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Neocortical neuronal production and maturation
defects in the TcMAC21 mouse model of Down
syndrome

Nobuhiro Kurabayashi,'-?>* Kazuki Fujii,’® Yuta Otobe,?* Shingo Hiroki,” Masaharu Hiratsuka,>®
Hikari Yoshitane,?* Yasuhiro Kazuki,>®’ and Keizo Takao'.3:8*

SUMMARY

Down syndrome (DS) results from trisomy of human chromosome 21 (HSA21), and DS research has been
conducted by the use of mouse models. We previously generated a humanized mouse model of DS,
TcMAC21, which carries the long arm of HSA21. These mice exhibit learning and memory deficits, and
may reproduce neurodevelopmental alterations observed in humans with DS. Here, we performed histo-
logic studies of the TcMAC21 forebrain from embryonic to adult stages. The TcMAC21 neocortex
showed reduced proliferation of neural progenitors and delayed neurogenesis. These abnormalities
were associated with a smaller number of projection neurons and interneurons. Further, (phospho-)pro-
teomic analysis of adult TcMAC21 cortex revealed alterations in the phosphorylation levels of a series of
synaptic proteins. The TcMAC21 mouse model shows similar brain development abnormalities as DS, and
will be a valuable model to investigate prenatal and postnatal causes of intellectual disability in humans
with DS.

INTRODUCTION

Down syndrome (DS), which has an incidence of 1 in 700-800 live births," is caused by trisomy of human chromosome 21 (HSA21). DS is a
common genetic cause of intellectual disability, which can range from mild to severe,” and is associated with prenatal and postnatal abnor-
malities in brain development.” For example, DS brains are smaller than normal adult brains,”” and histologic analyses of the cerebral cortex
reveal a reduced number and density of neurons in adult and fetal DS brains.®® In addition, cortical neurons in DS fetuses exhibit primitive
dendritic arborization with fewer synapses.”'°

To study the pathogenic mechanisms underlying DS phenotypes, several mouse models have been generated based on the syntenic re-
gions within the human and mouse genomes. HSA21 genes are conserved in orthologous regions of mouse chromosomes (Mmu) 10, 16, and
17, the largest of which is on Mmu16. Therefore, several mouse models that are trisomic for large segments of Mmu16 have been created and
used for molecular, cellular, and behavioral studies."” The Ts65Dn, Ts1Cje and Dp(16)Yey/+ (Dp16) strains are frequently used models that
recapitulate some aspects of brain development and behavioral phenotypes observed in people with DS.'”""” Among these mouse models,
the Ts65Dn strain is unique in that it carries a freely segregating extra chromosome, making this model an aneuploid model of DS. This aneu-
ploidy may produce additional phenotypes compared with models having intrachromosomic duplications. The triplicated segment in Ts65Dn
mice, however, has ~44 Mmu17 genes that are not triplicated in DS."®1? More recently, the Ts66Yah mouse model of DS, which derived from
the Ts65Dn lineage but not carrying the extra Mmu17 genes, has been developed and characterized.?>?" This model remains a partial DS
model because the triplicated region encompasses 102/187 of the Hsa21 orthologous protein coding genes,””' thus, raising the need
for mouse models with a better genetic representation of trisomy 21.

We previously generated a humanized mouse model of DS, TcMAC21, which carries a freely segregating mouse artificial chromosome
containing a copy of HSA21q.” It is the most complete genetic model of DS generated to date with 93% of HSA21q protein-coding genes,
and notably, expression of these human genes is regulated similarly to their mouse orthologs.”” Importantly, this mouse model recapitulates
several features of DS, including learning and memory deficits.”? Prenatal and postnatal brain development, however, has not yet been
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Figure 1. Reduced proliferative and neurogenic potential of progenitors in the TcMAC21 neocortex

(A-C) The E14.5 and E16.5 brain sections of euploid and TcMAC21 were immunostained with antibodies against SOX2 (A), and TBR2 (B). Images of the entire
cerebral wall are shown. Dashed line outlines the ventricular and pial surface. Scale bars, 50 pm. The number of SOX2-and TBR2-positive cells were counted and
plotted in (C) by setting the mean of euploid to 100. Data are presented as means + SEM (for E14.5, n = 6-7 (euploid) and n = 6 (TcMAC21) from 3 dams, for E16.5,
n =7 (euploid) and n = 6 (TcMAC21) from 3 dams.) *p < 0.05; **p < 0.01; multiple t-tests with Holm-Sidak correction for multiple comparisons.

(D) The E14.5 and E16.5 brain sections of euploid and TcMAC21 were immunostained with antibodies against P-H3. Images of the entire cerebral wall are shown.
Dashed line outlines the ventricular and pial surface. Scale bars, 50 pm.
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Figure 1. Continued

(E) The number of apical and basal P-H3-positive cells were counted and plotted by setting the mean of euploid to 100. Data are presented as means + SEM (for
E14.5,n =7 (euploid) and n = 6 (TcMAC21) from 3 dams, for E16.5, n = 7 (euploid) and n = 6 (TcMAC21) from 3 dams.) *p < 0.05; **p < 0.01; ***p < 0.001; multiple
t-tests with Holm-Sidak correction for multiple comparisons.

(F) Representative images of mitotic P-H3+ cells in the MGE of E14.5 euploid and TcMAC21 animals are shown, with the boxed regions magnified to the right.
Scale bars, 50 pm.

(G) Quantification of the number of P-H3+ cells at the VZ surface and away from the VZ surface (Extra-VZ surface) in the MGE and the CGE at E14.5. Data are
presented as means + SEM (n = 6 for euploid and TcMAC21 from 3 dams.). **p < 0.01; ***p < 0.001; multiple t-tests with Holm-Sidak correction for multiple
comparisons.

(H) E13.5 and E15.5 timed pregnant TcMAC21 females were injected with EJU, and embryos were harvested 24 h later. The E14.5 and E16.5 brain sections were
immunostained with antibodies against SOX2. Representative images of EdU+ cells throughout the entire cerebral wall are shown, with the boxed regions
magnified to the bottom. Scale bars, 50 pm for entire cerebral wall; 25 pm in magnified views.

(I) The percentage of EdU-labeled cells in the VZ, SVZ, IZ and CP and (J) the fraction of SOX2+ cells in EJU+ cells was calculated and is plotted as means + SEM
(for E14.5, n = 6 for euploid and TcMAC21 from 3 dams, for E16.5, n = 5 (euploid) and n = 6 (TcMAC21) from 3 dams.) *p < 0.05; **p < 0.01; ***p < 0.001; multiple
t-tests with Holm-Sidak correction for multiple comparisons.

assessed in TcMAC21, preventing a comprehensive comparison of TcMAC21 with other DS mouse models and human patients with DS. Here,
we report first phenotypic characterization of developing TcMAC21 brain.

RESULTS
Impaired proliferative and neurogenic potential of progenitors in the TC(MAC21 embryonic neocortex

During development of the mammalian brain, neural progenitor cells in the dorsal telencephalon give rise to projection neurons. Previous
studies using various mouse models such as Ts65Dn and Ts1Cje demonstrated alterations in the number of apical radial glial cells (aRGCs)
and intermediate progenitor cells (IPCs).'*"® We therefore began our study by measuring these progenitor cells following immunohistostaining
for SOX2 and TBR2, markers for aRGCs and IPCs, respectively. The number of SOX2-positive aRGCs was similar between TcMAC21 and euploid
controls at embryonic day (E) 14.5 and E16.5 (Figures 1A and 1C). On the other hand, the number of TBR2-positive IPCs in the TcMAC21
neocortex was modestly decreased at E14.5 and E16.5 (Figures 1B and 1C). Of note, we did not observe significant alterations in cleaved cas-
pase 3-positive cells (Figure S1) in the TcMAC21 neocortex, indicating that apoptosis does not account for the phenotypes observed.

The accumulated findings suggest that impaired progenitor proliferation is a common phenotype in humans with DS and in mouse models
of DS."*142324 Thys, we next assessed the proliferation of progenitor cells in the neocortex by labeling dividing cells with the M-phase marker
phospho-histone H3 (P-H3). The numbers of both apical (ventricular) and basal (abventricular) p-H3-positive mitotic cells were reduced in the
TcMAC21 neocortex at E14.5 and E16.5 (Figures 1D and 1E). Given the similar number of aRGCs and the slight reduction in IPCs (Figures TA-
1C), these results suggest the reduced proliferation of aRGCs and IPCs in the TcMAC21 neocortex. We also quantified the number of P-H3-
positive cells in the medial ganglionic eminence (MGE) and caudal ganglionic eminence (CGE) areas of the ventral telencephalon, the major
source of cortical inhibitory neurons.”” *® The number of P-H3-positive cells at the ventricular (VZ) surface and outside of the ventricular zone
surface (Extra-VZ surface) in the MGE of the TcMAC21 mice was significantly reduced compared with that of the euploid control mice at E14.5
(Figures 1F and 1Q). In contrast, no significant alterations in the number of P-H3-positive cells were observed in the CGE (Figure 1G). These
results suggest that the proliferative potential of MGE progenitors as well as cortical progenitors is reduced in the developing TcMAC21
forebrain.

Neurogenic output is also altered in several DS mouse models.'*'*'%?? To assess this in TcMAC21, pregnant TcMAC21 females were in-
jected with the cell proliferation marker 5-ethynyl-2'-deoxyuridine (EdU) and embryos were collected 24 h later. EdU-labeled cells were
counted in the VZ, subventricular zone (SVZ), intermediate zone (I2), and cortical plate (CP) and the fraction of cells outside of the VZ/SVZ
was used as an estimation of neuronal output in the neocortex during the 24-h window. We found a smaller fraction of EdU+ cells in the
TcMAC21 1Z/CP at E14.5 and E16.5 (Figures TH and 1l). In contrast, fraction of EdU+ cells in the TcMAC21 VZ was larger than that of euploid
(Figures TH and 11). Further, we performed immunostaining of EAU+ cells with SOX2 antibody to see whether EdU+ cells remain as aRGCs
(SOX2+) or differentiated from aRGCs (SOX2-). We found that the fraction of SOX2+ cells in EdU+ cells was larger in the TcMAC21 cortex
(Figures TH and 1J). Together, these results suggest continued impairment in neurogenesis from TcMAC21 cortical progenitors, although
we could not rule out the possibility that the difference in the number of cells initially labeled with EJU affects the fraction of SOX2+/
BrdU+ cells.

Reduced neuronal densities in the TcMAC21 neocortex

Previous studies of DS human brains and DS mouse models revealed alterations in the number and density of cortical neurons.®%'?"° There-
fore, we evaluated changes in the neuronal number/density in the developing TcMAC21 cortex following immunohistostaining for various
neuronal markers. The density of neurons positive for TBR1, a marker for postmitotic projection neurons and highly expressed in deep layer
neurons,”” was reduced across the E14.5 to P0.5 time window in the TCMAC21 neocortex (Figures 2A-2C and 2E). We used CTIP2 as another
marker for deep layer neurons,”’ and found a smaller number of CTIP2-positive neurons in the TcMAC21 brain (Figures 2B, 2C, and 2E). A
similar reduction was observed in the density of SATB2-positive intra-telencephalic projection neurons in TecMAC21 (Figures 2D and 2E).
Together, these results suggest an overall reduction in the number of projection neurons in the TcMAC21 neocortex.
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Figure 2. Reduced number of projection neurons in the developing neocortex of TcMAC21

(A-D) The E14.5 (A), E16.5 (B), and P0.5 (C and D) brain sections of euploid and TcMAC21 were immunostained with antibodies indicated. Representative images
of the entire cerebral wall are shown, with the boxed regions magnified to the right. Scale bars: 50 pm for entire cerebral wall; 25 um in magnified views.

(E) The number of TBR1-, CTIP2- and SATB2-positive cells were counted and plotted by setting the mean of euploid to 100. Data are presented as means + SEM
(for E14.5, n = 7 (euploid) and n = 6 (TcMAC21) from 3 dams, for E16.5, n = 7 (euploid) and n = 6 (TcMAC21) from 3 dams, for P0O.5, n = 4 (euploid) and n = 5
(TcMAC21) from 3 dams.) **p < 0.01; ***p < 0.001; multiple t-tests with Holm-Sidak correction for multiple comparisons.

To gain further insight into the histologic abnormalities of the TcMAC21 neocortex, we extended our immunohistochemical analysis from
prenatal and perinatal stages to the adult stage. Immunohistostaining for projection neuron markers revealed a reduced density of TBR1-,
CTIP2- and SATB2-positive neurons in the somatosensory cortex of 3-month-old TcMAC21 mice (Figures 3A and 3D), as expected from
the results above (Figure 2). In addition to this, we used several markers such as parvalbumin (PV), somatostatin (SOM), vasoactive intestinal
peptide (VIP), and calretinin (CR) to assess the density of cortical interneurons. Fewer PV- and SOM-positive cells, which are derived from MGE
progenitors, were observed in the TCMAC21 cortex (Figures 3B and 3D). In contrast, the density of VIP- and CR-positive cells, most of which
are derived from CGE, was unchanged (Figures 3B and 3D). Therefore, TcMAC21 mice exhibit reductions in subsets of cortical cell popula-
tions in parallel with reduced cell proliferation of progenitors in the neocortex and MGE (Figure 1).

In addition to the altered number of neurons, previous studies reported mis-regulation of production and differentiation of glial cells in DS. For
example, spatiotemporal transcriptome differences suggest impaired oligodendrocyte maturation in DS.*” Therefore, we investigated whether
similar cellular changes were observed in the TcCMAC21 cortex. The density of cells positive for ALDH1L1 (astrocytes), OLIG2 (oligodendrocytes
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Figure 3. Neuronal and glial population abnormalities in adult TcMAC21 somatosensory cortex

(A-D) The 3-month brain sections of euploid and TcMAC21 were immunostained with markers for projection neurons (A), inhibitory neurons (B), and glial cells
(C) indicated. Representative images of the entire cerebral wall are shown, with the boxed regions magnified to the right. Scale bars: 100 um for entire cerebral
wall; 50 pm in magnified views. The number of positive cells for indicated markers in (A-C) were counted and plotted in (D) by setting the mean of euploid to 100.
Data are presented as means + SEM (n = 7 for euploid and n = 5 for TcMAC21 from 5 dams.). *p < 0.05; **p < 0.01; ***p < 0.001; multiple t-tests with Holm-Sidak
correction for multiple comparisons.
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and their progenitors), and IBA1 (microglia) was similar between TecMAC21 and euploid controls (Figures 3C and 3D). The GSTt-positive fraction
of OLIG2-positive cells, reflecting matured oligodendrocytes, was reduced in TcMAC21 (Figures 3C and 3D). These results suggest that TcMAC21
has similar abnormalities during brain development as DS 82233 (also see discussion).

Proteomic analysis suggests an effect of HSA21q gene dosage on synaptic regulation

We previously demonstrated that TCMAC21 exhibits significant learning and memory deficits.”” To unravel the potential molecular mecha-
nisms underlying the cognitive phenotypes associated with the neocortical abnormalities in TCMAC21, we performed (phospho-) proteomic
profiling of the somatosensory cortex of 3-month-old TcMAC21 mouse. In our dataset, when focused on mouse proteins, 3859 proteins and
6107 phospho-peptides from 1852 proteins were detected (Tables S1and S2). In addition, 14 HSA21 proteins (SYNJ1, GATD3A, CBR1, CCTS,
APP, ATP50, SOD1, CLIC6, PDKX, ATP5PF, CSTB, ITGB2, HSPA13, BACH1) were detected in the TcMAC21 cortex, validating our proteomic
analysis (Table S3). Note that all of these HSA21genes have mouse orthologs (i.e., no human-specific proteins were detected in the analysis).
However, because mass spectrometry-based proteomic analysis cannot be used to compare the expression levels of human proteins to their
mouse orthologs, we excluded these human proteins and peptides from the following analysis. With regard to protein abundance, we found
no apparent difference between TcMAC21 and control, nor any statistically significant differences (g < 0.2) (Figure 4A and Table S4). In the
phospho-proteomic dataset, we found a large alteration in the TCMAC21 cortex, though statistically significant differences were detected for
only a few phospho-peptides (Figure 4C and Table S5). To obtain a better description of the 2 datasets, we performed a principal component
analysis (PCA). As expected, proteomic profiles of the TcMAC21 samples and control samples do not segregate in the principal component
(PC) space (Figure 4B). On the other hand, phospho-proteomic profiles from the 2 strains are plotted in distinct regions of the PC space (Fig-
ure 4D). These results suggest that perturbations in phosphorylation levels can account for functional alterations in the TecMAC21 brain.

To estimate the kinase whose activity is mis-regulated in TCMAC21 cortex, we performed kinase substrate enrichment analysis (KSEA) on
the phospho-proteome dataset.*® This analysis suggests that the activity of PKA is up-regulated in TcMAC21 cortex (enrichment score
1.02, p = 0.025). Although the detailed mechanism is unclear, we can speculate that expression of HSA21 proteins up-regulates PKA activity,
thereby results in an altered phosphorylation status in the TcMAC21 cortex.

Next, we examined the factors characterizing TcMAC21 phospho-proteomic profiles. Because the second principal component (PC2) appears
to well explain the difference between TcMAC21 and control, we performed gene ontology (GO) analysis of the top 100 phosphorylated peptides
that contributed positively or negatively to the PC2 (Table Sé). According to the functional annotations, many “PC2-positive” proteins were related
to “actin filament-based processes” or “microtubule cytoskeleton organization” (Figure 4E), as exemplified by Ank2 (ankyrin-2) and Map (micro-
tubule associated proteins) (Figures S2A and S2B). Therefore, the difference in the phosphorylation state between euploid and TcMAC21 appears
to result in misregulation of the cytoskeleton. On the other hand, many “PC2-negative” proteins are related to “neuron projection development”,
“cell junction organization”, or “modulation of chemical synaptic transmission” (Figure 4F). Examples of these proteins include Farp1 (FERM, Rho/
ArhGEF, and Pleckstrin domain protein 1) and the DLGAP (discs-large-associated protein) protein family (Figures S2C-S2E). These findings sug-
gest that alterations in the development of neurons and synapses contribute to the phenotypic expression in TcMAC21.

DISCUSSION

The neuropathologic consequences of DS begin during fetal development with decreased proliferation and neuronal output of cortical pro-
genitors.”?**’~%% Because these alterations can influence synaptic development and circuit formations, thereby affecting cognitive function, it
is essential to identify early brain abnormalities in DS. We recently generated the TcMAC21 mouse, the most complete genetic model of DS
created to date with 93% of the HSA21q protein-coding genes.”” We demonstrated that the expression of most HSA21q genes is regulated
similarly to their mouse orthologs and cause perturbations in gene expression throughout the genome.?” Similar to other mouse models of
DS, TcMAC21 mice exhibit significant learning and memory deficits,”” but the mechanisms underlying the alterations in brain development
have not yet been examined. Characterizing embryonic brain development in this mouse model will advance our understanding of the cogni-
tive deficits observed in DS. In this study, we revealed progenitor proliferation abnormalities in the embryonic TcMAC21 forebrain in asso-
ciation with reduced neuronal production. Further, in the postnatal period, neuronal density was reduced in the TC(MAC21 neocortex. These
findings suggest that prenatal changes underlie the abnormal brain development observed in TcMAC21 and demonstrate the usefulness of
this mouse model for studying the contribution of aberrations in prenatal and postnatal development to the cognitive deficits observed in DS.

In addition, our findings revealed impaired proliferation and neuronal output of cortical progenitors in the developing neocortex of
TcMAC21 (Figure 1). Similar phenotypes are observed in several DS mouse models and fetal DS human brain,”'*'¢?33/=1 suggesting
that mis-regulation of cortical progenitors is a common phenotype, although the Dp16 mouse model shows normal progenitor proliferation
and neurogenesis.'” Whether or not the progenitors of cortical interneurons are mis-regulated in DS brains, however, remains an unanswered
question due to discrepancies across mouse models. Our study suggests the impaired proliferation of progenitors in the MGE in TcMAC21
(Figures 1F and 1G). No MGE progenitor abnormalities have been found in Dp16 and Ts1Cje.'?'” In contrast, increased proliferation of MGE
progenitors is observed in Ts65Dn."*" Importantly, a comparison of behavioral phenotypes between Ts65Dn and Ts66Yah suggests that trip-
lication of the non-Hsa21 orthologous Mmu17 genes significantly contributes to the behavioral phenotype of Ts65Dn.”%?" Thus, it is possible
that increased proliferation of MGE progenitors in Tsé5Dn is associated with the Mmu17 non-Hsa21 orthologous region. Future investigation
of the MGE progenitor phenotype in developing Ts66Yah brains would help to clarify this issue. Together, these findings highlight the pos-
sibility that each mouse model, including TcMAC21, reproduces different aspects of brain development in DS, and the need to carefully eval-
uate the inconsistencies between models and their relevance to the human phenotype.
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Figure 4. The (phospho-)proteomic alterations in the TcMAC21 neocortex

(A) Log2 fold change of the WT/TcMAC21 protein levels and significance (-log2 of the g-value) of all evaluated proteins. Q-vale, or false discovery ratio (FDR)
correcting for multiple testing were calculated using the HB (Benjamini & Hochberg) method correction.™

(B) PCA result using the proteome data from cortex in euploid control (black) and TcMAC21 (red). Each symbol represents one cortex.

(C) Log2 fold change of the WT/TcMAC21 phospho-peptide levels and significance (-log2 of the g-value) of all evaluated phospho-peptides. Significant peptides
are indicated in magenta. Q-vale, or false discovery ratio (FDR) are calculated as described above.

(D) PCA result using the phospho-proteome data from cortex in euploid control (black) and TeMAC21 (red). Each symbol represents one cortex.

(E and F) GO terms representing the significantly enriched biological processes for “PC2-positive” (E) and “PC2-negative” (F) proteins. Enrichment analysis was
performed using Metascape.”

Accumulating evidence from studies of humans with DS and DS mouse models has led to a consensus that DS brains have a lower density
and number of glutamatergic projection neurons than normal brains.'”~'**? Consistent with this, we observed a reduction in the density of
multiple subtypes of projection neurons in the TcMAC21 cortex. Whether the number of inhibitory interneurons is increased or decreased in
DS brains, however, remains unclear due to the sparseness of information and the discrepancies across studies. Nonetheless, recent single
nucleus RNA-seq analysis using Brodmann areas 8/9 of DS cortex revealed increased inhibitory:excitatory neuron ratios and increased CGE-
derived, but not MGE-derived, inhibitory neuron ratios.” Though we focused on the somatosensory cortex in this study, we observed similar
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changes in the TcMAC21 cortex; the density of excitatory neurons and PV- and SOM-positive interneurons was reduced to a similar extent
(i.e., no apparent alterations in MGE-derived inhibitory neuron ratios), but that of VIP- and CR-positive cells was unchanged (i.e., increase in
CGE-derived inhibitory neuron ratios) (Figure 3). Although the number of cortical interneurons has been assessed in several mouse models,
the results have not been consistent. For example, an increase in the number of PV- and SOM-positive inhibitory neurons was observed in the
Ts65Dn neocortex.'? In contrast, Dp16 mice exhibit a reduced number of these interneuron subtypes.'?'® Ts65Dn mice have either a similar or
larger number of CR-positive neurons, while no such alteration is observed in the Dp16 cortex.'*'**? In terms of alterations in the number of
cortical neurons, the phenotype observed in TcMAC21 is similar to that in Dp16. The underlying mechanism is likely different, however,
because Dp16 shows normal progenitor proliferation and neurogenesis.'” As for the number of glial cells, previous studies reported that
the numbers of microglia and astrocytes in the young adult DS cortex were similar to those in the control cortex.**> These findings are consis-
tent with our observations that the density of ALDH1L1-positive astrocytes and IBA1-positive microglia in the somatosensory cortex is similar
between 3-month-old euploid mice and TcMAC21. Also, the modest reduction of the GSTrt-positive fraction of OLIG2-positive cells, reflect-
ing matured oligodendrocytes, observed in TeMAC21 is consistent with impaired oligodendrocyte maturation in DS.** Together, these find-
ings highlight a unique neurodevelopmental phenotype in TcCMAC21 and its similarity with the human DS phenotype. We expect that further
studies using this mouse model will produce more relevant results, supporting a wide range of basic and preclinical research.

In this study, we used the classical cell counting method employed in previous studies of different DS mouse models,'* "¢ allowing us to
compare the current work to previously published literature. Of note, cell counting methods in neuroscience have been subject to extensive
debates regarding validity and reliability, as reviewed in.*® In this context, stereological counts using modern 3-dimensional probes and sys-
tematic random sampling of sections through the tissue of interest may be more accurate for cell number estimation. Indeed, this method has
been implemented in the study of the brains of DS patients and DS mouse models.®*’ Future investigation of cell numbers in TcMAC21 brains
with modern stereological cell count and comparing the results with those in other DS mouse models would validate our conclusion and
advance our understanding of the brain structural abnormalities in DS.

In addition to a reduced number of neurons in the cortex, mis-regulation of synapse structure and function could lead to cognitive impair-
ment in DS. Our phospho-proteomic analysis of the TcMAC21 cortex revealed alterations in the phosphorylation levels of a series of synaptic
proteins (Table S5). For example, DLGAPs (discs-large-associated proteins) are important scaffold proteins in the post-synaptic density®;
CaMKIl, PKCy, Synapsin-1, Syntaxin-1b, and Rims1 contribute to neurotransmitter secretion®”°"; and B-adductin, bassoon, neuroligin2,
and FARP1 are required for synapse assembly.””>* The phosphorylation levels of these proteins are downregulated in the TcMAC21 cortex
and contributed negatively to PC2 in our PCA (Figures 4, 52, and Table Sé). The role of phosphorylation has not been examined in most pro-
teins, but functional changes in multiple synaptic proteins due to altered phosphorylation levels are likely to contribute to the abnormal brain
function observed in TcMAC21 mice. Interestingly, similar mis-regulation (i.e., altered phosphorylation levels of synaptic protein) is also
observed in other mouse models of DS, such as Ts65Dn and Dp16, and is counteracted by environmental enrichment and/or pharmacologic
treatment, which improve cognition in the mouse models.”>" Together with these findings, our phospho-proteomic analysis of the
TcMAC21 cortex provides support for the idea that phosphorylation signaling in synapses is a promising target for enhancing cognition in DS.

Through phospho-proteomic analysis, we found that several proteins involved in neuron projection, cytoskeleton arrangements or mod-
ulation of chemical synaptic transmission are differentially phosphorylated in the TcMAC21 cortex (Figures 4 and S2). Unfortunately, we could
not validate these results with immunoblotting, because phospho-specific antibodies were not commercially available when we focused on
the top 100 phosphorylated peptides that contributed positively or negatively to the PC2 in our PCA (Table Sé). The lack of phospho-specific
antibodies highlights the advantage of mass spectrometry-based phospho-proteome analysis that can evaluate phosphorylation levels when
phosphorylation sites are novel and phospho-specific antibodies are not available. The development of phospho-specific antibodies against
mis-regulated proteins in TcMAC21 would not only help validate our phospho-proteomic analysis, but also advance our understanding of
how neuronal function is perturbed in the TCMAC21 cortex.

A number of symptoms observed in patients with DS are thought to result from dysfunction in several cortical areas (reviewed in Dierssen
1.%). For example, a large proportion of patients with DS have difficulties with sensory integration of the tactile system,”” which is likely
mediated by deficits in the somatosensory cortex. In this study, we revealed alterations in the development and phosphorylation levels of
a series of proteins in the somatosensory cortex of the TcMAC21 mouse model. These observations help to elucidate the mechanisms un-
derlying functional abnormalities in the somatosensory cortex in DS. Importantly, in addition to the somatosensory cortex, other cortical re-

eta

gions are thought to exhibit functional alterations in DS. Thus, the development of cortical regions other than the somatosensory cortex may
be disturbed in TcMAC21 as well, and should be examined further in future studies.

The findings of the present study provide insights into the neurodevelopmental defects of Tc(MAC21 mice at the cellular and molecular
levels. Given that TcMAC21 contains a larger number of HSA21q protein-coding genes compared with other mouse models, this mouse
model will be valuable for studying the contributions of prenatal changes in brain development to cognition in DS. Further analysis investi-
gating the effect of pharmacologic treatment on brain development and cognitive function in TcMAC21 will advance preclinical studies
aimed at the prevention and treatment of DS.

Limitation of the study

In human pregnancies, fetuses with trisomy 21 develop in a normal intrauterine environment of euploid mothers. In the case of TcMAC21, at
least in the genetic background used in this study, trisomic males are sterile and thus transmission of the trisomic chromosome is only possible
through an aneuploid dam. Recently, Sarver et al. demonstrated that TcMAC21 mice show hypermetabolism.®” This could affect embryonic
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development, but the impact of an abnormal intrauterine environment on the development of TcMAC21 embryos and their euploid litter-
mates is unknown. The development of fertile TcMAC21 male mice in the future will help to clarify this point.

Conclusion

Here, we examined the embryonic brain development of TcMAC21 and found reduced proliferation of progenitors and delayed neurogen-
esis in the TcMAC21 forebrain. We extended our findings to early postnatal and adult stages, and found a reduced density of both projection
neurons and a subset of interneurons in the TCMAC21 neocortex. Further, a comprehensive (phospho-)proteome analysis of TcMAC21 cortex
revealed alterations in the phosphorylation levels of a series of synaptic proteins. In summary, TcMAC21 shows similar brain development
abnormalities as DS and may be a good model for investigating the prenatal and postnatal causes of intellectual disability in patients with DS.
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Keizo Takao
(takao@cts.u-toyama.ac.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository and are
publicly available as of the date of publication. DOls are listed in the key resources table.

This paper does not report original code.

All data reported in this paper will be shared by the lead contact upon request.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

TcMAC21 (Tc (HSA21, CAG-EGFP)1Yakaz) mice were maintained on B6D2F1 (C57BL/6J (B6) x DBA/2J (D2)) background by crossing B6D2F1
males with carrier females. A genotyping of TcMAC21 mouse was performed by polymerase chain reaction (PCR) as previously described.””
All mice were housed under 12-h light-12-h dark cycle and ad libitum access to food and water. For timed pregnancies, the date of vaginal
plug was designated as E0.5 and the date of birth was defined as P0.5. The sex of the embryos used was not examined. Only male mice were
used in postnatal analyses. Embryos at stages E14.5 and E16.5 were used for embryonic analysis. PO.5- and 3-month-old mice were used for post-
natal analysis. None of the animals had been involved in previous experiments. All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) protocols of Tokyo Metropolitan Institute of Medical Science, Tottori University, and University of Toyama.

METHOD DETAILS
Antibodies

The following antibodies were used for immunostaining. Rabbit anti-SOX2 (1:1,000; 23064, Cell Signaling Technology), rat anti-TBR2 (1:2,000;
14-4875, eBioscience), rabbit anti-P-H3 (1:1,000; 06-570, Upstate), rabbit anti-TBR1 (1:2,000; ab183032, Abcam), rat anti-CTIP2 (1:500; ab 18465,
Abcam), anti-SATB2 (1:2,000; ab%92446, Abcam), mouse anti-PV (1:1,000; MAB1572, Merck), rat anti-SOM (1:200; MAB354, Merck), rabbit anti-
CR (1:1,000; 7697, Swent), rabbit anti-VIP (1:1,000; 20077, Immunostar), rabbit anti-ALDH1L1 (1:500; ab87117, Abcam), mouse anti-OLIG2
(1:500; MABN50, Merck), rabbit anti-GST-7 (1:1,000; 312, MBL), goat anti-IBA1 (1:1,000; 011-27991, FUJIFILM), rabbit anti-cleaved caspase
3(1:1,000; 9664, Cell Signaling Technology).

Immunohistochemistry

Prenatal and perinatal brains were fixed with 4% paraformaldehyde in PBS for 30 min at room temperature (for E14.5 and E16.5 brains) or 2 h
(for PO.5 brains) and cryoprotected in 30% sucrose in PBS overnight at 4°C. Thereafter, the brains were embedded in a solution of a 2:1 mixture
of 30% sucrose/PBS and OCT compound (Sakura), frozen by liquid nitrogen, and stored at —80°C until use. Thick cryosections (20 um) were
made. For adult brain, mice were perfused with saline and then 4% PFA in PBS. Brains were excised and fixed in 4% PFA in PBS overnight at
4°C. Sixty pm coronal sections were prepared using an automated vibratome (Leica VT1200S). Brain sections were washed with PBS, incu-
bated with blocking solution (3% [w/v] BSA, 5% [v/v] FBS, and 0.2% [w/v] Triton X-100 in PBS) and then incubated with primary antibodies
overnight at 4°C. The sections were then incubated with Cy3/Cy5-conjugated secondary antibodies overnight at 4°C and mounted in a
DAPI-Fluoromount-G mounting solution (SouthermnBiotech). For staining with SOX2, TBR2, CTIP2, ALDH1L1, and GST-r, brain sections
were pretreated with HistoVT One solution (Nacalai Tesque) for 15 min at 70°C. Images were obtained with a 20X or 63x objective on Zeiss
LSM780 or LSM980 confocal microscope.

Cell counting

For cell counting of immunopositive cells, the classical method employed in previous studies of different DS mouse models was used.'""
Coronal sections for cell counting were carefully selected using specific anatomical landmarks and slides that are at the similar antero-pos-
terior level were used. Labeled cells in the lateral cortical wall (the future somatosensory cortex) in embryonic tissue of E14.5, E16.5 and P0.5
embryos were counted in a 200 pm-wide column, with the exception of P-H3+ and cleaved caspase-3+ cells that were counted in a 400 pm-
wide and 600 pm-wide columns, respectively. In E14.5 and E16.5 MGE/CGE samples, the entire surface of the MGE/CGE was measured; the
number of P-H3+ cells were quantified within the measured area and normalized. The position of MGE and CGE was determined by cell pack-
ing density revealed by DAPI staining. For cell counting of the adult somatosensory cortex, sections around bregma —1.5 mm (Paxinos and
Franklin's THE MOUSE BRAIN, fifth edition) were selected. Labeled cells in adult sections were counted in a wide column of 500 um. Al cell
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counts were blinded and performed on a minimum of 2 sections. It should be noted that cell count was done manually using ImageJ and all
immunopositive cells could be unambiguously identified. In addition, cell counts were not acquired using randomly sampled unbiased ste-
reological standards and therefore cannot necessarily be extrapolated to the entire cortex.

EdU injection and cell counting

Pregnant females (E13.5 or E15.5) were injected with EJU (5 mg/kg body weight; Thermofisher Scientific), and sacrificed 24 h later. Embryonic
brains were fixed, cryoprotected and cryosectioned as described before. EJU was detected in coronal sections using the Click-iT EdU Alexa
Fluor 555 kit (Thermofisher Scientific) according to the manufacturer’s instructions. Images were obtained with a 63x objective on a Zeiss
LSM980 confocal microscope, and EdU+ cell counts were performed in a 200 pm-wide field of the dorsolateral wall in a minimum of 2 sections
per embryo. It should be noted that all EdU+ cells could be unambiguously identified, and all cells in which EdU-signal was detected, regard-
less of signal intensity or localization, were counted as positive cells.

Preparation of phosphopeptides

Preparation of phospho-peptides was performed as previously described with minor modifications.®' The somatosensory cortices of 3-month-
old mice were dissected, frozen by liquid nitrogen, and stored at —80°C until use (n = 4 for euploid and n = 3 for TCMAC21 from 3 dams.).
Frozen cortices were sonicated in 220 pL of PTS buffer (100 mM NH4HCO;, 12 mM sodium deoxycholate, and 12 mM sodium
N-lauroylsarcosinate) containing Phosphatase Inhibitor Cocktails 2 and 3 (Sigma-Aldrich) using an ultrasonic disruptor (UR-21P; TOMY; output
power 2 for 30-45 s) and centrifuged at 21,600 X g for 20 min at 4°C. The supernatants were reduced with 10 mM DTT at 60°C for 30 min and
then alkylated by incubation with 22 mM iodoacetamide at 37°C for 30 min in the dark. The resultant protein samples were diluted with 100 mM
NH4HCO; solution up to 1 mL and digested with trypsin (Sigma-Aldrich) at 1:100 (w/w) by incubation at 37°C for 18 h in the dark. After the
digestion, an equal volume of ethyl acetate was added to the samples, and the mixtures were acidified with 0.5% TFA and then well mixed
to transfer the detergents into the organic phase. After the samples were centrifuged at 15,700 x g for 2 min at room temperature, the aqueous
phase containing peptides was collected. The samples were concentrated by a centrifugal evaporator (EYELA) and desalted using a MonoSpin
C18 column (GL Sciences). After 10% of the eluates were dried by the evaporator, they were analyzed by LC-MS/MS analysis as samples labeled
"“total peptides.” The remaining eluates were dried and applied to a highselect Fe-NTA phosphopeptide enrichment kit (Thermo Fisher Sci-
entific). The enriched samples, labeled “phosphopeptides,” were dried before LC-MS/MS analysis. LC-MS/MS-Based Proteomic Analysis.

Proteomic analysis was performed as previously described®” with minor modifications. The dried and desalted peptides were dissolved in
distilled water containing 2% acetonitrile and 0.1% TFA. The LC-MS/MS analyses were performed using a mass spectrometer (Q Exactive Plus,
Thermo Fisher Scientific) equipped with a nano ultra-HPLC system (Dionex Ultimate 3000; Thermo Fisher Scientific). The peptides were loaded
to the LCMS/MS system with a trap column (0.3 X 5 mm L-column ODS; Chemicals Evaluation and Research Institute) and a capillary column
(0.1 x 150 mm L-column ODS; Chemicals Evaluation and Research Institute) at a flow late of 20 pL/min. The loaded peptides were separated
by a gradient using mobile phases A (1% formic acid in distilled water) and B (1% formic acid in acetonitrile) at a flow late of 300 nL/min (0% B
for 5 min, 0-30% B for 150 min, 30-50% B for 10 min, 50-95% B for 0.1 min, 95% B for 9.8 min, 95-0% B for 0.1 min, and 0% B for 5 min). The
eluted peptides were electrosprayed (2.0 kV) and introduced into the MS equipment (positive ion mode, data-dependent MS/MS). Each of the
most intense precursor ions (up to the top 10) was isolated and fragmented by higher collision energy dissociation (HCD) with the normalized
collision energy (27%). For full MS scans, the scan range was set to 350-1,500 m/z at a resolution of 70,000, and the automatic gain control
(AGC) target was set to 3e® with a maximum injection time of 60 ms. For MS/MS scans, the precursor isolation window was set to 1.6 m/z
ata resolution of 17,500, and the AGC target was set to 5e° with a maximum injection time of 100 ms. The Orbitrap mass analyzer was operated
with the “lock mass” option to perform shotgun detection with high accuracy. The raw spectra were extracted using Proteome Discoverer 2.2
(Thermo Fisher Scientific) and searched against the mouse SwissProt database (TaxID 10,090 and subtaxonomies, v2017-10-25) and human
protein list of the long arm of HSA21 (Supplementary file 1) with following settings. The parameter of the cleavage was set to trypsin, and
the missed cleavage was allowed up to 2. The mass tolerances were set to 10 ppm for the precursor ion and 0.02 Da for the fragment ion.
As for protein modifications, we set carbamidomethylation (+57.021 Da) at Cys as static (fixed) modifications for peptide, oxidation
(+15.995 Da) at Met, phosphorylation (+79.966 Da) at Ser and Thr as dynamic (nonfixed) modifications for peptide and acetylation
(+42.011 Da) at the amino-terminus as a dynamic modification for protein terminus. The amount of each peptide was semiquantified using
peak area with Precursor lons Quantifier in Proteome Discoverer 2.2. For downstream analysis, pseudovalue 2 was added to avoid zero value.
The kinase substrate enrichment analysis (KSEA) was performed using kinact package® based on dataset from PhosphoSitePlus.*®

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis

For histological studies, all statistical analyses were performed using Prism 8/9 software. Comparisons of mean differences between groups were
based on a Welch's two-tailed t-test. When evaluating differences of the density of immunopositive cells in the histological analysis, Holm-Sidak
corrections® were applied to avoid false discoveries because of multiple comparisons. The significance level was set at p < 0.05 for all tests. For
proteomic experiments, statistical analysis was performed by Python 3.10. For a list of statistical tests and p values, see Table S7.
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