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Regional differences: Dyrk1a-KI-HT vs WT
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Fig. 1 Severe microcephaly in Dyrk1a-KI mice. a Heatmaps showing volumetric changes (largely decreases) in various brain regions of
Dyrk1a-KI mice (8 weeks, male) compared with WT mice, as assessed using MRI. (n =9 mice [WT, Kl], Student'’s t-test). b Detailed analysis of
brain regions exhibiting reduced volumes in Dyrk1a-KI versus WT mice. The widespread volumetric decreases in various brain regions are
further highlighted by the observation that only one subregion shows a small volumetric increase (cingulate cortex area 24a’; ~3%; indicated
by a white box). (n =9 mice [WT, Kl], Student’s t-test).
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The early lithium-treated Dyrkla-KI mice showed normalized
dendritic arborization in hippocampal CA1 pyramidal neurons and
prefrontal prelimbic pyramidal neurons at ~P21, compared with
those of untreated Dyrk1a-KI mice, as determined by Sholl analysis
(Fig. 3b, ¢). In addition, hippocampal neurons of lithium-treated
Dyrk1a-KI mice showed a normalized frequency of mEPSCs at ~P21
without effects on mIPSCs (Fig. 3d, e). Consistently, the lithium
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treatment normalized excitatory synaptic density, as determined by
the EM analysis of PSD, without affecting PSD morphology (Fig. 3f).

Remarkably, early lithium-treated Dyrk1a-KI mice showed a
normal brain size at ~P21, lacking the microcephaly seen in their
untreated counterparts (Fig. 4a). Lithium also restored mother-
seeking behavior at ~P21 (Fig. 4b) and courtship USVs (partial) and
seizure susceptibility at 2-3 months (Fig. 4c, d).
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Fig. 2 Behavioral deficits, decreased seizure susceptibility, and reduced excitatory synaptic transmission and density in Dyrk1a-KI mice.
a Significant suppression of ultrasonic vocalizations (USVs) in Dyrk1A-KI mice (2-3 months; male) versus WT mice, as shown by the number
and mean duration of each USV and the total duration of all USVs. (n =10 mice [WT], 10 [KI], Student’s t-test, Mann-Whitney U test). b (right)
Increased time spent with a reunited mother in juvenile Dyrk1a-KI versus WT mice (P22; male) (n = 27 [WT], 25 [KI], two-way ANOVA). (left) The
mutant mice showed normal levels of olfactory function in the session performed immediately before the mother-reunification session, as
shown by their preference for bedding from the previous nest relative to fresh bedding or empty corners. ¢ Decreased seizure susceptibility in
Dyrk1a-KI mice (2-4 months; male) in the pentylenetetrazolium (PTZ)-induced seizure test. (n = 12 [WT], 8 [KI], Student’s t-test). d Decreased
frequency but not amplitude of mEPSCs in CA1 hippocampal pyramidal neurons (P19-21; male). (n = 11 neurons from 3 mice [WT], 16, 3 [KI],
Mann-Whitney U-test, Student'’s t-test). e Normal levels of mIPSCs in CA1 hippocampal pyramidal neurons (P21-22; male). (n =33, 6 [WT], 29, 6
[KI], Student’s t-test). f Decreased density of excitatory postsynaptic densities (PSDs) but no change in their length, thickness, or perforation in
the hippocampal CA1 region of Dyrk1a-KI mice (P21; male). Arrows indicate putative excitatory synapses with PSDs apposed to presynaptic
axon terminals. Scale bar, 500 nm. g Normal density, length, and thickness of inhibitory PSDs in the hippocampal CA1 region of Dyrk1a-KI mice
(P21; male). Arrows indicate putative inhibitory synapses with PSDs that are apposed to GABA-immunopositive axon terminals. Scale bar,

200 nm. (n =3 mice [WT, Kl], Student’s t-test). Significance is indicated as * (< 0.05), ** (< 0.01), *** (< 0.001), or ns (not significant).

These results collectively suggest that early postnatal and
chronic lithium treatment of Dyrkla-KI mice rescues multiple
Dyrk1a-KI phenotypes (dendritic arborization, synaptic transmis-
sion and density, brain size, and behavior) both immediately and
long after the treatment, and has long-lasting effects in
preventing behavioral phenotypes from appearing at adult stages.

Posttranslational modifications in early lithium-treated
Dyrk1a-KI mice at ~ P21

To better understand the mechanisms underlying the early
lithium-dependent rescue of Dyrkla-KI phenotypes, we sought
to analyze Dyrkla-Kl transcriptomes and proteomes. We used
whole-brain samples because Dyrkla is widely expressed in the
brain, and brain volumetric and neuromorphological changes
were observed in various brain regions.

The RNA-Seq results from Dyrkla-KI whole brains at P21
indicated small numbers of differentially expressed genes (DEGs)
but, in gene set enrichment analysis (GSEAs) [38, 39], strong
increases in synapse-related gene expressions and “reverse-ASD”
transcriptomic patterns (changes opposite to those occurring in
ASD) (Supplementary Fig. 5a-d; Supplementary Table 2). These
results suggest compensatory transcriptomic changes to normalize
excitatory synaptic function at P21. The P60 transcriptome showed
reverse-ASD patterns associated with upregulated splicing-related
genes and downregulated oligodendrocyte-related genes (Supple-
mentary Fig. 5e-h; Supplementary Table 3), suggestive of
compensatory changes that occur through other (or not-synaptic)
mechanisms.

We next analyzed total proteomes using WT and Dyrk1a-KI mice at
~P21 and ~P60 and found small numbers of differentially expressed
proteins (total-DEPs; p < 0.05 + FC > 1.2; total 13 for P21 [up 8 and
down 5]; total 13 for P60 [up 5 and down 8]) (Supplementary
Fig. 6a-d; Supplementary Table 4). There were no overlapping DEPs
at P21 and P60. This suggests that the Dyrkl1a-KI mutation induces
small changes in total protein levels at ~P21 and ~P60.

We next attempted to analyze Dyrkla-KI proteomes with a
focus on posttranslational modifications (PTMs), which are known
to modulate aspects of protein stability, function, localization,
interaction, and stability [40, 41]. To this end, we treated WT and
Dyrk1a-KI mice with vehicle/lithium during the first three
postnatal weeks, analyzed PTM-differentially expressed phospho-
peptides (DEPPs), determined baseline differences between
vehicle-treated WT mice and vehicle-treated Dyrk1a-KI mice, and
identified a subset of baseline differences (vehicle-treated WT/
Dyrk1a-Kl) that were no longer significantly different between
lithium-treated Dyrk1a-KI and vehicle-treated WT mice (termed as
‘lithium-rescued PTM-DEPPs’). We further compared PTM-DEPPs
obtained at ~P21 versus ~P60 to examine the immediate and
long-term effects of early lithium treatment.

The baseline comparison of vehicle-treated WT and vehicle-
treated Dyrkla-KI mice identified a large number of P21 PTM-
DEPPs (p <0.05+ FC> 1.2; 766 total, 336 upregulated (‘up’) and
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430 downregulated (‘down’)) (Supplementary Fig. 7a; Supplemen-
tary Table 5). Given the small numbers of total DEPs mentioned
above (Supplementary Fig. 6a, b), these PTM changes seem to
mainly reflect changes in protein phosphorylation levels rather
than total protein levels. Many of the PTM-DEPPs with stronger
changes (p <0.05 + FC>2.0) were among the synaptic proteins
listed in the SynGO database [42]; these included Dock4
(dedicator of cytokinesis 4]), Elavl2 (ELAV-like RNA-binding protein
2), Dagla (diacylglycerol lipase alpha), Prkcd (protein kinase C
delta), Prr7 (proline-rich 7), and Map2 (microtubule-associated
protein 2) (Supplementary Fig. 7b).

DAVID analyses using the KEGG database [43] indicated that the
PTM-DEPPs (766 peptides) were enriched for various signaling
pathways, including the insulin, cAMP, oxytocin, AMPK, ErbB,
thyroid hormone, gap junction, and autophagy pathways
(Supplementary Fig. 7c). DAVID analyses using the gene ontology
(GO) database [44] indicated that the PTM-DEPPs were enriched
for ‘postsynaptic density’ and ‘protein binding’ (Supplementary
Fig. 7c). Consistently, the PTM-DEPPs were found to be enriched
for SynGO proteins/functions (21-27%) (Supplementary Fig. 7d).
These results suggest that the P21 PTM-DEPPs may affect various
signaling pathways and synaptic proteins to induce the dendritic/
synaptic deficits observed in juvenile Dyrk1a-KI mice.

We next compared PTM-DEPPs from P21 vehicle-treated WT
mice and lithium-treated Dyrk1a-KI mice, highlighting the lithium-
rescued PTM-DEPPs in volcano plots of the baseline difference
between vehicle-treated WT mice and vehicle-treated Dryk1a-KI
mice (Fig. 5a; Supplementary Fig. 8a; Supplementary Table 5).
DAVID-KEGG analyses indicated the lithium-rescued PTM-DEPPs
(561 total; 228 up and 333 down) are enriched for ~80% of the
signaling pathways that were identified from the baseline
difference analysis (8 out 10 pathways, namely the insulin, CAMP,
oxytocin, AMPK, gap junction, longevity, ErbB, and autophagy
pathways) (Fig. 5b). DAVID-GO analyses indicated that the lithium-
rescued PTM-DEPPs were enriched for ‘postsynaptic density’ and
‘protein binding’ (Fig. 5b), and therefore resembled the DAVID-GO
enrichment pattern at baseline (Supplementary Fig. 7c). The
lithium-rescued PTM-DEPPs were enriched for SynGO proteins/
functions (24-31%) (Supplementary Fig. 8b), further resembling
the pattern seen at baseline (Supplementary Fig. 7d). Notably, the
lithium-rescued SynGO PTM-DEPPs included Elavl2 (S5221) and
Kalrn (S488), whose decreased phosphorylations were restored to
WT levels after lithium treatment (Fig. 5b). The functions of these
phosphorylations remain unclear, but Elavl2 is detected at
synapses and regulates synapse assembly [45, 46] and dendritic
arborization [47]. In addition, Kalrn (Kalirin), a Rho guanine
nucleotide exchange factor (Rho-GEF) implicated in neurodeve-
lopmental disorders, including schizophrenia [48], regulates
synaptic functions and dendritic arborization [49].

These results collectively suggest that early chronic lithium treatment
of Dyrk1a-KI mice rescues the PTM patterns of various signaling and
synaptic proteins seen immediately after weaning (~ P21).

Molecular Psychiatry



J.D. Roh et al.

Experimental scheme

a [Liclon Lithium treatment H-0 (Li stopped)
Li2CO2 600 mg in 1L of H2O

I
mother Li via water i Moyseiage
T T T
P21 Weaning P28 2-3 months
: |
Sholl analysis, mMEPSC, EM Adult USV

Brain size measurement
Transcriptomic/proteomic analysis
Maternal homing test

PTZ-induced seizure
Transcriptomic/proteomic analysis

Sholl analysis (3 wks HP)
(2]
§2 I owr
§ 20 o KI .é
3
2’ 3
5 10 g
— { =
Q 5 g -
= ST XD 5
= [ 2
23 Ot T T T T T T =
50 100 150 200 250 300 350 400 450
Distance from soma (um)
c Sholl analysis (3 wks mPFC layer2)
12 3
S 25 L33 LWt
£ iiits oK g
3 ; ]
£ 8
s £
@ I
£ °
> T T T T T T T T T T T T T i
=z 100 200 300 400 500 600 700 800 WT KI KELi
Distance from soma (um)
d HP mEPSC after Li treatment (3 wks) e HP mIPSC after Li treatment (3 wks)
ns
WL 0.4 T 40 ns wT 10 ns 501 NS
W - o —_— i by o
Kl £03 o < 30 K 8l g o © < 401 8
Woms— - o 3 o MRS e o] o § O %30%3%
. § 0.2 S 20 ‘ o8 3 8
KI Li S £ KI Li 4 o @ =20
g [ =3 ¥ =
‘ So1q8 o B EM0 L 5 g 10
L % ® 40pA|_ <
20 pA 0= = 0+ T T— 2s 0+— T T 01— v —
2s WT Kl KI-Li WT KI KI-Li WT Kl KI-Li WT Kl KI-Li
Arrows:
synapse
Arrowheads:
< perforated
g hwn XXX s = 0.020 DS S
600 = 0.20 g o}
2T = 2015 898 658 o » 0015 2 3
‘@ e o O ® c
c = 400 e, c & >
83 2 0.10 g 0010 * -
= = £ )
@ < 200 3 005 o 0.005 2
o ® =
0 0 & o
WT Kl KI-Li WT Kl K-Li WT KI KI-Li WT KI KI-Li
Posttranslational modifications in early lithium-treated revealed many P60 PTM-DEPPs (p<0.05+ FC>1.2; 306 total,
Dyrk1a-KI mice at ~ P60 220 up and 86 down) (Supplementary Fig. 9a; Supplementary

When PTM-DEPPs were analyzed at ~P60 to assess the long-term Table 6). Some synaptic proteins exhibited strongly upregulation
effects of early lithium treatment (P0-P28), the baseline compar- of their P60 PTM-DEPPs (p <0.05 + FC>2.0), including SynGO
ison of vehicle-treated WT and vehicle-treated Dyrkla mice proteins (e.g., Shank3 and Shank2), Psd3 (pleckstrin and sec3
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Fig. 3 Early lithium treatment rescues dendritic branching and synaptic transmission and density in Dyrk1a-KI mice. a Schematic
depiction of early postnatal chronic lithium treatment and subsequent measurements of dendritic arborization (Sholl analysis), excitatory
synaptic transmission (mEPSCs), excitatory synaptic density, brain size, proteomic profiles, and mother-seeking behavior in the maternal
homing test at ~P21, and social communication (adult USVs), seizure susceptibility, and proteomic profiles at 2-3 months. Lithium carbonate
(600 mg/L H,0) was given to pups via the mother’s milk up until weaning at ~P21. At ~P21, lithium-treated mice were randomly selected for
Sholl analysis (hippocampus and mPFC), mEPSC recording, EM analysis of excitatory synaptic density (PSD density and shape), brain area
measurement, and proteomic analyses. The remaining mice continued to receive lithium treatment via their drinking water until ~P28; they
were thereafter given normal drinking water, and behaviors (USV social communication and proteomic profiles were assessed at
~2-3 months. b Normalized dendric arborization in hippocampal (HP) CA1 pyramidal neurons in lithium-treated Dyrk1a-KI mice (~ P21; male),
as determined by Sholl analysis. Scale bar, 100 um. (n = 5 neurons from 3 mice [HP-WT], 7, 3 [HP-KI; Li-untreated)], and 7, 3 [HP-KI-Li], one-way
ANOVA). ¢ Normalized dendric arborization in mPFC (medial prefrontal cortex) prelimbic layer 2 pyramidal neurons (c) in lithium-treated
Dyrk1a-KI mice (~ P21; male), as determined by Sholl analysis. Scale bar, 100 pm. (n = 25, 3 [MPFC-WT], 21, 3 [mPFC-KI; Li-untreated], and 22, 3
[MPFC-KI-Li], one-way ANOVA). d, e Normalized frequency of mEPSCs in hippocampal CA1 pyramidal neurons in lithium-treated Dyrk1a-KI
mice (~ P21) with no effects on mIPSCs. (n = 12 neurons from 3 mice [MEPSC-WT], 13, 3 [mEPSC-KI], 14, 3 [MEPSC-KI-Li], 15, 3 [mIPSC-WT], 16,
3 [mIPSC-KI], 17, 3 [IEPSC-KI-Li], one-way ANOVA). f, g Normalized density of excitatory synapses (PSDs apposed to axon terminals) without
effects on PSD length, thickness, or perforation in the hippocampal CA1 area of lithium-treated Dyrk1a-KI mice (~P21). (n =3 mice [WT], 3
E(I], 3 [KI-Li], one-way ANOVA).
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Fig. 4 Early lithium treatment rescues brain size and behaviors in juvenile and adult Dyrk1a-KI mice. a Normalized brain size in lithium-
treated Dyrk1a-KI mice (~P21). Whole-brain areas were measured using top-down brain images. (n =3 mice [WT, KI, and KI-Li], one-way
ANOVA). b Normalized mother-seeking behavior in lithium-treated Dyrk1a-KI mice (P21), as shown by time spent with reunited mother in the
maternal homing test. (n =12 [WT], 13 [KI], and 13 [KI-Li], one-way ANOVA). c Partially normalized courtship USVs in lithium-treated Dyrk1a-KI
mice (2-3 months), as shown by full normalization of USV call number and partial normalization of total USV duration. (n =11 [WT], 13 [WT-
Li], 10 [KI], and 11 [KI-Li], two-way ANOVA). d Normalized seizure susceptibility in lithium-treated Dyrk1a-KI mice (2-3 months), as shown by
time spent with reunited mother in the maternal homing test. (n = 13 [WT], 10 [KI], and 9 [KI-Li], one-way ANOVA). Significance is indicated as
* (<0.05), ** (<0.01), *** (< 0.001), or ns (not significant).

domain-containing 3), Kif1a (kinesin family member 1 A), Crk (CRK
proto-oncogene, adaptor protein), Pura (purine-rich element
binding protein A), Kcnma1 (potassium calcium-activated channel
subfamily M alpha 1), Kif21a (kinesin family member 21 A), and
Aak1 (AP2-associated kinase 1) (Supplementary Fig. 9b). In DAVID-
KEGG analyses, P60 PTM-DEPPs were enriched for certain synapse-
related pathways, including the ‘glutamatergic synapse’, ‘GABAer-
gic synapse’, and ‘synaptic vesicle cycle’ pathways (Supplementary
Fig. 9¢). This result differed from those observed at P21, when
various signaling pathways were more strongly enriched (Supple-
mentary Fig. 7c). DAVID-GO analyses showed that P60 PTM-DEPPs
were enriched for ‘postsynaptic density’, ‘postsynaptic density’,
and ‘protein binding’ (Supplementary Fig. 9¢), which was similar to
the results obtained from P21 PTM-DEPPs (Supplementary Fig. 5c).
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Surprisingly, SynGO analyses revealed that P60 PTM-DEPPs
showed a notable synaptic enrichment for SynGO proteins/
functions (~46%/38%) (Supplementary Fig. 9d) that was ~2-fold
greater than that seen for P21 PTM-DEPPs (Supplementary Fig. 7d).
These results suggest that P60 PTM-DEPPs differ from P21 PTM-
DEPPs: The former are less enriched for signaling pathways but
more strongly enriched for synaptic proteins.

We next identified P60 PTM-DEPPs in vehicle-treated WT mice
versus lithium-treated Dyrk1a-KI mice and compared them to the
baseline PTM-DEPPs to identify lithium-rescued PTM-DEPPs (Fig. 5¢;
Supplementary Fig. 8c; Supplementary Table 6). The P60 lithium-
rescued PTM-DEPPs (78 total, 41 up and 37 down) included various
synaptic proteins, including Bsn (bassoon presynaptic cytomatrix
protein), Ap1s1 (adaptor-related protein complex 1 subunit sigma

Molecular Psychiatry
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Fig. 5 Rescue of P21 and P60 PTM-DEPPs by early lithium treatment of Dyrk1a-KI mice. a Volcano plot presentation of PTM-DEPPs at ~P21
that are significantly altered in the baseline condition (vehicle-treated WT and vehicle-treated heterozygous Dyrk1a-Kl) but are rescued by
early chronic lithium treatment (P0-21) and thus are no longer significantly different (p > 0.05) between lithium-treated Dyrk1a-KI mice and
vehicle-treated WT mice (termed as ‘lithium-rescued PTM-DEPPs’). The rescued PTM-DEPPs are highlighted as green dots (vehicle-treated WT
vs. lithium-treated Dyrk1a-KI mice) among those showing the baseline difference (gray dots; vehicle-treated WT vs. vehicle-treated Dyrk1a-KI
mice). (n = 3 mice [WT-Veh, KI-Veh, and KI-Li]). b DAVID-KEGG/gene ontology (GO) analyses of the lithium-rescued P21 and P60 PTM-DEPPs (up
and down pooled). ¢ A volcano plot showing early (P0-28) lithium-rescued ~P60 PTM-DEPPs (green dots; no longer significantly different
between lithium-treated Dyrk1a-KI mice and vehicle-treated WT mice) overlaid onto the baseline ~P60 PTM-DEPPs (gray dots; vehicle-treated
WT vs. vehicle-treated Dyrk1a-Kl mice). (n = 3 mice [WT-Veh, KI-Veh, and KI-Li]). d DAVID-KEGG/gene ontology (GO) analyses of the lithium-

rescued P60 PTM-DEPPs (up and down pooled).

1), Dock10 (dedicator of cytokinesis 10), Sv2b (synaptic vesicle
glycoprotein 2B), Marcks (myristoylated alanine rich protein kinase
C substrate), Cap2 (cyclase-associated actin cytoskeleton regulatory
protein 2), Kencl (potassium voltage-gated channel subfamily C
member 1), Ctnnd2 (catenin delta 2), Pak3 (p21 (RACT)-activated
kinase 3), and Tsc1 (TSC complex subunit 1) (Supplementary
Fig. 8c). DAVID-KEGG/GO analyses revealed that the lithium-rescued
PTM-DEPPs were strongly enriched for synapse-related functions
(i.e., ‘postsynaptic density’) (Fig. 5d). The lithium-rescued PTM-DEPPs
were strongly enriched for SynGO proteins/functions (Supplemen-
tary Fig. 8d). There was no overlap between P21 and P60 lithium-
rescued PTM-DEPPs.
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Lastly, homozygous (rather than heterozygous) Dyrk1a-KI mice
at ~P60 were analyzed for PTM-DEPPs. Homozygous Dyrk1a-KI
mice could be born in a hybrid background (C57/BL6J x 129 Sv),
but at a very low Mendelian ratio (1:1:0.015 for WT/heterozygous/
homozygous rather than 1:2:1). Thus, they could not be used to
examine other phenotypes. This analysis identified numerous
PTM-DEPPs (p < 0.05 + FC > 1.2; 223 total, 152 up and 71 down)
(Supplementary Fig. 10a; Supplementary Table 7). The PTM-DEPPs
identified as having stronger changes (p<0.05+FC>1.2)
included not only synaptic proteins but also mTOR and other
signaling proteins (Supplementary Fig. 10b). DAVID and SynGO
analyses supported these results (Supplementary Fig. 10c, d). The

SPRINGER NATURE



J.D. Roh et al.

10

findings differed from those obtained in heterozygous Dyrk1a-KI
mice, where the main changes were observed in synaptic but not
signaling proteins. This indicates that there may be distinct gene-
dosage effects.

Together, our results suggest that: 1) P60 PTM-DEPPs are
enriched more for synaptic proteins than signaling proteins, and
thus show a pattern that differs from that of P21 PTM-DEPPs; 2)
early lithium treatment of Dyrkla-KI mice preferentially rescues
synaptic protein PTMs relative to signaling protein PTMs in the
baseline difference long after the treatment (i.e., at ~P60); and 3)
early lithium treatment may rescue signaling protein PTMs at ~P21
to rescue synaptic protein PTMs at ~P60.

Functional characterization of lithium-rescued PTM-DEPPs in
Dyrk1a-KI mice

We next attempted to further understand the mechanisms underlying
the lithium-rescued PTM-DEPPs. We tested if the activity of GSK3[(3,
known to be inhibited by lithium and regulate synaptic and neuronal
functions [29-31, 50], was affected by examining the proteomic results
for changes in GSK3B-Ser9 phosphorylation and by immunoblot
analysis using P21 and P60 Dyrkla-HT brain lysates. This was also
combined with the analysis of potential GSK3{-upstream kinases using
the method previously reported [51, 52].

Phosphorylation of GSK3B at Ser9 showed no significant
changes, as indicated by the total and PTM proteomic analyses
in P21 and P60 Dyrkla-HT mice (Supplementary Figs. 6, 7, 9).
Immunoblot analyses also indicated total and GSK3[3-Ser9
phosphorylation levels were comparable between P21 WT and
Dyrk1a-KI mice (Supplementary Figs. 11a and 12). Accordingly,
potential GSK3f-upstream kinases, including calcium/calmodulin-
dependent kinase (CaMK) group/family kinases (i.e,, CAMK1-4 and
CAMKK), determined as previously reported [51, 52], did not show
altered phosphorylations in the PTM-DEPPs from P21 and P60
Dyrk1a-HT mice (Supplementary Fig. 11b). These results suggest
that GSK3 is less likely to be important for Dyrk1-HT phenotypes.

Using the same method [51, 52], we sought to identify potential
upstream kinases responsible for the downregulated and lithium-
responsive PTM-DEPPs in P21 wild-type and Dyrkla-KI mice.
Downregulated PTM-DEPPs were primarily analyzed as they are
more likely to represent direct potential substrates of the
upstream kinases. Among the candidate upstream kinases for
the top 31 downregulated P21 PTM-DEPPs, 24% belonged to the
CMGC (CDKs, MAPKs, GSKs, CLKs) group kinases, where DYRK1A
belongs to CLKs, and 13% to the STE group (STE20/11/7)
(Supplementary Fig 11c). For the top 22 downregulated P60
PTM-DEPPs, 14% of upstream kinases belonged to the CMGC
group, 12% to the CAMK group, and 9% to the STE group
(Supplementary Fig 11d). These results suggest that some of the
top downregulated P21/P60 PTM-DEPPs likely represent direct
substrates of DYRK1A.

We then investigated the functions of several PTM-DEPPs, as
their roles remain uncharacterized. Specifically, we focused on
Kalirin and Elavl2, which are known to regulate synaptic function
and dendritic arborization [45-49], although Elavl2 showed
relatively lower scores for Dyrk1a/GSK3B-dependent phosphoryla-
tion compared to Kalirin. Given that the phosphorylation sites of
these proteins, Kalirin-5488 and Elavl2-S221, are not well
characterized, we generated phospho-mimic (Kalirin-7-S488D
and Elavl2-5221D) and non-phosphorylatable mutants (Kalirin-7-
S488A and Elavl2-S221A). These mutants were then tested for
their functions in cultured wild-type (WT) and Dyrk1a-HT knock-in
(KI) hippocampal neurons. Kalirin-7-5488D (phospho-mimic) over-
expressed in cultured neurons enhanced the dendritic arboriza-
tion of both WT and Dyrk1a-HT neurons, as measured by Sholl
analysis and compared to its non-phosphorylatable form (Kalirin-7
S488A) (Supplementary Fig. 11e, f). Likewise, Elavl2-5221D
increased dendritic arbors of WT and Dyrkla-HT neurons, as
compared to Elavl2-S221A (Supplementary Fig. 11e, f). These
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results suggest that Kalirin-S448 and Elavi2-S221 phosphorylations
may regulate dendritic arborizations in hippocampal neurons and
are consistent with the suppressed dendritic arborization in
Dyrk1a-HT mice (Fig. 3b).

DISCUSSION

Here, we generated Dryk1a-KI mice carrying a patient-derived Dyrk1a-KI
mutation (148 K), characterized their phenotypes at proteomic, synaptic,
neuronal, brain, and behavioral levels, and demonstrated that early
postnatal chronic lithium treatment can prevent these phenotypes
from appearing at juvenile and adult stages.

A key phenotype of our Dyrk1a-KI mice is severe microcephaly
accompanied by brain volume decreases of 5-25% across
different regions (Fig. 1). These region-specific decreases may
reflect varying levels of Dyrkla expression or interactions with
other mechanisms. While further investigation is needed, the
significant and widespread brain volume reductions are consistent
with the microcephaly observed in the human individual carrying
the 148K mutation [6, 10]. One possible mechanism underlying this
phenotype could be the signaling pathway alterations reflected in
the P21 PTM-DEPPs, which suggested changes in insulin, cCAMP,
oxytocin, AMPK, gap junction, longevity, ErbB, thyroid hormone,
autophagy, and growth hormone signaling pathways (Supple-
mentary Fig. 7c). Consistent with this possibility, early lithium
treatment of Dyrk1a-KI mice reverses most (8 out of 10) of these
pathways (insulin, cAMP, oxytocin, AMPK, gap junction, longevity,
ErbB, and autophagy) (Fig. 5b) and rescues the brain-volume
phenotypes at ~P21 (Fig. 4a). Interestingly, the rescued pathways
have been implicated in regulating brain development and
function, as well as in various brain disorders [53-60]. A previous
study using Dyrkla deleted in Emx1-positive excitatory neurons
implicated TrkB-BDNF, ERK/MAPK, and mTOR signaling pathways
in the pathophysiology underlying the limited growth of cortical
neurons [20]. Another previous study has shown that two patient-
derived Dyrkla-truncating mutations (R205X and E239X) intro-
duced by in utero electroporation can cause deficits in neuronal
and synaptic development [8]. Our study extends these findings
by demonstrating that a patient derived mutation in Dyrkia,
which is expressed in various brain cell types, can cause lithium-
responsive deficits in multiple signaling pathways in a spatiotem-
poral context better mimicking the patient condition.

Our study suggests that a selective decrease in excitatory
synaptic density (Fig. 2d-g) may be a mechanism underlying the
Dyrk1a-KI mouse phenotypes. In support of this possibility, early
lithium treatment of Dyrkla-KI mice rescues their synaptic,
dendritic, brain size, and behavioral phenotypes (Figs. 3 and 4).
A possible mechanism leading to the decrease in excitatory
synapse density could be suppression of dendritic arborization
(Fig. 3b, c), which may involve multiple signaling pathways
enriched in the lithium-rescued ~P21 PTM-DEPPs (Fig. 5b).
Dendritic arborization is regulated by multiple extracellular signals
(i.e., neurotransmitters and neurotrophins) [61] and signaling
pathways, including the insulin [62-64], AMPK [65-67], gap
junction [68-70], and ErbB [61, 71] pathways.

Alternatively, the decreased excitatory synaptic density seen in
Dyrk1a-KI mice could involve synaptic protein deficits and/or
dendritic shrinkage. The ~P21 lithium-rescued PTM-DEPPs are
enriched for synapse-related GO functions and SynGO proteins
(Fig. 5b; Supplementary Fig. 6b). A notable protein among the
lithium-rescued synaptic proteins is Kalirin, a Rho-GEF that
regulates synaptic function as well as dendritic arborization and
are implicated in neurodevelopmental disorders (i.e., schizophre-
nia) [48, 49]. Another is Elavl2, a member of the ELAVL family of
RNA-binding proteins, which regulate posttranscriptional pro-
cesses, such as neuronal mRNA stability and splicing [72, 73], and
are implicated in neural development and brain disorders [74].
Elavi2 is the least studied member of the family, but it is known to
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localize to and regulate synapses [45, 46], and been implicated in
neurodevelopment, synaptic regulation, and ASD [75]. Our
findings in the present study, particularly the phosphorylation-
dependent regulation of dendritic arbors via Kalrn-5448 and
Elavl2-5221 (Supplementary Fig. 11e, f), suggest that Dyrkla-
dependent/related phosphorylation may regulate Kalrn- and
Elavl2-mediated dendritic growth and synaptic functions. This
parallels the NMDA receptor activation-dependent phosphoryla-
tion of CaMKIl and Kalirin-7 (at Thr95), which enhances Kalirin-7's
Rho-GEF activity [76] and hippocampal LTP [77].

Interestingly, early lithium treatment in Dyrkla-KI mice is
associated with somewhat different molecular effects in the short
and long terms (~P21 and ~P60, respectively) (Fig. 5; Supple-
mentary Figs. 5-10). At ~P21, the early lithium treatment is seen to
rescue multiple signaling pathways to normalize dendritic
arborization and excitatory synaptic density. This signaling
pathway-focus rescue effect is less pronounced at ~P60, when
the effect appears to focus on synaptic proteins. It is possible that
the rescue of signaling pathways at ~P21 may prevent the
changes in synaptic proteins from appearing at ~P60. This is in line
with the notion that early correction of key pathologies is
important for long-lasting prevention of ASD-related phenotypes
at later stages [37].

Lithium treatment is known to have multiple action mechan-
isms, including GSK3p inhibition. GSK3[ exerts pleiotropic effects
on neural development through the regulation of multiple
signaling pathways, including the PI3K-Akt-mTOR pathway
[29, 30] and [-catenin-dependent gene expression [78]. In
addition, GSK3fB regulates excitatory synapses and dendritic
spines through multiple mechanisms, including synaptic plasticity
(i.e, LTD promotion and LTP suppression) [31] and [B-catenin
degradation [79]. Lithium also regulates neuronal and synaptic
development and functions through various signaling pathways,
including GSK3[3 and CREB [80-84]. For example, lithium promotes
the synaptic localization of the GluA2 AMPA receptor through &-
catenin [32]. In addition, Dyrk1a acts as a priming kinase for GSK33
in the phosphorylation of elF2Be and tau [85]. However, our
analysis of GSK3B phosphorylation and its potential upstream
kinases suggests that GSK3p inhibition may not be critical in the
lithium-dependent rescue of Dyrkla-KI phenotypes, and, instead,
the data points to the importance of direct Dyrkla substrates
(Supplementary Fig. 11a—d).

Lithium, which is a gold-standard medication for bipolar
disorder, was recently shown to be useful for neurological
disorders [33-36]. Our results, together with the recently reported
beneficial effects of lithium in a Shank3-mutant mouse model of
ASD [86] and fragile X mouse models [87], suggest that lithium
could have therapeutic potential for ASD and related neurodeve-
lopmental disorders.

DATA AVAILABILITY

i) The RNA-Seq data for Dyrk1a-KI and WT mice at P21 and P60 have been deposited
at the GEO (Gene Expression Omnibus) repository with accession GSE274730. i) The
raw MS data files for total and PTM proteomes from heterozygous Dyrk1a-KI and WT
mice at P21 have been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the identifier PXD053587 for total proteome analysis and the
identifier PXD050102 for phosphoproteome analysis. iii) The raw MS data files for
total and PTM proteomes from heterozygous Dyrkla-KI and WT mice at P60 have
been deposited to the repository MassIVE with the identifier PXD049356 for total
proteome analysis and the identifier PXD049357 for phosphoproteome analysis. iv)
The PTM data for P60 from homozygous Dyrkla-KI and WT mice have been
deposited to the ProteomeXchange database under the accession number of
PXD050100.
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