in layer V and throughout the cortex of
conditional Dyrkla mutants.

(A) PO cKO cortices exhibit decreased activation of mTOR signaling molecules. Western
blot of cortical lysate from PO pups with quantification measured as relative abundance

in ImagelJ. Phospho-protein was normalized to total protein. Analyzed by one-way
ANOVA with Sidak’s post hoc multiple comparisons tests (p-mTOR/mTOR: F 1,=3.406,
P=.0674; p-S6K/S6K: F; 14=3.757, P=.0494; p-S6/S6: F11=7.371, P=.0093; p-ERK1/
ERK1: F;¢=13.55, P=.006; p-ERK2/ERK2: F; =28.9, P=.0008).

(B) P7 cHets exhibit decreased activation of S6K in the cortex (t,=2.85833, P=.046007).
Quantified using relative abundance in ImageJ.

(C) Adult cHets exhibit decreased activation of S6K in the cortex (tg=2.49104, P=.047096).
Quantified using relative abundance in ImageJ. For all ages, N=3-5/genotype.

(D) Representative images from coronal sections in S1 showing decreased p-S6 intensity in
PO cHets and cKOs.

(E) p-S6 intensity quantified by measuring mean gray intensity of the green fluorophore
(Alexafluor 488) per Ctip2+ layer V neuron. 25-30 neurons measured per section in 2-3
plane-matched sections per animal. Analyzed by one-way ANOVA with Sidak’s post hoc
multiple comparisons tests (F, s=88.93 P<.0001).

(F) p-S6 per layer V neuron is decreased at P7 (t4,=3.013, P=.0394).

(G) p-S6 per layer V neuron is decreased in adults (tg=3.374, P=.0150). For all ages, N=3/
genotype. Results analyzed by independent sample #tests unless otherwise specified.
Results from post hoc and ttests indicated on graphs. Error bars represent mean +/— 940
SEM. *P<.05, **P<.01, ***P<.001, ****P<.0001.
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Figure 7: Genetic suppression of Pten and pharmacological treatment with (1-3)IGF-1 rescues
microcephaly and cellular undergrowth in neonatal cHets.

(A) Schematic of a genetic rescue approach. dHet (EmxI-cre; Dyrk1al®**’*; Pter/oF/*) pups
were collected at P7 for analysis.

(B) Genetic suppression of Ptenin DyrklacHets rescues cortex mass (F, 6=11.76, P=.0084).
N=3/genotype.

(C) Representative images of Nissl-stained layer V cell somas (top) and p-S6/Ctip2 stained
cells (bottom).
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(D) Quantification of cell soma size in layer V shows a partial rescue of cell size in dHets
(F2,6=6.724, P=.0294). N=3/genotype.

(E) Quantification of p-S6 fluorescence per layer V neuron as identified by positive staining
for Ctip2. dHets rescued the decreased p-S6 in cHets (F2,6=17.71, P=.003). N=3/genotype.
(F) Schematic of neonatal (1-3)IGF-1 injection paradigm. Pups were injected with 10ug/g
(1-3)IGF-1 in saline in the morning from P1 daily until P7. They were sacrificed 8 hours
post-injection on P7.

(G) (1-3)IGF-1 injection rescues the decreased cortex mass observed in cHets treated with
vehicle. Two-way ANOVA with Tukey’s post hoc multiple comparisons tests showed a
significant interaction of drug and genotype (F1,13=13.70, P=.0027). N=3-7/genotype.

(H) Representative images of Nissl-stained layer V cell somas (top) and p-S6/Ctip2 stained
cells (bottom).

(1) Neonatal (1-3)IGF-1 injection rescues the decreased soma size observed in cHets treated
with vehicle. Two-way ANOVA with Tukey’s post hoc multiple comparisons tests showed a
significant interaction of drug and genotype (F1,8=13.4, P=.0064). N=3/genotype.

(J) Neonatal (1-3)IGF-1 injection rescues the decreased p-S6 in layer V neurons observed
in vehicle-treated cHets. Two-way ANOVA with Tukey’s post hoc multiple comparisons
tests showed a significant interaction of drug and genotype (F1,8=24.19, P=.0012).
N=3/genotype. Results analyzed by one-way ANOVA with Tukey’s post hoc multiple
comparisons tests unless otherwise specified.

Results from post hoc and ttests indicated on graphs. Error bars represent mean +/-SEM.
*P<.05, **P<.01, ***P<.001, ****P<,0001.
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