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Abstract
Background  It is known that the neurodevelopmental disorder associated gene, Satb2, plays important roles in 
determining the upper layer neuron specification. However, it is not well known how this gene regulates other 
neocortical regions during the development. It is also lack of comprehensive delineation of its spatially regulatory 
pathways in neocortical development.

Results  In this work, we utilized spatial transcriptomics and immuno-staining to systematically investigate the 
region-specific gene regulation of Satb2 by comparing the Satb2+/+ and Satb2−/− mice at embryonic stages, including 
the ventricle zone (VZ) or subventricle zone (SVZ), intermediate zone (IZ) and cortical plate (CP) respectively. The 
staining result reveals that these three regions become moderately or significantly thinner in the Satb2−/− mice. In 
the cellular level, the cell number increases in the VZ/SVZ, whereas the cell number decreases in the CP. The spatial 
transcriptomics data show that many important genes and relevant pathways are dysregulated in Satb2−/− mice in 
a region-specific manner. In the VZ/SVZ, the key genes involved in neural precursor cell proliferation, including the 
intermediate progenitor marker Tbr2 and the lactate production related gene Ldha, are up-regulated in Satb2−/− 
mice. In the IZ, the key genes in regulating neuronal differentiation and migration, such as Rnd2, exhibit ectopic 
expressions in the Satb2−/− mice. In the CP, the lineage-specific genes, Tbr1 and Bcl11b, are abnormally expressed. The 
neuropeptide related gene Npy is down-regulated in Satb2−/− mice. Finally, we validated the abnormal expressions of 
key regulators by using immunofluorescence or qPCR.

Conclusions  In summary, our work provides insights on the region-specific genes and pathways which are regulated 
by Satb2 in neocortical development.
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Background
Transcription factors play important roles in regulating 
the brain development in a series of spatiotemporally 
organized events [1]. The SATB2 (Special AT-rich bind-
ing protein 2) is the key one among these transcription 
factors, which is involved in chromatin remodeling and 
gene expression via binding to nuclear matrix attachment 
region [2]. The human genetic studies identified SATB2 
as an important candidate associated with neurodevel-
opmental disorders [3, 4]. So it is important to investi-
gate the molecular mechanisms of SATB2 in regulating 
nervous system. The works in mouse model revealed 
that Satb2 is expressed in many regions during embry-
onic development [5], and then it is highly expressed in 
layer 2/3 and layer 4 in cortex after birth or later stages 
[6]. Specifically, it is reported that Satb2 is expressed in 
the rhombomere region of hindbrain at embryonic day 
8.5 (E8.5), and it is gradually expressed in the cortex, spi-
nal cord and other brain regions during the embryonic 
development [7, 8]. Within the neocortex, the Satb2 is 
mainly expressed in the upper layer, but its expression 
is also detected in the intermediate zone (IZ) at embry-
onic stages [7, 9, 10]. These expression patterns imply 
that Satb2 may play important roles in regulating the 
neuron development. Previous works have revealed that 
Satb2 can regulate the upper-layer neuron specification 
[10] and callosal projection neurons [9, 11], and the Satb2 
ablation leads to thinner neocortex and altered neuron 
migration [9, 10]. Satb2 also plays important functions in 
regulating the neuronal morphology [12], regionalization 
of retrosplenial cortex [13], development of dopaminer-
gic neurons [14], and other developmental aspects [15]. 
However, previous works mainly used immuno-staining 
to focus on the specific and limited factors regulated by 
Satb2 due to the limit of traditional methods, and thus 
it is still necessary to comprehensively delineate the 
molecular pathways regulated by Satb2 in the neocortical 
development.

Spatial transcriptomics technologies provide the pow-
erful tools to investigate the in situ gene expressions in 
the tissue in high-throughput way [16]. Recent works 
utilized the spatial transcriptomics to explore the brain 
regions for adult mouse [17], and detect spatially vari-
able genes to mark brain sub-regions and regions [5]. The 
researchers also used both single cell RNA sequencing 
(scRNA-seq) and spatial transcriptomics to investigate 
the mouse cerebral cortex [18], macaque cortex [19] and 
human brain [20]. These works defined the neuronal sub-
populations and their spatial positions, helping further 
understanding on the brain organization, including cell 
types, sub-regions, regions and marker genes. However, 
it is less studied on how these genes regulate the central 
nervous system.

Here, we utilized both spatial transcriptomics and 
immuno-staining to investigate the region-specific gene 
regulation of Satb2 in the mouse neocortical develop-
ment at embryonic stages. Our work describes the mor-
phological and cellular defects caused by Satb2 loss in 
ventricle zone (VZ) or subventricle zone (SVZ), interme-
diate zone (IZ) and cortical plate (CP). The spatial trasn-
criptomics and immunofluorescence also reveal the key 
genes and pathways which are responsible for the abnor-
mal development.

Methods
Preparation for mouse samples
The mice were maintained and fed in the animal facili-
ties of Laboratory Animal Center in Yunnan University 
with standard conditions. The Satb2+/− mice were pur-
chased from GemPharmatech Co.,Ltd in China (Strain 
no. T017092). The adult Satb2+/− were mated to generate 
Satb2+/+ and Satb2−/− embryos and pups at embryonic 
day 13.5, 15.5, 17.5 and postnatal day 0. The mice were 
sacrificed by inhalation of excessive carbon dioxide, and 
another euthanasia method (neck removal) was used to 
ensure the death.

Immunofluorescence
The dissected fresh brains were fixed in the 4% para-
formaldehyde overnight at 4  °C, and then dehydrated 
by sucrose gradient (10%, 20%, 30%) for 8–12 h at 4  °C. 
Then brain tissues were embedded in OCT and sec-
tions were collected at the thickness of 10 μm. The sec-
tions were fixed in methanol at -20℃ for 10  min and 
air dried at room temperature for 30  min, and sections 
were boiling in the 1X antigen repair solution (Service-
bio, G1202-250ML) for 10 min. After that, sections were 
incubated in H2O2 for 20 min for bleaching non-specific 
HRP reaction and were further incubated in 20% goat 
serum (absin, abs933) 1 h for the blocking. Then primary 
antibodies (Supplementary Table 1) were mixed with 
0.2% goat serum, and further incubation was carried out 
at 4  °C overnight. After washing, HRP-conjugated sec-
ondary antibodies (absin, abs20002) were mixed with 
0.2% goat serum at room temperature for 1 h. The TSA-
488 (TSA-555 or TSA-647) working solution was incu-
bated for 10  min, and then the DAPI staining substrate 
(Servicebio, G1012-100ML) was incubated for 10  min. 
Images were captured by Olympus VS200 panoramic 
scanning microscope at ×20 magnification. The DAPI 
staining and immunofluorescences of Pax6, Tbr2 and 
Tbr1 were used to help the identification of VZ/SVZ, IZ 
and CP when measuring the region sizes and counting 
the cell numbers.
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RNA extraction and RT-qPCR analysis
Rapidly dissected the fresh mouse neocortices at E17.5 
stage. The tissues were cleaved by Trizol and RNA was 
extracted by chloroform. Reverse transcription was per-
formed using PrimeScriptTMII 1st Stand cNDA Synthe-
sis Kit (TaKaRa,6210  A) or HiScript II Q RT SuperMix 
for qPCR Kit (Vazyme, R223-01), RT-qPCR system mix-
ing was performed using Applied Biosystems™ PowerUp™ 
SYBR™ Green Master Mix for RT-qPCR kit (Thermo-
fisher, A25742) or ChamQ Universal SYBR qPCR Master 
Mix (Vazyme, Q711-02), and quantification was per-
formed using QuantStudio™ 5 Real-Time PCR System. 
Rn18s was used as an internal reference to compare the 
expression difference of the same gene between different 
groups using the relative quantitative algorithm ΔΔCt 
(Supplementary Table 2).

Stereo-seq experiment
The fresh brains derived from Satb2+/+ and Satb2−/− 
mice at E17.5 were quickly dissected, embedded in OCT, 
frozen on dry ice, and then stored at -80 0C. The brains 
were cryosectioned at the thickness of 10 μm until the 
target regions were reached, and the Satb2+/+ coronal 
section and Satb2−/− coronal section were put in the 
same Stereo-seq chip. Then the RNA libraries were con-
structed by following the pipeline (version A1), in which 
the ssDNA staining (5 min) was imaged by using confocal 
(FITC, LSM800) (Supplementary Fig. 1) and the perme-
ation time was 9  min. The cDNA was purified by using 
0.8X beads. The beads were further washed twice and the 
obtained cDNA was used to perform PCR amplification. 
The PCR product was purified by 0.6X beads and the 
library was sequenced under MGI DNBSEQ T7 platform. 
The Satb2 immunofluorescence was performed to further 
validate the genotype of experimental samples by using 
the adjacent slices (Supplementary Fig. 2). One replicate 
was performed for the Satb2+/+ and Satb2−/− mouse 
respectively. To validate the reliability of our spatial tran-
scriptomics data and relevant conclusions, we utilized 
multiple replicates to perform immuno-staining or qPCR 
at population level.

Stereo-seq data processing
In the Fastq files, the read 1 contain CID (1–25  bp) 
and MID (26–35 bp), and the read 2 contain the cDNA 
sequences. We used the publicly available pipeline SAW 
(version 7.0) (https://github.com/STOmics/SAW) to 
align the raw data and generate expression matrix. Spe-
cifically, the CID sequences were mapped to the designed 
coordinates of the stereo-seq chip, with one base mis-
match to account for sequencing and PCR errors. If the 
MID contained either N bases or over two bases with 
quality score lower than 10, the read with this MID 
was discarded. The CIDs and MIDs were appended to 

corresponding read headers, and the retained reads were 
aligned to the reference mouse genome (mm10) using 
the software STAR (version 2.7.10) [21]. The mapped 
reads with MAPQ > 10 were kept and counted, and then 
used to annotate the genes. UMIs with the same CID and 
gene locus were collapsed by allowing one mismatch, and 
these obtained data were used to generate a CID-contain-
ing expression matrix. We then used Stereopy (version 
1.0.0) (https://github.com/STOmics/Stereopy) to process 
the expression matrix. The coordinates and overall MID 
counts were acquired using the st.io.read_gef function 
with the parameter bin_size = 50. Filter_cells function was 
used to exclude low-quality cells with parameters min_
gene = 20 and min_n_genes_by_counts = 3. The leiden 
algorithm implemented in st.tl.leiden function was used 
to cluster spots by using the 30 principal components 
derived from st.tl.neighbor function, and thirteen clus-
ters were selected by considering the brain maps from the 
Allen Mouse Coronal Brain Atlas (Supplementary Fig. 3). 
We next used FindALLMarkers function in Seurat (ver-
sion 4.3.0) [22] to detect the marker genes in each cluster 
with parameters: |Log2FC| > 0.25 and p < 0.05.

Trajectory analysis
We used the R package monocle 2 (version 2.26.0) [23] 
to construct the developmental trajectory by using the 
spots in SVZ/VZ, IZ and CP. Integrated gene expression 
matrices from SVZ/VZ, IZ and CP were first exported 
from Seurat into Monocle to construct a CellDataSet. 
The significant genes (top 2,500) sorted by the q-value in 
differentialGeneTest function were used for cell order-
ing by using the setOrderingFilter function, in which 
the ribosome genes were excluded from the calculation. 
Dimensionality reduction was performed by using the 
reduceDimension function implemented in the DDRTree 
reduction method, without data normalization. The 
selected genes were clustered into 3 groups (C1, C2 and 
C3) according to the expression patterns. Gene set scores 
of C1, C2 and C3 were calculated by using the AddMod-
uleScore function in Seurat.

GO enrichment pathway
The FindMarkers function in Seurat software was used 
to identify differentially expressed genes (DEGs) in the 
SVZ/VZ, IZ and CP between Satb2+/+ and Satb2−/− 
mice by using the Wilcoxon test with the threshold 
P-value < 0.05 and |Log2FC| > 0.1. The overlapped genes 
between C1 gene sets and VZ/SVZ DEGs were used for 
pathway analysis in the VZ/SVZ. Similarly, the over-
lapped genes between C2 and IZ DEGs, and between 
C3 and CP DEGs were used for corresponding pathway 
analyses (Table S3). The clusterProfiler package (version 
4.6.0) [24] was employed to identify enriched GO path-
ways associated with the selected genes, in which the 

https://github.com/STOmics/SAW
https://github.com/STOmics/Stereopy
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enrichGO function was utilized (ont = “ALL”, qvalueCut-
off = 0.05, pAjustMethod = “BH”). The full pathways were 
listed in Table S4.

Statistics
In the statistics of immuno-staining and qPCR, the t-test 
was used and the data were presented as mean ± SD. * 
P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns P > 0.1.

Results
Spatiotemporal dynamics of Satb2 and other markers
The neocortical layers can be marked by proteins after 
birth or latter stages in mouse [6]. For example, the Pax6, 
Tbr2 (also called Eomes), Tbr1, Bcl11b (also called Ctip2) 
and Satb2 are often used to mark VZ, SVZ, layer 6/1, 
layer 5 and layer 2/3/4 respectively. However, it is not 
well known how these markers cooperatively function 
in the space and time during embryonic development. 
We then collected mouse brains at embryonic day 13.5 
(E13.5), 15.5 (E15.5), 17.5 (E17.5) and postnatal day 0 (P0) 
to investigate the spatiotemporal relationship between 
Satb2 and other markers by using immunofluorescence. 

As shown in Fig.  1, Satb2 is laterally expressed in the 
neocortex near Amygdala at E13.5, and then its expres-
sion gradually spreads to many cortical regions during 
the development, such as the CP, retrosplenial cortex and 
IZ. This expression pattern is consistent with previous 
works [7, 9, 10, 13]. The co-staining results show that the 
expression relationship between Sabt2 and other markers 
exhibits complicated spatiotemporal dynamics during the 
neocortical development. At the early stage E13.5, Satb2 
expression is separated from Pax6. However, some Pax6 
positive cells migrate into the Satb2 positive regions, such 
as IZ, at E15.5 and E17.5, and then the migration of Pax6 
positive cells decreases at P0. The relationship between 
Satb2 and Tbr2 is similar to that between Satb2 and 
Pax6, but with some minor differences. A small amount 
of Tbr2 positive and Satb2 positive cells get intermin-
gled weakly even at E13.5. By contrast, both Tbr1 and 
Bcl11b are laterally co-expressed with Satb2 at E13.5. At 
later stages, Tbr1 and Bcl11b gradually show stronger 
expression in specified layers, with the trend to separate 
from Satb2 expression during the development. Taken 
together, these results show that Satb2 has complicated 

Fig. 1  The spatiotemporal relationship between Satb2 and other markers at different embryonic stages. The co-staining of Satb2 & Pax6, Satb2 & Tbr2, 
Satb2 & Tbr1 and Satb2 & Bcl11b are presented from the top to bottom panels, with four stages, E13.5, E15.5, E17.5 and P0. The white arrows indicate the 
double positive cells
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spatiotemporal expression pattern with other layer mark-
ers, implying that it may has roles in regulating different 
neocortical regions during embryonic development.

Satb2 deficiency leads to abnormal neocortex
We then generated the Satb2−/− (Satb2 knockout) mice to 
investigate the role of Satb2 in neocortical development. 
In following statements, we used VZ/SVZ to denote the 
VZ and/or SVZ since we did not strictly distinguish these 
two regions in this work. The DAPI staining shows that 
the Satb2−/− mice exhibit abnormally thinner neocor-
tex compared to the Satb2+/+ (wild-type) mice at E17.5 
(Fig.  2). Specifically, the thickness of IZ and CP signifi-
cantly decreases in Satb2−/− mice in the selected brain 
region (Fig.  2A and B, and Supplementary Fig.  4). We 
also counted the cell numbers in the VZ/SVZ, IZ and CP, 
and the cell number varies in different regions between 
Satb2+/+ and Satb2−/− mice (Fig. 2C). In the CP, the cell 
number significantly decreases in Satb2−/− mice, consis-
tent with the decreased thickness. By contrast, there are 
more cells in the VZ/SVZ in Satb2−/− mice than Satb2+/+ 
mice, though there is no significant change in thickness 
between these two kinds of mice. This result implies that 
there exists abnormally higher cell proliferation in the 
VZ/SVZ. We also observed weak decrease trend in total 
cell number in the Satb2−/− mice, but there is no signifi-
cant change between the Satb2+/+ and Satb2−/− mice. 
These results are largely consistent with previous works 
[9, 10] though the exact reduction degree of cortical 
thickness and cell number may be different due to experi-
mental variations. Taken together, the Satb2 loss leads to 
thinner IZ and CP, with cell increases in the VZ/SVZ and 
cell decreases in the CP.

Spatial transcriptomics capture the major neocortical 
regions
We then performed spatial transcriptomics experiment 
[25] for the Satb2+/+ and Satb2−/− mice at E17.5 stage. 
The spatial domains derived from the spatial transcrip-
tomics resemble the major brain regions in the Allen 
brain maps (Fig.  2D and E). Furthermore, we identified 
three sub-domains (cluster 4, 8 and 11) in the neocortex, 
with high similarity to the VZ/SVZ, IZ and CP derived 
from immuno-staining (Fig. 2F). We then used the mark-
ers to further annotate these three regions. The result 
shows that the cluster 11 is enriched with the expres-
sions of Sox2, Pax6 and Tbr2, cluster 8 is enriched with 
the expressions of Rnd2 and NeuroD1, and the cluster 4 
is enriched with the expressions of Tbr1, Bcl11b and Sox5 
(Fig.  2F and G). Taken the gene expression pattern and 
spatial position together, these three sub-domains in neo-
cortex capture the major regions of VZ/SVZ, IZ and CP 
respectively, though minor variations may exist.

Spatial transcriptomics reveal the region-specific 
regulation
We next computationally inferred the pseudo-trajectory 
by using the spatial transcriptomics data from the VZ/
SVZ, IZ and CP. As shown in Fig. 3A, the developmen-
tal trajectory mainly goes from VZ/SVZ to IZ, and then 
to CP in both the Satb2+/+ and Satb2−/− mice, consistent 
with the known developmental procedure [6]. With this 
pseudo-trajectory, we mapped gene expressions over the 
pseudotime and clustered these trajectory-relevant genes 
according to their expression patterns (Fig.  3B). Three 
gene sets, named as C1, C2 and C3, were identified, in 
which the C1, C2 and C3 genes are mainly expressed in 
the VZ/SVZ, IZ and CP respectively (Fig.  3C). Hence, 
we identified the differentially expressed genes (DEGs) 
in the VZ/SVZ, IZ and CP by using the C1, C2 and C3 
genes respectively, and we found that many genes are up-
regulated or down-regulated in the VZ/SVZ, IZ and CP 
respectively (Fig. 3D, Supplementary Table 3).

We next performed pathway analyses by using the VZ/
SVZ-specific, IZ-specific and CP-specific DEGs derived 
from C1, C2 and C3 gene sets respectively. The path-
ways derived from up-regulated and down-regulated 
DEGs were separately presented to show more details. 
However, since the genes can play positive or negative 
roles in regulating neurogenesis, both up-regulated and 
down-regulated gene expressions can contribute to the 
same pathway. As shown in Fig. 3E, the DEGs in the VZ/
SVZ are enriched with canonical glycolysis, mitotic cell 
cycle phase transition, neural precursor cell proliferation, 
stem cell differentiation, chromatin remodeling, and etc. 
(Fig. 3E). These pathways suggest that the neural precur-
sor cells in VZ/SVZ undergo abnormal cell division and 
proliferation. Specifically, the pluripotent factor Sox9, an 
important gene to induce and maintain neural stem cells 
[26], is up-regulated in the Satb2−/− mouse. It is reported 
that the lactate produced in glycolysis can regulate the 
progenitor cell division and proliferation in the develop-
ing mouse neocortex [27]. In our result, the canonical 
glycolysis is among the most enriched pathways, imply-
ing that the enhanced glycolysis caused by Satb2 loss may 
contribute to the observed cell proliferation in the VZ/
SVZ. Actually, we found up-regulation of many impor-
tant genes in this pathway. For example, the Ldha, Aldoa 
and other genes involved in lactate production are up-
regulated in the Satb2−/− VZ/SVZ (Fig. 3F).

In the IZ, we observed the enriched pathways on regu-
lation of neurogenesis, cerebral cortex radially oriented 
cell migration, regulation of neuron differentiation and 
etc. (Fig. 3E), indicating that the cells undergo abnormal 
development and migration in the IZ. Similar to the VZ/
SVZ, many important genes involved in these pathways 
are dysregulated in this region, such as Sox11 [28] and 
Rnd2 [29] (Fig.  3F). Specifically, one dysregulated gene 
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Fig. 2  The analyses of neocortical phenotype and spatial transcriptomics data. (A) The DAPI staining shows the abnormal neocortex in the Satb2-
deficiency mouse. The Satb2−/− mouse exhibits thinner neocortex than Satb2+/+ mouse. (B) The statistics on the thickness of VZ/SVZ, IZ and CP. Sample 
size: Satb2+/+, 14; Satb2−/−, 12. (C) The statistics on the cell number in VZ/SVZ, IZ and CP. Sample size: Satb2+/+, 5; Satb2−/−, 5. In (A), (B) and (C), the statistics 
were performed on the selected regions as shown in Supplementary Fig. 4. (D) Spatial domains derived from spatial transcriptomics data. (E) The UMAP 
visualization of spatial domain clustering. (F) The three spatial domains (clusters 4, 8 and 11) capture the major characteristics of VZ/SVZ, IZ and CP in both 
spatial positions and marker genes. The left subfigures denote the three spatial domains, and the right subfigures show the gene expression levels of layer 
markers. (G) The spatial gene expressions of marker genes
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Fig. 3  The region-specific gene expressions and pathways regulated by Satb2. (A) The pseudo-trajectory. (B) The gene expression pattern along with 
pseudotime. The x-axis and y-axis denote the pseudo-time and representative genes respectively. The peaks in the top three panels represent the signal 
strength in the VZ/SVZ, IZ and CP respectively. Three gene sets, C1, C2 and C3, were identified. (C) The statistics on the expression levels of C1, C2 and 
C3 genes in the VZ/SVZ, IZ and CP. (D) The differentially expressed genes from the C1, C2 and C3 genes respectively. (E) The pathway analyses for the 
up-regulated and down-regulated DEGs in the VZ/SVZ, IZ and CP. Down and Up represent the pathways derived from down-regulated and up-regulated 
DEGs in the Satb2−/− mouse, respectively. (F) The expression dynamics of representative genes. In each sub-panel, the x-axis and y-axis denote the pseu-
dotime and gene expression level respectively. MT: Satb2−/−; WT: Satb2+/+
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Rnd2, a member of the atypical Rho GTPase family, is 
involved in many pathways in this region (Fig. 3F). Our 
result also shows that the up-regulation of Rnd2 mainly 
occurs in the IZ and part of CP (Fig. 3F) though other cell 
sources may have some contributions. It is reported that 
the ectopic expression of Rnd2 disturbs the radial migra-
tion and then the cortical neuron development [29]. 
These results indicate that the Satb2 possibly regulates 
the neuron growth and migration via the Rnd2 in the IZ.

In the CP, the DEGs are highly enriched with the path-
ways involved in neuron morphology, migration and dif-
ferentiation, such as synapse organization, axonogenesis, 
neuron migration, cytoskeleton organization, neuron 
differentiation, and etc. (Fig.  3E). For example, the lin-
eage-specific gene Tbr1 is down-regulated, and Bcl11b 
is up-regulated, consistent with the previous work that 
there exists complicated genetic network between Satb2 
and these genes in developing neocortex [30, 31]. In addi-
tion, the neuronal microtubule associated genes involved 
in cytoskeleton organization, such as Tubb2b, Tubb3 and 
Tubb5, are largely down-regulated in the Satb2−/− mouse 
(Fig. 3F). Previous work showed that the CP can be fur-
ther separated into the upper, middle and lower sub-lay-
ers [9], and then we tried to further cluster the CP using 
spatial transcriptomics data. These three sub-layers can 
be largely obtained in the Satb2+/+ data, but the clustering 
is relatively messy in the Satb2−/− data (Supplementary 
Fig. 5), further indicating the ectopic gene expressions in 
the CP caused by Satb2 ablation. For example, the neuro-
peptides related gene Npy is highly expressed in the CP 
in the Satb2+/+ mouse, but its expression is significantly 
decreased in the Satb2−/− mouse (Fig.  3F, Supplemen-
tary Fig. 5). As for the pathway, we observed the enriched 
pathway of GTPase activity in the CP. Furthermore, the 
pathway of small GTPase mediated signal transduction is 
enriched in the IZ and CP (Fig. 3E). Considering the fact 
that the GTPase family, including the atypical Rnd mem-
ber Rnd2, plays important roles in regulating the neuro-
nal microtubule remodeling [32, 33], the aforementioned 
results imply that the dysregulated genes in GTPase fam-
ily might lead to defect in microtubule associated genes 
or neuronal cytoskeleton, thus resulting in the defect in 
neuron morphology, migration and differentiation.

Validation on the key genes and relevant pathways
Finally, we performed cross-validations on the key down-
stream genes and relevant pathways regulated by Satb2 
using immunofluorescence or qPCR in population level 
(Fig.  4). Since it is reported that Pax6 and Tbr2 are 
sequentially expressed by radial glia and intermediate 
progenitor cells in neurogenesis [34], we first investi-
gated these two factors. The Pax6+ cell number decreases 
to some extent (Fig.  4A), whereas the Tbr2+ cell num-
ber significantly increases in the VZ/SVZ and IZ in the 

Satb2−/− mice (Fig.  4B), suggesting that there exists 
abnormal differentiation from radial glia to intermediate 
progenitor cells. We further investigated the expression 
of Ki67, a proliferation marker involved in the regula-
tion of mitotic nuclear division, and observed that the 
number of Ki67+ cells significantly increases in the VZ/
SVZ and IZ (Fig.  4C), consistent with the cell number 
increase in the phenotype analysis (Fig.  2C). Consider-
ing the slight cell number decrease in the IZ derived from 
DAPI staining (Fig. 2C), this cell proliferation may imply 
that the cell types are decreased in the IZ. In the CP, the 
Tbr1+ cell number shows significant decrease (Fig. 4D), 
and the Bcl11b+ cell number shows significant increase 
in the Satb2−/− mice (Fig.  4E), consistent with the gene 
expression changes in spatial transcriptomics. Further-
more, the spatial relationship between Tbr1 and Bcl11b 
is also aberrantly changed in the Satb2−/− mice (Fig. 4F), 
suggesting the disrupted organization of these two lin-
eage-specific markers. These immuno-staining results are 
also consistent with previous works [9, 10].

Since we did not find the proper antibodies for many 
key proteins, we used qPCR to validate the gene expres-
sions in neocortex in population level. As shown in 
Fig.  4G, we validated the up-regulation of Ldha and 
Rnd2, and the down-regulation of Sox11 and Npy in 
the Satb2−/− mice. Altogether, the immuno-staining 
and qPCR validate the key genes and relevant pathways 
derived from spatial transcriptomics, further suggesting 
that the neural precursor cells in VZ/SVZ and IZ undergo 
abnormally higher proliferation and differentiation, while 
the neuronal migration and specification are abnormal in 
the CP, partially due to the ectopic expressions of progen-
itor related factors and the members of GTPase family.

Discussion
Due to the importance of Satb2 in neocortical develop-
ment, it is necessary to investigate its expression dynam-
ics and regulatory pathways. Previous works have found 
the abnormal neocortical development in the Satb2-
deficient mice, and they mainly focused on the role of 
Satb2 in regulating neuron specification and projection 
neuron development in the CP [9–12]. In this work, we 
utilized the spatial trancriptomics and immuno-staining 
to comprehensively investigate the region-specific genes 
and pathways regulated by Satb2, including the VZ/SVZ, 
IZ and CP. Our work finds that the Satb2 loss leads to 
the thinner neocortex, consistent with previous works 
[9, 10]. By utilizing the spatial transcriptomics data, our 
work reveals that the lineage-specific genes, Tbr1 and 
Bcl11b, are abnormally expressed in the CP in the Satb2-
deficient mice. These regulatory relationships are consis-
tent with previous works [30, 31], and confirm the roles 
of Satb2 in regulating upper-layer neuron specification 
and migration [9, 10]. However, our work further reveals 
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Fig. 4  Validation on the key factors. (A) Pax6. Sample size: Satb2+/+, 7; Satb2−/−, 4. (B) Tbr2. Sample size: Satb2+/+, 11; Satb2−/−, 10. (C) Ki67. Sample size: 
Satb2+/+, 10; Satb2−/−, 9. (D) Tbr1. Sample size: Satb2+/+, 12; Satb2−/−, 6. (E) Bcl11b. Sample size: Satb2+/+, 11; Satb2−/−, 8. (F) Co-staining of Tbr1 and Bcl11b. 
(G) The qPCR validations on genes Lhda, Rnd2, Sox11 and Npy. The qPCR experiments were performed by using the whole neocortex. Sample size: 
Satb2+/+, 4; Satb2−/−, 4. In (A) to (E), the left one is the immuno-staining example, and the right one is the statistics in population level. The same or similar 
regions to Fig. 2 are selected in presentation and statistics
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the potentially new genes regulated by Satb2, such as Npy 
[35], implying the ectopic neuropeptides in the neocortex 
in Satb2−/− mice.

Except the CP, we also utilized the spatial transcrip-
tomics data and immuno-staining to explore the genes 
and pathways regulated by Satb2 in the VZ/SVZ and 
IZ, which were seldom studied in previous works. Our 
work reveals that there exist abnormal neural precursor 
cell proliferation and differentiation in the VZ/SVZ, and 
abnormal neuron growth and migration in the IZ. The 
spatial transcriptomics data also reveal the potentially 
key genes or gene families responsible for the observed 
defects in the VZ/SVZ and IZ in neocortical develop-
ment. In the VZ/SVZ, the neural progenitor factors Pax6 
and Tbr2 are dysregulated in the Satb2−/− mice. The 
genes involved in lactate production, such as Ldha, are 
up-regulated due to Satb2 ablation. In the IZ, the Satb2 
loss leads to ectopic expressions for key genes in regulat-
ing neuronal differentiation and migration, such as Sox11 
and Rnd2. Though previous works reported that these 
genes can regulate the neural precursor cell proliferation, 
differentiation and migration in the VZ/SVZ or IZ [26–
29, 36, 37], it is not yet clear that these genes can be regu-
lated by Satb2 in the neocortex. These findings are also 
interesting and intriguing since Satb2 is not co-expressed 
with neural precursor cell markers Pax6 and Tbr2 in the 
VZ/SVZ and IZ. However, the intermingled expressions 
between Satb2 and Pax6/Tbr2 are observed in the IZ 
during the early embryonic stages, implying that Satb2 
could impact the neural progenitor cells in some indirect 
ways. It should be noted that we used the whole neocor-
tical tissue for qPCR validation due to the difficulty in 
accurately dissecting the neocortical regions, and further 
works are needed to investigate the detailed mechanisms 
on how Satb2 regulates neural progenitor cells.

Conclusions
In summary, we explored the spatiotemporal expression 
dynamics between Satb2 and other layer markers during 
the embryonic development, revealing the complicated 
combinatorial expression patterns during embryonic 
development in this work. Our work also provides com-
prehensive exploration of the region-specific genes and 
pathways regulated by Satb2 in neocortical development, 
which helps the understanding on this important neuro-
developmental disorder associated gene. However, due 
to the experimental variations in spatial transcriptomics 
and limited validations in this work, more thorough vali-
dations and works are still needed when further investi-
gating the exact regulatory pathways in the future.
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