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Abstract
ARID1A, an SWI/SNF chromatin-remodeling gene, is commonly mutated in cancer and hypothesized to be
a tumor suppressor. Recently, loss-of-function of ARID1A gene has been shown to cause intellectual
disability. Here we generate Arid1a conditional knockout mice and investigate Arid1a function in the
hippocampus. Disruption of Arid1a in mouse forebrain signi�cantly decreases neural stem/progenitor
cells (NSPCs) proliferation and differentiation to neurons within the dentate gyrus (DG), increases
perinatal and postnatal apoptosis, leading to reduced hippocampus size. Moreover, we perform single-cell
RNA sequencing (scRNA-seq) to investigate cellular heterogeneity and reveal that Arid1a is necessary for
the maintenance of the DG progenitor pool and survival of post-mitotic neurons. Transcriptome and ChIP-
seq analysis data demonstrate that ARID1A speci�cally regulates Prox1 by altering the levels of histone
modi�cations. Overexpression of downstream target Prox1 can rescue proliferation and differentiation
defects of NSPCs caused by Arid1a deletion. Overall, our results demonstrate a critical role for Arid1a in
the development of the hippocampus and may also provide insight into the genetic basis of intellectual
disabilities such as Co�n–Siris syndrome, which is caused by germ-line mutations or microduplication
of Arid1a.

Introduction
The SWItch/Sucrose Non-Fermentable (SWI/SNF)-like chromatin remodeling complex (BAF complex) is
critical for modulation of gene expression, involving many cellular processes such as proliferation and
differentiation1, 2, lineage speci�cation, maintenance of stem cell pluripotency and DNA repair 3, 4, 5, 6.
ARID1A (AT-rich interactive domain-containing protein 1A), also known as BAF250A, is one of the main
BAF complex subunits. Loss-of-function of Arid1a disrupts SWI/SNF targeting and nucleosome
remodeling and consequently aberrant gene expression 7, 8. As a tumor suppressor, Arid1a is associated
with the development, survival, and progression of cancer cells, and its dysfunction is a key contribution
to ovarian, endometrial, gastric, and breast cancers 9, 10 11, 12, 13, 14, 15.

Recent genetic studies have reported that both germ-line mutations and microduplication of ARID1A
cause Co�n–Siris syndrome (CSS), which is a typical intellectual disability disorder with multiple organ
abnormalities 2, 16. Ablation of Arid1a in early mouse embryos results in developmental arrest and
absence of the mesodermal layer17. Arid1a de�ciency compromises embryonic stem (ES) cell
pluripotency, severely inhibits self-renewal, and promotes differentiation into primitive endoderm-like cells,
indicating a critical role of Arid1a in mammalian embryonic development 17. Although Arid1a shows
constitutive expression in ES cells, neuronal progenitors and post-mitotic neurons, it may have different
functions due to the structural divergence of developmental stage-speci�c BAF assemblies18. Therefore,
a deeper inquiry into the role and mechanism of Arid1a in neural development and intellectual disability
(ID) is necessary.
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NSPCs generate new neurons throughout life primarily in two regions: the subgranular zone of the
hippocampal dentate gyrus (DG) and the subventricular zone (SVZ) of the lateral ventricles19, 20.
Proliferation and neuronal differentiation of NSPCs are controlled by extrinsic and intrinsic signals,
including microenvironment, secreted molecules, transcription factors and chromatin regulators. Among
these, chromatin regulators, have been shown to be required for the regulation of NSPCs proliferation and
differentiation21, 22. PRC2 component EZH2 has been known as a chromatin regulator through targeting
miR-203 to promote the proliferation of NSPCs22. UTX demethylates H3K27me3 at the Pten promoter and
contributes to the NSPCs proliferation and differentiation during embryonic corticogenesis 23. Our
previous study demonstrates that Arid1a regulates the proliferation and differentiation of NSPCs during
embryonic cortical development24. Overall, these studies clearly suggest that chromatin factors play key
roles in NSPCs proliferation and differentiation, whereas the function of many chromatic factors that are
highly expressed in postnatal NSPCs is still unclear. Previous published data show that chromatin
remodeling mediated by ARID1A is indispensable for normal hematopoiesis in mice25. However, we still
have no ideas about the roles of chromatin remodeling underlying ARID1A in NSPCs and
neurodevelopment.

Here, we developed a forebrain conditional Arid1a knockout mouse model that exhibits growth
retardation phenotypes and neuropsychiatric abnormalities reminiscent of ID as seen in CSS patients. We
found that the disruption of Arid1a results in postnatal lethality, impaired cell proliferation and
differentiation of hippocampus, and smaller DG size. Mechanistically, we demonstrated that Arid1a is
required for the maintenance of open chromatin and regulates the development of DG by controlling the
expression of Prox1. These results highlight the critical role of Arid1a in a series of essential events that
cumulatively orchestrate the developmental formation of the DG, and thus provide molecular evidence
supporting that dysregulation of ARID1A contributes to the etiology of CSS.

Results
Arid1a cKO mice exhibit disorganized dentate gyrus

To explore the role of Arid1a in the central nervous system, we �rst examined its expression patterns in
neural stem/progenitor cells (NSPCs), neurons and astrocytes. We performed ARID1A immunostaining of
neural lineage cells by using nestin-GFP and Thy1-GFP transgenic mice in which NSPCs or neurons were
labeled with the green �uorescent protein (GFP). The results showed that ARID1A localized mainly in the
Nestin-positive NSPCs and Thy1-positive neurons (Supplemental Fig. S1A). We then co-stained ARID1A
with astrocyte speci�c maker GFAP and found that ARID1A was also expressed in the astrocytes
(Supplemental Fig. S1A). Next, we examined the expression of Arid1a at different embryonic and
postnatal stages and found that Arid1a was highly expressed at the prenatal stage, whereas both mRNA
and protein levels of Arid1a were gradually decreased after birth (from P0 to P21) (Supplemental Fig.
S1B-D). Therefore, these results suggest that Arid1a involve in NSPCs and neural development.
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To determine the function of Arid1a in the developing brain, we generated Arid1a�ox/�ox; Emx1-cre mice
(hereafter referred to as Arid1a cKO) by crossing Arid1a�ox/�ox mice with Emx1-Cre transgenic mice to
delete Arid1a speci�cally within the cortex and hippocampus (Supplemental Fig. 1E).
Immuno�uorescence staining (Fig. 1A) and western blotting (Fig. 1B, C) analyses from forebrain tissues
at embryonic day 16.5 con�rmed that Arid1a was successfully deleted. To study the integrity of SWI/SNF
after Arid1a deletion, we tested the expression of BRG1, the central ATPase subunit of SWI/SNF. The
western blotting results showed that BRG1 signi�cantly down-regulated after Arid1a speci�c deletion in
the forebrain (Fig. 1B, C). Arid1a cKO mice were born at the expected Mendelian ratios and were
indistinguishable from their WT littermates at postnatal day 0 (P0). However, most Arid1a cKO mice (> 
80%) died at 4–5 weeks after birth (Supplemental Fig. S1F). Histologic analysis of cKO mice revealed
striking abnormalities in the hippocampal formation at P21 (Fig. 1D), which lacked the dentate granule
cell layer and displayed disorganized dentate hilus and pyramidal layers (Fig. 1D). We then examined the
granule cell layer (GCL) in Arid1a cKO mice at prenatal (E16.5 and E18.5) and postnatal stages (P0, P7,
P14 and P21). In Nissl-stained sections, the developing pyramidal cell layer in Ammon’s horn of the
hippocampus was similar in morphology (such as breadth) between Arid1a cKO mice and their WT
littermates (Fig. 1E). By contrast, the DG region in cKO mice was hardly discriminated from E16.5 to
E18.5, and displayed a signi�cantly smaller GCL volume at P0 compared with WT mice (Fig. 1E).
Moreover, the difference GCL volume between cKO and WT mice further magni�ed as they grew older
(Fig. 1E, F).

Development of DG involves various cell types including NSPCs and granule cells, therefore the cell
compartments in the DG of Arid1a cKO mice are highly likely altered as their remarkably reduced size.
The number of BLBP+ NSPCs in Arid1a cKO mice was signi�cantly decreased at P0 compared with the
WT controls (Supplemental Fig. 2A, B). In addition, the numbers of calretinin + mossy cells and calbindin 
+ granule cells were all signi�cantly reduced in the DG area of cKO mice at P21 (Supplemental Fig. 2C-F).
These data suggest that Arid1a is essential for DG development.

Loss of Arid1a damages neuronal cell composition in hippocampus

Distinct lamination appeared in the dentate gyrus at P726. Dendritic spines begin to increase in density
during the �rst week after birth and with a peak in the third week27. We thus performed scRNA-seq (10x
Genomics platform) to examine the abnormality in the Arid1a cKO hippocampus at P7 from three mice.
After quality control and �ltering, 14,894 cells from cKO samples and 15,520 cells from WT samples were
used for further analysis. To identify the major cell types in the hippocampus, we used unsupervised
clustering and identi�ed 11 major distinct clusters according to the expression of canonical gene markers
(Fig. 2A). These cells included progenitor cells (Mki67, Ascl1), astrocytes (Gfap, Aqp4), neurons (Neurod2,
Rbfox3), microglia (Cx3cr1, P2ry12), oligodendrocyte precursor cells (OPCs) (Olig2, Pdgfra), Cajal-Retzius
cells (Ndnf, Clstn2), ependymal cells (Ccdc153, Dnah11), endothelial cells (Cd93, Arhgap29), blood (Hba-
a1, Hbb-bs), mural cells (Col3a1, Arhgap29) (Fig. 2C and Supplemental Fig. 3A). Cells clustered largely by
connections between different cell types (Supplemental Fig. 3B).
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To reveal the differences in cell compositions between WT and cKO, we analyzed the relative percentage
of the 11 major cell types based on scRNA-seq data. The relative percentage of progenitors decreased
10% in cKO mice. Of note, the percentage of neurons decreased 20% in cKO mice, compared with WT
mice. The massive decrease of neurons was in accordance with the smaller volume of hippocampus in
cKO mice (Fig. 2B, D). Next, to investigate the transcriptomic changes of different cell types in cKO mice,
we performed differentially expressed genes (DEGs) analysis (Supplemental Fig. 3C). We found
progenitor cells exhibited differential expression of Ccnd1, Ccnd2, Nrn1, and Npy, which were involved in
mitotic cell cycle, cell cycle phase transition and cell differentiation (Fig. 2E, F). These data indicate that
Arid1a is required for NSPCs proliferation.

Arid1a regulates neuronal dynamic changes in DG

To characterize gene expression changes in neurons between WT and cKO mice, we �rst identi�ed 2
groups according to known cell type and developmental markers (Fig. 3A). Elavl2, Dkk3, Homer3, and
Pcp4 which have been identi�ed as markers of cornu ammonis (CA), while Prox1 was expressed in DG
(Supplemental Fig. 4A). To further con�rm the lineage relationships and neurons in the DG region are
most affected, we used Monocle analysis. Monocle2 identi�ed a bifurcating trajectory with three
branches. Progenitor cells (PCs) were the beginning and end of the trajectory at two branches, and
neurons in CA or DG were distributed at the other end of the trajectory branch, indicating their neuronal
identity (Fig. 3B). Using pseudo-time analysis, we found Elavl2, Pcp4, Prox1 expression were gradually
upregulated and Sox2 expression was downregulated along pseudo-temporally ordered paths from
progenitor cells to neurons (CA/DG) (Fig. 3C). To further uncover the different regulating modules of gene
expression during the development of neurons, we clustered genes using Monocle 2. Three different gene
expression modules along with pre-branch(root), cell fate1(state 1–2), cell fate 2(state 3) of neuron
development were identi�ed by branched expression analysis modeling (BEAM) for signi�cantly
regulated genes. In addition, we de�ned three distinct development stages based on the three different
gene expression modules, including the naïve stage (module 1), intermediate stage (module 2), and
mature stage (module 3) (Supplemental Fig. 4B).

To help in determining the biological processes of neurons development, Gene Ontology (GO) term
enrichment (top three GO terms) was performed for three different gene expression
modules(Supplemental Fig. 4B). Module 1 was mainly comprised of gene sets that were involved in the
biological process of the mitotic cell cycle(Mki67, Cdk1, Ccnd2, Hmgb1), DNA packaging (Top2a, Cdk1,
Hmgb1), which played a vital part in cell proliferation. The genes enriched in Module 2 were involved in
the positive regulation of neuron differentiation (Id4, Hes5, Mmd2), axon ensheathment in central nervous
systems (Apoe, Id4, Hes5). In module 3, the enriched genes were upregulated in cell fate 2(state 3), which
was involved in synapse maturation (Grbra2, Grin2b, Nrn1, Reln, Neurod2), granule layer formation
(Nrxn1, Prox1, Dcx, N�x,), dentate gyrus development (Prox1, Reln, Neurod6), cognition (Nrxn1, Meis2,
Reln, Neurod2, Grin2b). In summary, the common and distinct gene regulation patterns were constructed
in neuron development, which contributed to an in-depth understanding of dentate gyrus development
processes and underlying regulatory basis.
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Genes transiently regulated at the bifurcation point where neuronal lineage separated from PC lineage
could have a critical function in promoting the commitment of progenitor cells. Using Monocle2, we
found that the expression of Prox1 was signi�cantly decreased in the neuron of DG in Arid1a cKO mice
compared with WT mice, while the markers of CA such as Elavl2, Pcp4 were decreased slightly in Arid1a
cKO mice compared with WT mice (Fig. 3D). In addition, we found that neurons of DG displayed
differential expression of Prox1, Calb2, Rbfox3, Casp3 and Bax, which were associated with granule cells
development, neuron differentiation and cell apoptosis (Fig. 3E and Supplemental Fig. 4C). Together, our
data therefore indicate a sequential activation of Elavl2, Pcp4, Prox1 during PC commitment and
con�rmed a strong change in cell differentiation and cell apoptosis in Arid1a cKO mice DG.

Arid1a is required for the proliferation and differentiation of NSPCs

To further con�rm the phenotypes of Arid1a de�ciency on DG development, we compared the number of
dividing cells (Ki67+ cells) in the DG region in Arid1a cKO and WT littermates. The results showed that
Ki67+ cells decreased dramatically in Arid1a cKO mice at all developmental stages (Fig. 4A, B). To
examine whether Arid1a de�ciency alters the proliferation and division of neural stem and progenitor
cells (NSPCs) in DG, the mice received a single intra-peritoneal (i.p.) injection of bromodeoxyuridine
(BrdU), and brains were collected 2 hours later. The quanti�cation results demonstrated that the number
of BrdU+ cells was signi�cantly reduced in SGZ of Arid1a cKO mice from E16.5 to P21 (Fig. 4C, D). These
results indicate a pivotal role of ARID1A in the proliferation of NSPCs.

To evaluate whether Arid1a cKO also affects neural differentiation in DG, we �rst analyzed the expression
of DCX in the DG of Arid1a WT and cKO mice. In support of this, we also found that Arid1a cKO mice had
fewer DCX+ cells (types 2b and 3 NPCs and immature neurons) in the SGZ (Fig. 3E, F). These results
clearly suggest that Arid1a is required for neural differentiation and cell fate determination in vivo.
Furthermore, we found that the Arid1a cKO mice brains displayed drastically increased apoptosis in the
DG compared with their littermate controls (Fig. 4G, H). Taken together, these data showed that the
deletion of Arid1a impaired the proliferation and differentiation of NSPCs in the dentate gyrus and
induced cell apoptosis.

To further assess the function of Arid1a in neurogenesis, we isolated hippocampal NSPCs from postnatal
Arid1a cKO mice and their WT littermates. To assess the proliferation of NSPCs, we pulse-labeled the
cells with BrdU for 2 hours (Fig. 5A). Quanti�cation of BrdU+ Nestin+ labeled cells demonstrated that less
cKO NSPCs had incorporated BrdU than that of WT NSPCs (Fig. 5A, B). Moreover, in an in vitro assay, we
isolated hippocampal NSPCs from Arid1a cKO or WT pups at postnatal, and cultured them in the neural
differentiation medium. We observed a decreased number of Tuj1+ cells that was differentiated from
Arid1a cKO NSPCs (Fig. 5C, D). These results indicated that Arid1a played essential role in NSPCs
proliferation and cell differentiation in hippocampus in vitro.

Loss of Arid1a results in pro�ling changes in histone modi�cations and abnormal gene transcriptions
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To investigate the consequences of altered SWI/SNF targeting induced by Arid1a deletion, we
characterized histone modi�cations associated with cis-regulatory elements (H3K4me3, H3K27me3, and
H3K27ac) at SWI/SNF binding sites in the hippocampus of wild-type and Arid1a cKO mice at E16.5. As
expected, most of these three histone markers are enriched around the TSS of protein coding genes
(Fig. 6A). While, among these three histone markers, H3K4me3 and H3K27ac downregulate the
enrichments in TSS, H3K27me3 upregulates the enrichment (Fig. 6A). H3K4me3 and H3K27ac
modi�cations enrichment at the TSS regions is important for gene activation. The Venn diagram (Fig. 6B)
and Gene Ontology (GO) enrichment (Supplemental Fig. 5A) analysis of 47 downregulated genes with
H3K4me3 and H3K27ac modi�cation showed enrichment in the pathways involved in dentate gyrus
development, neuron differentiation and synapse maturation.

To identify the underlying molecular mechanism, we examined the effect of Arid1a deletion on Brg1
expression. We found that Brg1 protein levels decreased in the cKO group (Fig. 1B, C). Because
components of the BAF complex contribute to the speci�city of the BAF complex, these results indicate
that Brg1 recruitment may be affected by Arid1a deletion. Based on previously published data, we found
that Brg1 also accumulates at the TSS region (Fig. 6A). These data suggest that Arid1a may be required
for proper recruitment of Brg1 to maintain proper nucleosome con�guration for gene expression in the
hippocampus.

To further elucidate gene regulatory mechanisms underlying the regulation of Arid1a on the hippocampus
development, we integrate H3K4me3 ChIP-seq, H3K27ac ChIP-seq, and scRNA-seq DEGs in progenitor
cells and neurons to enrich the target genes under the epigenetic modulations (Fig. 6B). Go analysis
(Biological of Process) show that these 46 overlapping DEGs are involved in the regulation of organ
growth, dentate gyrus development, granule cells differentiation (Fig. 6C). Especially Prox128, Tmem10829

have been reported to be involved in the regulation of DG development. During all the examined targets
(Fig. 6D), we mainly focus on the homeobox gene Prox1, which is highly expressed in several brain
regions (i.e., cortex, DG, thalamus, hypothalamus, cerebellum) during prenatal and postnatal stages of
development 30, 31. Published data have shown that Prox1 is expressed through all the stages of DG
formation and is required for the maturation of granule cells during DG development30. Next, we assayed
the binding of three histone markers on Prox1. The results showed decreases in H3K4me3 and H3K27ac
and an increase in the H3K27me3 marker at the promoter region of Prox1(Fig. 6E). We also found BRG1
has binding on the Prox1 promoter (Fig. 6E). Consistent with this, the expression level of Prox1 was
downregulated in cKO mice. Therefore, these results indicate Arid1a mediates BAF functions to establish
the poised chromatin con�guration, which is essentially the proper DG development.

Overexpression of Prox1 rescues the proliferation and differentiation defects of NSPCs in Arid1a cKO
hippocampus

To examine a functional relationship between Arid1a and Prox1 in mediating neural development, we
then examined the expression of Prox1. Immunostaining results showed that the expression of Prox1 is
indeed reduced in the DG of Arid1a cKO mice at prenatal and postnatal stages (Fig. 7A, B). To determine
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whether Arid1a regulates Prox1 expression directly, we chose 3000 base pairs(bp) promoter according to
reference and cloned every 1000bp of the Prox1 promoter. The dual-luciferase reporter assay suggested
that ARID1A was bound to Prox1 promoter-1(Supplemental Fig. 6A, B).

Given the substantial decrease of Prox1 in the hippocampal upon the loss of Arid1a, we thus reasoned
whether Prox1 gain-of-function could ameliorate the defects of Arid1a cKO hippocampal development. To
test this, we �rst constructed Prox1 overexpression virus and infected cultured Arid1a cKO hippocampal
NSPCs and assessed the impact of Prox1 overexpression on the abnormal proliferation and
differentiation phenotypes associated with the loss of Arid1a. Western blotting showed increased PROX1
protein levels in the Prox1 overexpression group (Supplemental Fig. 6C). Prox1 overexpression could
reverse the reduced NSPCs proliferation and differentiation induced by Arid1a deletion measured by the
number of BrdU+GFP+ cells (Fig. 7C, D) and the number of Tuj1+GFP+ cells (Fig. 7E, F). These results
suggest that Prox1 is a functional downstream target of Arid1a in modulating NSPCs proliferation and
differentiation.

Discussion
The dentate gyrus (DG) plays a major role in the formation of hippocampal memory. DG lesions impair
most of hippocampus-dependent mnemonic functions32. In this study, we provide direct evidences
showing that ARID1A is required for proper development of the DG at prenatal and postnatal stages. Loss
of Arid1a results in the decreased numbers of neural progenitors and granule neurons, due to the failure
of NSPCs proliferation and neural differentiation, and massive apoptosis in the DG. Meanwhile, we using
high-throughput scRNA-seq and ChIP-seq identify Arid1a deletion disrupts histone marks and deregulates
of a set of genes including Prox1 involved in the development of DG. Thus, we propose that Arid1a
promotes the establishment and proliferation of NSPCs in the DG as well as their derivative neural
progenitor’s differentiation into immature neurons by mediating histone modi�cations at the promoter of
Prox1.

One of our most striking �ndings is that Arid1a cKO mice showed a severe morphological disorganization
in the DG from E16 to P21. Microcephaly has been reported as a sign of CSS 16, 33. It is understood that
the brain’s size at birth is dependent on the ability of neural progenitor cells to proliferate and self-renew
34, 35. Therefore, a slight perturbation in the number of cell divisions of progenitor and stem cells can have
dramatic effects on brain size and may lead to microcephaly. For example, mice heterozygous for either
Brg1 or BAF155/Srg3, two subunits of the BAF complex, are predisposed to anencephaly, possibly by
generation of too few neurons 5, 36. Brg1 and Prox1 have been proved to be essential for neuronal
differentiation 37, 38. In this study, both Brg1 and Prox1 were downregulated in Arid1a mutant mice, and
loss of Arid1a results in a marked reduction in number of dividing progenitors in all matrices of the DG
with a major increase in cell death, suggesting the Arid1a function is required for the generation and
expansion of DG progenitors possibly through targeting Brg1 and Prox1.
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The hippocampus develops and shows extensive maturation postnatally. The volume of the
hippocampus increases slowly before P7, developed rapidly from P7, reached its peak at P14 and �nally
the rate of development became stabilize39. The DG is a region of hippocampus formation in that most
of its granule neurons are born on postnal day 6–7, and neurogenesis persists throughout life40. Our
study revealed that loss of Arid1a at P7 using single-cell transcriptome globally reduced cell
compositions in hippocampi. Progenitor cells and neurons were key cell types affected following Arid1a
ablation. Upon formation of the radial glial scaffolding, the earliest born granule neurons begin their
radial migration to form the primordial granule cell layer during early development of the hippocampus41.
In contrast, Arid1a deletion decreased NSPCs pool, impaired the proliferation and differentiation and
increased cell apoptosis of NSPC, which leads to no enough cells for migration to the dentate gyrus, so
that they form a loosely packed group of cells instead of a compact upper blade. The Arid1a mutant mice
are remarkably similar to those lacking CXCR4 42 and SDF1 43 in terms of dentate gyrus hypoplasia.

Furthermore, we demonstrate that Prox1 is dramatically downregulated after Arid1a deletion in DG
neurons at single-cell level using cell fate trajectory analysis. Prox1 is expressed in neuroepithelial cells
adjacent to the cortical hem and in DG granule cells throughout embryonic development and into
adulthood. The results have shown that Prox1 is necessary for the maturation of granule cells in the
dentate gyrus during development and for the maintenance of intermediate progenitors during adult
neurogenesis and are required for adult neural stem cell self-maintenance in the subgranular zone 30. All
these imply that Arid1a regulate the process of DG formation through modulating a bunch of important
genes and pathways.

Epigenetic factors have emerged as important regulators for the development of neuronal morphology
through modulation of chromatin structure and gene expression44. we observed an increased H3K27me3
and decreased H3K4me3, H3k27ac enrichment at genomic sites. Arid1a has been proposed to maintain
chromatin accessibility and active histone H3K4me/H3K27ac marks at enhancer regions45. However,
recent studies have found that ARID1A only play a marginal role in accessibility and proposed that
ARID1A controls the pausing of RNA polymerase near transcriptional start sites to enable robust
transcription during cell homeostasis46. Based on these molecular �ndings, we propose that the Arid1a-
containing SWI/SNF complex may exert a previously undiscovered function in gene repression via
differentially regulating H3K27ac, H3K4me3 and H3K27me3 modi�cations in forebrain.

Moreover, it is speculated that alterations of H3K4me3 and H3K27me3 levels may indicate a speci�c
repressive role of Arid1a in the developing forebrain. In support of this notion, altered SWI/SNF targeting
in Arid1a−/− cells correlated well with the transcriptional activity of the nearest genes, as demonstrated by
scRNA-seq. Taken together, our molecular and functional analyses suggest that Arid1a epigenetically
controls a subset of genes that are essential for cell differentiation and central nervous system
development. These mechanistic �ndings provide strong biological basis for the phenotypes observed in
Arid1a conditional knockout mice. Studies are underway to investigate the possibility of rescuing the
abnormal phenotypes observed in Arid1a cKO mice with novel molecular candidates.
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In Arid1a cKO mice, Prox1 overexpression can fully rescue the cell proliferation and differentiation
defects. Based on the references and our results, we speculate that Prox1 ectopic expression in DG may
promote neuronal differentiation, produce more mature neurons and then restore the neurogenesis
defects in Arid1a ablation mice. Of course, more investigations are needed to understand the potential
mechanisms and �nd more potential ways for ameliorating CSS patients. Given that disturbed DG cell
compartments and malformation of the hippocampus in Arid1a mutant mice recapitulate some
symptoms of CSS patients, we therefore believe that Arid1a mutant mice represent a valuable model to
study the underlying mechanisms of the etiology of CSS and to develop novel clinical implications for
intellectual disability disorders.

In conclusion, comprehensively combining molecular, circuit, and transcriptome analyses, this study
�rstly uncovers the essential roles of ARID1A in governing neural progenitor cells to make the epigenetic
transition to the neuronal lineage by mediating histone marks at speci�c loci in dentate gyrus. ARID1A is
a chromatin remodeling factor, evidence shows ARID1A globally enhances chromatin remodeling on
many transcription factors or other important genes in a cell type speci�c patterns depending on cell
context47, 48, 49, 50, therefore, we will focus on investigating the exact roles in more speci�c neural lineage
cells, such as NSPCs and �nd more drug targets in treating CSS in the future.

Methods

Mice
The Arid1a�ox/�ox was kindly provided by Dr. Zhong Wang at Harvard Medical School. Arid1a�ox/�ox mice
and Emx1-Cre mice (JAX005628) were crossed to generate conditional forebrain-speci�c Arid1a knockout
mice. All the mice experiments were approved by the Animal Committee of the Institute of Zoology,
Chinese Academy of Sciences. All mice were tail genotyped using tail lysis. PCR primers used were:
Arid1a loxP sequence forward, 5′-TGGGCAGGAAAGAGTAATGG-3′, Arid1a loxP sequence reverse, 5′-
AACACCACTTTCCCATAGGC-3′; Emx1-Cre oIMR1084, 5′-GCGGTCTGGCAGTAAAAACTATC-3′; Emx1-Cre
oIMR1085, 5′- GTGAAACAGCATTGCTGTCACTT-3′, Emx1-Cre oIMR4170, 5′-AAGGTGTGGTTCCAGAATCG-
3′, Emx1-Cre oIMR4171, 5′-CTCTCCACCAGA AGGCTGAG-3′.

Quanti�cation analysis of hippocampus.

To measure the hippocampus size, brain sections were DAPI-stained and imaged with a �uorescent
microscope. The hippocampal length and area, including the dentate gyrus and CA region, were
measured along their internal sides.

Primary Cell Culture
Primary hippocampal neural stem/progenitor cells (NSPCs) were dissected from postnatal < = P7 Arid1a
cKO and WT mice and cultured as previously described51, 52. Brie�y, hippocampus tissues were digested
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by trypsin-EDTA for 10 min at 37℃. Samples were washed and pipetted (20 rounds per time) three times
with Neurobasal medium. Isolated cell suspension was separated into plates coated with poly-D-lysine
(100µg/mL) for neuron culture or with EGF and FGF (both in 0.02%) for NSCs culture. NSCs were cultured
in IPM medium, Neurobasal medium (Invitrogen) supplemented with 2% B27(Invitrogen), 2mM GlutaMAX
(Invitrogen), and penicillin/streptomycin solution and then passaged in N2 medium, DMEM/F12 medium
with listed nutrition factors. For NSCs proliferation, primary cells were incubated with 20µM BrdU for 6-8h
on day 3 after culture. Cells were performed immunostaining as followed protocol. The number of BrdU-
positive cells was counted as proliferative NSCs. For the cell differentiation, the differentiation medium
was used to replace the proliferation medium 24 h after cells were plated and were changed every 2 d for
a total of 10 d53. All the coverslips should be coated with 10µg/ml poly-Lysine (Sigma) and 5µg/ml
laminin (Sigma).

Tunel And Proliferation Assays
TUNEL assay was performed on brain sections according to the manufacturer’s instructions(Beyotime).
For proliferation assays at embryonic stages, time mated female mice were injected with BrdU (100 mg/g
body weight, intraperitoneally), and embryos were harvested 2 hours later. Embryos were �xed in 4% PFA
and cryoprotected in 30% sucrose. For proliferation assays at early postnatal stages, pups were injected
with BrdU (100 mg/g body weight, intraperitoneally) 2 hours before harvest. Brains were perfused with 4%
PFA and cryoprotected in 30% sucrose. Rat anti-BrdU (1:1000; Abcam) antibody was used. Sections were
counterstained with DAPI.

Immunohistochemistry
Nissl staining was carried out with cresyl violet according to standard procedures (Beyotime). For
immunohistochemistry of brains, the sections were �xed with 4% PFA for 15min, washed in PBS for
10min three times, permeated with 0.5% Triton X-100 for 15min, and blocked at room temperature for 2h.
The primary antibodies were incubated at 4 ℃ overnight. Immunohistochemical and
immunocytochemical staining was carried out with the antibodies listed below: anti-Arid1a (Rabbit,
1:1000, HPA005456, Sigma), anti-Nestin (Chicken, 1:500, NEB, Aves labs), anti-Ki67 (1:1000, RM-9106-S,
Thermo), anti-BrdU (Rat, 1:1000, ab6326, Abcam), anti-Prox1 (Rabbit, 1:25000, AB5475, Millipore), anti-
Dcx (Rabbit, 1:500, 4604s, Cell Signaling), anti-NeuN (Mouse, 1:1000, MAB377, Millipore), anti-BLBP
(Rabbit, 1:1000, ab32423, Abcam), anti-Calbindin (Rabbit, 1:5000, D28K-300, Swant), anti-Calretinin
(Rabbit, 1:500, MAB1568, Millipore). After washing with PBS for 15min, the brain slices were incubated
with the secondary antibodies conjugated to Alexa Fluor 488 or 568(1:500, Life Technology) at room
temperature. Photomicrographs were taken using a laser scanning confocal microscope (LSM710,
Zeiss).

Western Blot Analysis
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Western blotting was performed using tissues (cortex, hippocampus) from both control mice and
conditional knockout mice (Arid1a�ox/�ox; Emx1-Cre). Tissues were lysed in RIPA buffer with 2 mM PMSF.
Proteins were separated on 6–10% Bis-Tris SDS polyacrylamide gel (Bio-Rad) and transferred to PVDF
membranes (Millipore). Blots were sequentially immunostained with rabbit anti-ARID1A antibody (1:
1000, HPA005456, Sigma), rabbit anti-Prox1 (1:1000, AB5475, Millipore), rabbit anti-BRG1 antibody (1:
1000, ab4081, Abcam) followed by horseradish peroxidase-conjugated secondary antibody (1:3000,
Pplygen Co.Ltd.) and detect with enhance chemiluminescence reagent (ECL, Pierce). Anti-actin (Mouse,
1:10000, Sigma) western blots were used as controls.

Quantitative Real-time Pcr
To clarify the expression of Arid1a in different stages, total RNA was extracted from the cortex,
hippocampus, or neural stem cells according to procedures with Trizol reagent (Invitrogen), and was
reverse-transcribed into cDNA using the reverse transcriptions reagents (Roche). Quantitative real-time
PCR using SYBR Green was performed according to the manufacturer’s guideline (Roche). The primers
used were:

Arid1a forward, 5′-GCCACAAACTCCTCAGTCAACC-3′, Arid1a reverse, 5′-GCATCCTGGATTCCGACTGAGT-3′;
N�x forward, 5′-GGCTTACTTTGTCCACACTCCG-3′, N�x reverse, 5′-CGTCACAAAGCAGTCCTGGAAAC-3′;
Prox1 forward, 5′- CAGCGGACTCTCTAGCACAG-3′, Prox1 reverse, 5′- GCCTGCCAAAAGGGGAAAGA-3′;
Zfpm2 forward, 5′- ATGGCAAGGAGTGGAAGACAGC-3′, Zfpm2 reverse, 5′-
AAGTCCACCACAAAGGCGACGA-3′; Ncam1 forward, 5′- GGTTCCGAGATGGTCAGTTGCT-3′, Ncam1 reverse,
5′- CAAGGACTCCTGTCCAATACGG-3′; Tmem108 forward, 5′- CCTGAGCTACTGGAACAATGCC-3′, Tmem108
reverse, 5′- CAGTGTCTCGATAGTCGCCATTG-3′; Gapdh forward, 5′- CATCACTGCCACCCAGAAGACTG-3′,
Gapdh reverse, 5′- ATGCCAGTGAGCTTCCCGTTCAG-3′ ;

Single-Cell RNA-seq analysis
Cellranger(6.0.2) was used for alignment, �ltering, barcode counting, and UMI counting of the single cell
FASTQs. The reads were mapped to the mm10 genome reference. Then, Seurat (4.1.1) was used for
cluster analysis. The scRNA-seq data were merged and the cells were �ltered as below: (1) gene numbers 
< 500, gene numbers > 6000; (2) mitochondrial gene percentage of greater than 15. After quality control,
14,894 cells from cKO samples and 15,520 cells from WT samples remained. The NormalizeData
function (normalization. method = "LogNormalize", scale. factor = 10000) was used to normalize the data
to eliminate the in�uence of sequencing library size. Cluster found using the following functions in order:
FindVariableFeatures with 2,000 genes, ScaleData, RunPCA, FindNeighbors with the �rst 18 PCs and
FindClusters(resolution = 0.5). The DEGs (Differentially expressed genes) of each cluster were identi�ed
using the FindAllMarkers function (‘wilcox’), and genes with p > 0.05 were removed. The 30 clusters of
cells were identi�ed by gene expression into 11 cell types, including astrocytes, blood, Cajal-Retzius cells,
endothelial cells, ependymal cells, microglia, mural cells, neurons, OPCs, other and progenitor cells. The
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DEGs in progenitor/neuron between WT and cKO were identi�ed using the FindMarkers function.
ClusterPro�ler package (4.2.2) was used for Gene Ontology (GO) term enrichment. The Monocle package
was used to analyse single-cell trajectories to discover developmental transitions. We used differentially
expressed genes identi�ed by monocle to sort cells in pseudo-time order. “DDRTree” was applied for
dimensionality reduction analysis. Then we used the plot_cell_trajectory function and the
plot_genes_in_pseudotime function for visualization. The function BEAM was used to calculate the
Branch-dependent different expression genes.

ChIP-seq data analysis
ChIP-seq libraries were sequenced generating 50-bp single reads. Raw reads data were �ltered by using
Trimmomatic (v.0.36) and quality-controlled using FastQC (v. 0.11.7) 54. High-quality reads were aligned
using Bowtie 2 (v2.3.5.1) to the mouse reference genome using default parameters 55. Samtools (v.1.9)
was then used to convert �les to bam format and �lter reads mapped with parameters “-F 1804 -q 30” for
single-end sequencing data 56. After removing PCR duplicates using the Mark Duplicates function in
Picard (v.2.21.2) (http://broadinstitute.github.io/picard/) and mitochondrial reads. MACS (v.2.2.5) was
used to call peaks (-q 0.01) relative to the input sample 57.

MAnorm (v.1.2.0) was then used for quantitative comparison of ChIP-Seq data 58. Different binding of
H3K27ac peaks was de�ned by P-values < 0.05 and absolute M-values more than 1.5. Peak annotation
was performed using ChIPseeker (v.1.22.1) at the gene level and promoter regions were de�ned as +/-
1000bp of TSS 59. DeepTools (v. 3.3.1) “computeMatrix,” “plotHeatmap,” and “plotPro�le” functions were
used to generate heatmaps and pro�le plots 60. For genome browser representation, data in bigwig �les
generated by deepTools were visualized using IGV (v. 2.4.10) 61. The mouse reference genome sequence
(vM23) and gene annotation (vM23) were downloaded from GENCODE
(https://www.gencodegenes.org/). The public BRG1 ChIP-seq data of E11.5 forebrain was downloaded
from GSE37151 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37151).

In Situ Cell Counts

Immunopositive signals for BrdU, Ki67 were measured within 1 mm3 or 1 mm2 from WT or cKO mice in at
least three pairs of brain sections. Similar quanti�cation methods were applied to TUNEL in the DG. For
the number of Prox1, NeuN and Dcx-positive cells per 100µm in the upper and lower blades of the dentate
gyrus of WT or cKO hippocampus was then counted. In these cases, the ratio of positive signals was
calculated using ImageJ and analyzed using GraphPad Prism V6 software.

Experimental design and statistical analysis
Experiments were conducted in three or more biological replicates for each group. Before all statistical
analyses, data were examined for normality of variance using the Kolmogorov-Smirnov test. All data were
presented as mean ± SEM, and statistically signi�cant was de�ned as ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 
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0.001. For statistical analyses, unpaired two-tailed Student’s t-tests (two groups) or ANOVA (three or more
groups) were performed using GraphPad Prism 6.0 software. All data were presented as mean ± SE.
Differences of p < 0.05 were considered statistically signi�cant.
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Figure 1

Lack of Arid1a shows disorganized dentate gyrus development

(A) Representative images of �uorescent immunohistochemistry showing deletion of Arid1a in the
dentate gyrus of hippocampus in cKO mice. Scale bars, 20µm. (B) Western blot analysis of Arid1aand
Brg1 in Arid1a cKO mice. (C) Quanti�cation of the density of the Arid1a and Brg1 protein bands by
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normalization to the intensity of β-actin bands in (B). * p<0.05, ** p <0.01, n=4 mice, mean ± SEM. (D)
Representative images of brain slice stained by Hematoxylin and eosin staining of staining, from WT and
Arid1a cKO mice at P21. Upper panel, scale bars, 500µm; Lower panel, scale bars,100µm. (E)
Representative images Nissl staining of E16.5, E18.5, P0, P7 hippocampus sections from WT and Arid1a
cKO mice and show the relative levels of defective in the development of the DG after Aird1a loss. White
dotted lines indicate the boundaries of the hippocampus DG. Scale bar, 100μm. (F) Quanti�cation of the
lengths of the upper blades of the dentate gyrus, the lengths of the lower blades of the dentate gyrus and
the DG volume in WT and Arid1a cKO mice at different time points in (b) (n = 3-4 mice). * p<0.05, ** p
<0.01, *** p <0.001.
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Figure 2

Transcriptional pro�les of Arid1a cKO mice hippocampi associated with compositional changes of
neuronal cells at single-cell level

(A) UMAP visualization of mouse hippocampal cells at P7. (B) UMAP visualization of cell types in WT
and Arid1a cKO mice. (C) Violinplot showing the expression of marker genes of astrocytes, blood, Cajal-
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Retzius cells, endothelial cells, ependymal cells, microglia, mural cells, neurons, OPCs, other and
progenitor cells. (D) The proportion of WT and Arid1a cKO mice in each cell type.  (E) Scatterplot showing
differentially expressed genes (DEGs) between WT and Arid1a cKO in progenitor cells. (F) GO analysis
showing enriched terms in progenitor cells. Each of the top �ve pathways was selected for presentation.

Figure 3

Trajectory analysis using Monocle 2 reveals Arid1a is required for neural differentiation in DG at single-
cell level

(A) UMAP visualization of neurons with 2 cell subpopulations. (B) Single-cell trajectory of the
development of neurons by Monocle analysis. Two lineages, representing PC lineage and neuronal
lineage, were identi�ed. PC, progenitor cells. (C) Expression of marker genes with pseudo-time. Points in
the �gure are colored with different cell types. (D) Expression of marker genes with pseudo-time. Points in
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the �gure are colored with WT and cKO respectively. (E) Violinplot showing the expression of selected
genes between WT and Arid1acKO in neurons.

Figure 4

Reduced proliferation and differentiation of hippocampal NSPCs of Arid1a cKO mice in vivo

(A)Representative images of Ki67 (red) staining in the dentate gyrus of P7 from WT and Arid1a cKO mice.
DAPI, blue. Scale bar, 50μm. (B) Quanti�cation of the number of Ki67 positive cells per area in the dentate
gyrus of WT and Arid1a cKO mice at E16, P0, P7, P14, P21 (WT, n=3 mice; cKO, n=3 mice). (C)
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Immunolabeling of BrdU(red) after 2h of incorporation in the dentate gyrus of WT and Arid1a cKO mice at
P7. Scale bar, 20μm. (D) Quanti�cation of BrdU+ cell in the dentate gyrus of WT and Arid1a cKO mice at
E16, P0, P7, P14, P21(WT, n=3 mice; cKO, n=3 mice). (E) Representative images the DCX (red) staining in
the DG from WT and Arid1a cKO mice at P21. Scale bar, 20μm. (H) Quanti�cation of DCX + cell in the DG
of WT and Arid1a cKO mice at P21. (WT, n=3 mice; cKO, n=3 mice). (G) Representative images of TUNEL
(red) and NeuN(green)staining in the dentate gyrus of P0 from WT and Arid1a cKO mice. DAPI, blue.
Scale bar, 50μm. (H) Quanti�cation of the number of TUNEL positive cells per area in the dentate gyrus of
WT and Arid1a cKO mice at E16, P0, P7, P21(WT, n=3 mice; cKO, n=3 mice). * p<0.05, ** p <0.01, *** p
<0.001.

Figure 5
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Deletion of Arid1a disrupts proliferation and differentiation of hippocampal NSPCs in vitro

(A) Representative images of WT and Arid1a cKO neural progenitor/stem cells labelled by BrdU(red) and
Nestin(green) from three independent experiments (n=3 mice) DAPI, blue, Scale bar, 20μm.(B)
Quanti�cation of BrdU and Nestin positive cells in WT and Arid1a cKO neural stem cells. ***p <0.001. (C)
Representative images of differentiated neurons stained by Tuj1 (Red). DAPI, blue. (D) Quanti�cation of
Tuj1 positive cells in WT and Arid1a cKO group. **p <0.01.
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Figure 6

Loss of Arid1a results in pro�ling changes in histone modi�cations and abnormal gene transcriptions

(A) Average pro�les and heatmaps of histone marks and BRG1 in wild type (WT) and conditional
knockout (cKO) mice at peak centers 2500 bp upstream and downstream with decreased H3K27ac
binding. (B) Venn diagram showing the overlap of dysregulated genes among H3K4me3, H3K27ac ChIP-
seq peak and scRNA DEGs. H3K27ac. (C) GO enrichment analysis of 46 genes with decreased H3K4me3
and H3K27ac enrichment and scRNA DEGs in neurons and progenitor cells in Arid1a cKO hippocampi.
(D) RT-qPCR analysis con�rmed that organ growth, granule cell differentiation and dentate gyrus-
associated genes were down-regulated in Arid1a cKO P7 hippocampus (n=3 mice). (E) Genome-browser
view at Prox1 gene of different sequencing data sets.
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Figure 7

Overexpression of Prox1 rescues impaired NSPCs proliferation and differentiation caused by Arid1a
deletion in hippocampus

(A)Representative images of Prox1(green) staining on P21 WT and Arid1a cKO hippocampus coronal
sections. Scale bar, 50μm. (B) Quanti�cation of Prox1+ cell in the DG of WT and Arid1a cKO mice at
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E16.5, P0, P14, P21 (WT, n=3 mice; cKO, n=3 mice).(C) Infection of NSPCs from WT and Arid1a cKO
postnatal pups with control(ctrl), Prox1-OE virus co-expressing GFP under the CMV promoter (green). The
proliferation ability of postnatal NSPCs was assessed by BrdU+ cells (red). DAPI, blue. (D)Quanti�cation
of BrdU+GFP+ cells as a fraction of all GFP+ cells in Arid1a cKO NSPCs that were infected with Prox1-OE
virus compared with those in Arid1a cKO NSPCs that were infected with ctrl virus (n=3 mice).  *p<0.05. (E)
Infection of NSPCs from WT and Arid1a cKO postnatal pups with ctrl, Prox1-OE virus co-expressing GFP
under the CMV promoter (green). The differentiation ability of postnatal NSPCs was assessed by Tuj1+

cells (red). DAPI, blue. (F)Quanti�cation of Tuj1+GFP+ cells as a fraction of all GFP+ cells in Arid1a cKO
NSPCs that were infected with Prox1-OE virus compared with those in Arid1a cKO NSPCs that were
infected with ctrl virus (n=3 mice).  *p<0.05.
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