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SRSF10 regulates proliferation of neural
progenitor cells and affects neurogenesis
in developing mouse neocortex

Junjie Li,1,3 Hanyang Jiang,1,3 Yawei Mu,1,3 Zixuan Wei,1 Ankangzhi Ma,1 Menghan Sun,1 Jingjing Zhao,2

Cuiqing Zhu,1 and Xianhua Chen1,4,*

SUMMARY

Alternative pre-mRNA splicing plays critical roles in brain development. SRSF10
is a splicing factor highly expressed in central nervous system and plays impor-
tant roles in maintaining normal brain functions. However, its role in neural
development is unclear. In this study, by conditional depleting SRSF10 in neural
progenitor cells (NPCs) in vivo and in vitro, we found that dysfunction of SRSF10
leads to developmental defects of the brain, which manifest as abnormal
ventricle enlargement and cortical thinning anatomically, as well as decreased
NPCs proliferation and weakened cortical neurogenesis histologically. Further-
more, we proved that the function of SRSF10 on NPCs proliferation involved
the regulation of PI3K-AKT-mTOR-CCND2 pathway and the alternative splicing
of Nasp, a gene encoding isoforms of cell cycle regulators. These findings high-
light the necessity of SRSF10 in the formation of a structurally and functionally
normal brain.

INTRODUCTION

Proliferation of neural progenitor cells (NPCs) and neurogenesis are two critical processes in the early

cortical development. The cerebral cortex is a finely layered structure of six layers and mediates multiple

advanced functions including cognition and emotions.1,2 Cortical neurons, including excitatory neurons

and inhibitory interneurons, are all originated from NPCs. In short, neuroepithelial cells (NECs) undergo

self-amplification and transition into radial glial cells (RGCs) that express PAX6.3 RGCs, located in the

ventricle zone (VZ), expand themselves through symmetrically division and generate intermediate progen-

itor cells (IPCs) through asymmetrically division.2,4 IPCs, located in the subventricular zone (SVZ) and ex-

pressing the transcription factor TBR2, amplify themselves and produce neurons through symmetrically di-

vision.5,6 While excitatory cortical projection neurons originate from the dorsal germinal regions of the

telencephalon, inhibitory interneurons originate from the medial ganglionic eminence (MGE), and caudal

ganglionic eminence (CGE).7

The proliferation and differentiation of NPCs involve a variety of regulation processes of gene expression.

Among them, alternative pre-mRNA splicing (APS), as an important mechanism of transcriptome and pro-

teome diversity, plays a critical role in regulating the development of NPCs. Dysregulation of APS can lead

to abnormal development of NPCs and eventually lead to malformation of cerebrum.8–10 However, the

regulation mechanisms underlying these APS are largely unknown. Therefore, investigating how the alter-

native splicing of diverse transcripts is regulated during the NPCs development is of critical necessity for

revealing the mechanism of cerebral developmental.

SR proteins (serine/arginine-rich proteins) are a family of RNA-binding proteins that can participate in tis-

sue development as well as cell proliferation by regulating APS of genes.11–13 SRSF10 (also nominated

NSSR1), a member of SR protein family that is highly expressed in the nervous system, is implicated in

the regulation of neuronal differentiation of P19 cells14 and in Xenopus laevis as well.15 It also plays a pro-

tective role in mouse brain by reducing neuronal injury after transient global cerebral ischemia.16 The APS

of a variety of neural functional genes have been reported to be regulated by SRSF10, such as NCAM-L1,14

CREB,16,17 SMN2,18 and GluR-B,19 which produce mRNA variants encoding protein isoforms of different

functions in neural development.
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SRSF10 is also reported to play roles in multiple types of cancers,20–22 including the glioblastoma

(GBM), one of the most aggressive and lethal cancers of the brain which origins from neural stem or neural

progenitor cells (NSCs/NPCs).23,24 From the GEPIA database http://gepia.cancer-pku.cn/detail.php?

gene=SRSF10, human GBM cells display a significantly altered mRNA expression level of SRSF10

compared with the normal cells, and the survival duration of the patients is negatively correlated with

the expression level of SRSF10 in the GBM cells. Concerning the common neuroepithelial origins of

GBM and NPCs,23,24 and the high expression level of Srsf10 RNA in the VZ region of mouse neocortex25

which suggests that the SRSF10 protein may express in NPCs, we deduced that SRSF10 probably functions

in NPCs development and neocortical neurogenesis. Besides, the participation of SRSF10 in the regulation

of APS in mitosis26,27 suggests that it may play important roles in NPCs proliferation. However, the specific

roles of SRSF10 in early cerebral development, particularly in NPCs development, have not been revealed

so far.

Here, by conditional inactivation of SRSF10 in the NPCs, we found that dysfunction of SRSF10 lead to devel-

opmental defects of the brain, which manifested as abnormal ventricle enlargement and cortical thinning

of the context anatomically, as well as decreased NPCs proliferation and weakened cortical neurogenesis

histologically. Furthermore, we proved that the function of SRSF10 on proliferation of NPCs involved its

regulation of the PI3K-AKT-mTOR-CCND2 pathway and the alternative splicing of Nasp, a gene encoding

isoforms of cell cycle regulation proteins. These findings highlight the necessity of SRSF10 expression in the

formation of a structurally and functionally normal brain and may provide new insights into NPCs prolifer-

ation and cerebral developmental defects.

RESULTS

SRSF10 is expressed in NPCs in vivo and in vitro

In order to start with the investigation of the function of SRSF10 in the NPCs during mouse cerebral devel-

opment, we analyzed the expression pattern of SRSF10 in NPCs in the brain samples of E12.5 mice using

immunostaining. The results showed that SRSF10 protein was expressed in almost all the Nestin positive

cells as well as SOX2 positive cells in neocortex (Figures 1A and 1B), and SOX2 positive cells in LGE,

CGE, and MGE (Figure 1E). In addition, at E14 and E17.5, SRSF10 was also expressed in almost all PAX6

positive cells and TBR2 positive cells in the neocortex (Figures 1C and 1D).

We further investigated whether SRSF10 is expressed in NPCs in vitro. Primary NPCs were isolated from

embryonic mouse neocortex, and the immunostaining results showed that SRSF10 protein was expressed

in all the primary NPCs, which was confirmed by immunostaining positive for both SOX2 and Nestin

(Figures 1F and 1G). Taken together, the ubiquitous expression of SRSF10 in NPCs during mouse cerebral

development suggests that they might be important for NPCs function and neurogenesis.

SRSF10 cKO mice display developmental defects with dilated ventricle and thinned cortex

To identify the potential functions of SRSF10 in NPCs and cerebral development, we constructed Srsf10 flox/flox

mice, and conditionally deleted the exon 3 of Srsf10 and knock out the SRSF10 protein in theNPCs by breeding

with Nestin-Cre mice (Figures S1A–S1D). Immunostaining results showed that in SRSF10 heterozygous condi-

tional knockout (HET cKO, Srsf10 flox/+ Nestin-Cre+) mice, the expression of SRSF10 protein in the brain was not

significantly different from that in the Srsf10 flox/flox control mice (Ctrl, Figure S1E); whereas in SRSF10 condi-

tional knockout (Srsf10 flox/flox Nestin-Cre+, SRSF10 cKO) mice, the expression of SRSF10 protein in the cortex

and hippocampus was decreased significantly, as indicated by Western blot analysis (Figure S1D), and rarely

detectable in neocortex by immunostaining (Figures S1F and S1G).

Figure 1. SRSF10 is expressed in NPCs in the developing mouse neocortex, medial and caudal ganglionic eminences, and the primary NPCs

(A–D) Double immunostaining images of SRSF10 and the NPCs markers Nestin (A), SOX2 (B), PAX6 (C), and TBR2 (D) in the cortex of embryonic mice at

different developmental stages. E12.5 (A, B), E14, and E17.5 (C, D) mice were analyzed. The TBR2/SRSF10 double-positive cells (D) were highlighted by

yellow arrows in the boxes, few cells were TBR2 positive while SRSF10 negative (highlighted by the white arrows).

(E) Double immunostaining images of SOX2 and SRSF10 in the CGE and MGE of E12.5 mice. MGE, Medial ganglionic eminences; CGE, Caudal ganglionic

eminences.

(F–G) SRSF10 is expressed in primary NPCs. Double immunostaining of SOX2 and Nestin confirming the purity of primary NPCs in the neurosphere (upper

panel in F) and in the adherent culture (lower panel in F), and double immunostaining images of Nestin and SRSF10 showing the expression of SRSF10 in

primary NPCs (G). DAPI was used for counterstaining of nucleus. Scale bars represent 50 mm for A-D, and 25 mm for E and G. For analysis of brain sections, at

least 3 mouse brains for each developing stage were analyzed. For analysis of cultured NPCs, at least 3 batches of independent cultured NPCs were

analyzed.
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Then we investigated the effect of SRSF10 conditional knockout on mouse brain development. By immu-

nostaining, we observed significantly dilated ventricle (ventriculomegaly) and significantly thinned cortex in

the 2-month-old (2M) SRSF10 cKOmice, comparedwith those of non-cKO controls (Figures 2A and 2B). The

number of mature neurons decreased significantly in the cortex of 2M cKO and P0 cKO mice, as indicated

by NeuN staining (Figures 2B–2E). The reduced cortical thickness and neuronal number suggest that

knockout of SRSF10 in NPCs causes development defect of mouse neocortex.

During brain development, a six-layer cortex structure generates from the NPCs in an ‘‘inside-out’’ manner,

in which early born neurons occupy the deep layers of the neocortex, while later-born neurons migrate past

these neurons.28 To further investigate whether knockout of SRSF10 affects cortical neurogenesis of

different layers, the brain sections of mice from 2M to E14.5 were immunostained using layer-specific

neuronal markers (TBR1 for layer VI; CTIP2 for layer V; and BRN2 for layer II-IV). The results showed that

the numbers of all of the TBR1-positive neurons, CTIP2-positive neurons, and BRN2-positive neurons

decreased significantly in the SRSF10 cKO mice cortex at E14.5, P0, P7, and 2M (Figures 2F–2K), compared

with those in the corresponding control mice. These results indicate that SRSF10 deletion leads to

decreased number of neurons in each layer of the cortex, from the development stage at least as early

as E14.5.

SRSF10 knockout in NPCs results in impaired learning and memory ability and increased

anxiety for adult mice

The significant decreases in the thickness and neuronal number of cortex in SRSF10 cKO mice suggest

that the function of the cerebral cortex may be impaired. We then performed behavioral tests to assess

whether SRSF10 knockout affects the behavior of adult mice. Y-maze test was used to evaluate sponta-

neous alternation as a measure of working memory. The results showed that the cKO mice showed sig-

nificant reductions in all the parameters including the number of alternations, max alterations, as well as

the alteration behavior (Figure 3A). Rotarod test was used to evaluate motor coordination after repeated

learning; the results showed that the latency to fall from the rotating rotarod for cKO mice was signifi-

cantly decreased from the second day of learning, indicating the decreased ability in the coordinated

movements after repeated learning (Figure 3B). These results indicate that SRSF10 knockout resulted

in impaired learning and memory ability of mice. In the open-field test, the residence time in the central

area was shortened, and the number of times of entering the central area was reduced for the cKO mice,

while the total distance of movement between the cKO and the control mice showed no difference

(Figures 3C and 3D), suggesting that the anxiety was increased in the cKO mice compared with the

control mice. However, in the elevated plus-maze test, the cKO mice showed a trend to spend more

time in the open arms (Figure 3E), implying that the risk prediction ability may be decreased. In the

tail suspension test and forced swimming test, there was no significant difference in the duration

of giving up struggling between the cKO and the control mice (Figures 3F and 3G), suggesting no alter-

ation in despair or depression emotion in the cKO mice. Taken together, the above results show that

knocking out of SRSF10 in NPCs attenuates the ability of mice in learning and memory and increased

their anxiety.

Figure 2. SRSF10 cKO mice display developmental defects, with dilated ventricle and thinned cortex

(A) Immunostaining images of astrocyte marker GFAP and mature neuron marker NeuN of the brain in the 2-month-old

(2M) SRSF10 cKO (cKO) and control (Ctrl) mice. The Srsf10 flox/flox mice were used as the control of SRSF10 cKO mice. The

dilated ventricle and the thinner cortex are remarkable. Scale bar represents 1000 mm.

(B) Immunostaining images of NeuN in the cortex of 2M SRSF10 cKO mice. The thickness of the cortex was indicated and

determined by the black lines on the right. Scale bar represents 100 mm.

(C) The statistical data of B, showing the thickness of the cortex and the number of NeuN positive cells.

(D) Immunostaining images of NeuN and SRSF10 in the P0 mouse cortex, showing the expression of SRSF10 in the cKO

mice is almost deleted. Scale bar represents 50 mm.

(E) The statistical data of D, showing that the number of NeuN positive cells also decreased in the P0 SRSF10 cKO cortex,

compared with the control.

(F, H, and J) Immunostainings images of the laminated neuronal markers TBR1 (F, layer VI), CTIP2 (H, Layer V), and BRN2

(J, Layer II to IV) in the cKO and control mouse cortex at E14.5, P0, P7, and 2M. (G, I, K) Statistical data of F, H, and J,

respectively. Scale bars represent 25 mm. Data are represented as mean G SEM. At least 3 mouse brains for each

genotype were analyzed. For each mouse brain, at least 3 sections were counted. Student’s t test for two-tailed

distribution was used for comparison of two group of samples. *p < 0.05, **p < 0.01, ***p < 0.001.

ll
OPEN ACCESS

iScience 26, 107042, July 21, 2023 5

iScience
Article



SRSF10 knockout or knockdown inhibits NPCs proliferation in the neocortex

Among the cortical neurons, excitatory neurons are the main components and count for approximately

80%.29 During cortical neurogenesis, the excitatory neurons were generated mainly from two types of

NPCs, RGCs in the VZ and IPCs in the SVZ. The RGCs undergo asymmetric cell division to self-renew as

well as produce a daughter cell that is either a neuron or an IPC, while the IPCs undergo symmetric cell di-

vision to self-renew or produce neurons.5,6

Therefore, the amount and proliferation abilities of these NPCs are critical factors that affect the number of

cortical neurons. To reveal whether the reduced neuron numbers in SRSF10 cKOmice cortex was caused by

reduction of NPCs, we performed immunostaining for the NPCmarker SOX2 and found that the number of

SOX2-positive cells reduced significantly in the cortex of E14.5 cKO mice. By 2 h of EdU incorporation, we

found that the ratio of EdU-positive NPCs (the ratio between the number of EdU/SOX2 double-positive

cells to the number of SOX2-positive cells) also decreased significantly at E14.5 (Figures 4A and 4B),

indicating that SRSF10 deletion significantly decreased the total number and proliferation ability of

NPCs during the cortex development.

We further immunostained the brain sections for PAX6 and TBR2, the markers of RGCs and IPCs, respec-

tively, and found that both the number of TBR2-positive cells and the ratio of EdU-positive cells among the

IPCs (the ratio between the number of EdU/TBR2 double-positive cells to the number of TBR2positive cells)

were reduced significantly (Figure 4C) in cortex of E14.5 cKO mice, as we expected, while the number of

Figure 3. SRSF10 knockout in NPCs results in impaired learning and memory ability and increased anxiety for adult mice

Y-maze tests (A), rotarod tests (B), open-field tests (C, D), elevated plus-maze test (E), tail suspension tests (F) and forced swimming tests (G) were analyzed

using the adult (2M) SRSF10 cKO and the control (Ctrl) mice. D is the representative tracks (upper panel) and heat maps (bottom panel) of open field test.

Data are represented as meanG SEM. 7–10 two-month-old mice for each genotype were analyzed. The dots represent data from individual mice. Student’s

t test for two-tailed distribution was used for comparison of two group of samples. *p < 0.05, **p < 0.01.
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PAX6-positive cells at E14.5 showed no significant difference, and the ratio of EdU-positive cells among the

RGCs (the ratio between the number of EdU/PAX6 double-positive cells to the number of PAX6-positive

cells) was even increased slightly (Figure 4D). We also performed this analysis using in utero electropora-

tion (IUE)-mediated SRSF10 knockdown in the RGCs of E14.5 mice and obtained similar results, which

showed that the number of TBR2-positive cells expectedly decreased, while that of PAX6-positive cells

increased among the SRSF10 knockdown (as marked by GFP positive) cells in the cortex (Figure S2).

The inconsistence alterations of the number of PAX6-positive cells with that of SOX2-positive cells remind us

that an increasing partial of the PAX6-positive cells may be in the progress of transiting into TBR2-positive IPCs

while still expressing PAX6. Therefore, we counted the number of PAX6/TBR2 double-positive cells, the results

showed that the number of PAX6/TBR2 double-positive cells increased significantly in the SRSF10 cKO mice

(Figure 4E), reminding that SRSF10 depletion may stall the cell fate transition from RGCs to IPCs.

However, when we calculated the number of PAX6-positive/TBR2-negative cells (PAX6-positive cells deducted

by PAX6/TBR2 double-positive cells), we found that it showed a trend of decrease (�15.50G 9.031, p = 0.15,

n = 3), but not increase, in the SRSF10 cKO cortex, indicating that the stall of cell fate transitionmay occur not at

the PAX6-positive/TBR2-negative stage but at the subsequent PAX6/TBR2 double-positive stage in the cKO

cortex. Combining the above-mentioned observations that both the number and the EdU incorporation ratio

of SOX2-positive NPC cells decreased significantly (Figure 4B), and both the TBR2-positive (Figure 4C) and the

sum of PAX-positive and TBR2-positive cells (�53.67 G 3.528) decreased significantly, the decrease of PAX6-

positive/TBR2-negative cells suggested that the proliferation in these cells was also inhibited.

In a word, the above results indicated that depletion of SRSF10 in NPCs decreased the total number and

inhibited the proliferation ability of the NPCs in mice cortex and may stall the cell fate transition from RGCs

to IPCs.

Since changes in cell numbers are associated not only with cell proliferation and cell fate transition, but may

also with cell death. Therefore, we also examined the apoptosis of SRSF10-deficient NPCs. We found that

although the cleaved caspase 3 (CC3) positive cells increased significantly in the neocortex of SRSF10 cKO

mice at E14.5, compared with those in the corresponding control mice (Figure S3), the absolute increase in

the number was much less, only 5.556 G 0.9323 in the VZ/SVZ per 100mm of the neocortex (Figure S3C)

compared with the decrease in the number of SOX2-positive NPCs (38.92 G 9.523 per 100mm of the

neocortex) (Figure 4B upper right panel). Thus, the results suggested that although the increased

apoptosis in the VZ/SVZ may play a part to the decrease of cortical NPCs, its contribution is very limited

and not the dominant cause to induce such significant reduction in the cortical NPCs after SRSF10 cKO.

SRSF10 knockdown inhibits the proliferation and stemness of neocortical NPCs in vitro and

causes the abnormal cell cycle progress

We further confirmed the involvement of SRSF10 in the proliferation of NPCs using the primary cultured

mouseNPCs.We found that both the cell viability (as analyzed by CCK8) and the neurosphere-forming abil-

ity (as indicated by the number of large neurospheres formed by equal inoculation density of NPCs)

decreased significantly for the SRSF10 cKO NPCs (Figure 5A). The number of BrdU-incorporated cells

was reduced significantly as well (Figure 5B). These results confirmed that SRSF10 deletion reduces the pro-

liferative capacity of NPCs in vitro. We also confirmed the function of SRSF10 in NPCs proliferation using

recombinant lentivirus-mediated SRSF10 knockdown on adherent confluent and found that both the cell

density and morphology of the NPCs was significantly altered when SRSF10 knockdown (Figure 5C). The

expression levels of both PCNA, the cell proliferation marker, and SOX2, the marker for cell stemness,

were decreased when SRSF10 knockdown, as revealed by Western blot (Figure 5D). All the above results

indicated that SRSF10 was involved in the proliferation process of NPCs, and lack of SRSF10 reduces the

proliferation ability of NPCs.

Figure 4. SRSF10 knockout or knockdown inhibits NPCs proliferation in the neocortex

(A) Time schedule for the EdU injection and the subsequent analysis of B to E.

(B–D) Double immunostaining images of EdU and the NPCs markers SOX2, TBR2, and PAX6 respectively, in the cortex of E14.5 SRSF10 cKO mice. The right

panels are the corresponding statistical data.

(E) Representative immunostaining images (left) and the corresponding statistical data (right) of PAX6/TBR2 double-positive cells in the SRSF10 cKO and the

control mouse cortex. DAPI was used to counterstain the nucleus. Scale bars represent 20 mm. Data are represented as meanG SEM. At least 3 mouse brains

for each genotype were analyzed. Student’s t test for two-tailed distribution was used for comparison of two group of samples. *p < 0.05, **p < 0.01.
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The decrease of BrdU-labeled cell number in SRSF10 deleted NPCs reminds that SRSF10 may be involved in

the cell cycle progression of NPCs. We further speculated whether lack of SRSF10 altered cell cycle progres-

sion in NPCs using lentivirus-mediated SRSF10 knockdown. Flow cytometry results showed that the number

of NPCs in S phase decreased significantly when SRSF10 was knockdown, which was consistent with the re-

sults of BrdU-labeling analysis, while those of NPCs in G0/G1 phase as well as G2/M phase increased, sug-

gesting that lack of SRSF10 caused abnormal in the cell cycle progression of NPCs (Figure 5E). In addition,

using IUE, we found that the ratio of Ki67 negative cells among the EdU/GFP double-positive cell population

(which stands for the NPCs exiting the cell cycle) decreased significantly in the cortex of SRSF10-knockdown

mice (Figures 5F–5H), indicating that the cell cycle exit process was inhibited in the NPCs lacking SRSF10.

SRSF10 IS REQUIRED FOR NEUROGENESIS IN DEVELOPING NEOCORTEX

Changes in the number of NPCs can affect neurogenesis in the neocortex, so we performed immunostaining

of TUJ1 (the neuronal marker) to explore whether SRSF10 deletion affects cortical neurogenesis. The results

showed that the thickness of the TUJ1 positive cells-covered area tended to be thinner in the neocortex of

E14.5 cKO mice, and TUJ1/GFP double-positive cells, BRN2/GFP double-positive cells were all significantly

reduced in the IUE-mediated SRSF10-knockdown cortex (Figures 6A–6D), suggesting that SRSF10 deletion

attenuated neocortical neurogenesis. Moreover, by tracing the EdU/GFP double-labelled cells in the

cortical plate 3 days after EdU injection, we analyzed the ratio of NPCs in the terminal mitosis phase among

the IUE-mediated GFP-positive NPCs. The results showed that the ratio of EdU/GFP double-positive cells

among the total GFP-positive cells was significantly reduced in the cortical plate (CP) of the IUE-mediated

SRSF10-knockdown mice (Figures 6E and 6F), indicating that SRSF10 knockdown reduced the number of

NPCs in the terminal mitosis phase (and differentiated into neurons) significantly in E14.5 mouse cortex.

We also investigated whether SRSF10 is involved in neurogenesis in vitro. By analyzing the induced

neuronal differentiation ability of the primary NPCs, we found that the proportion of MAP2-positive cells

was significantly reduced in the NPCs isolated from SRSF10 cKOmice, compared with the control, suggest-

ing that SRSF10 knockout reduced significantly the differentiation of NPCs into neurons (Figure S4). Over-

all, these data from in vivo and in vitro experiments suggest that SRSF10 is critical for maintaining of neuro-

genesis during neocortex development.

SRSF10 knockdown inhibits PI3K-AKT-mTOR-CCND2 signaling pathway and alters the

alternative splicing of Nasp in NPCs

To further investigate the mechanisms by which SRSF10 regulates the proliferation of NPCs in cortical devel-

opment, we performed global transcriptome analysis of NPCs with or without lentivirus-mediated SRSF10

knockdown. The data of RNA sequencing (RNA-seq) have been deposited into NCBI’s Gene Expression

Omnibus, and are accessible through GEO Series accession number GSE225647 (https://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE225647). Analysis of RNA-seq data revealed that the expression level of

Figure 5. SRSF10 knockdown inhibits the proliferation and the stemness of neocortical NPCs in vitro and causes the abnormal cell cycle progress

(A) Bright field microscopy images of primary cultured NPCs-formed neurospheres 5 days after cell inoculation. Right panels: The statistical data of the cell

viability analyzed by CCK8 and the number of neurospheres larger than 100 mm in diameter in each well of the 96-well cell culture plate.

(B) Left panel: Immunostaining images of BrdU-incorporated NPCs showing the proliferation ability of the cells. BrdU was added into the medium of the

adherent cultured primary NPCs for 1 h before the BrdU immunostaining. Right panel: Statistical data of the percent of BrdU-incorporated cells. The NPCs in

A and B are derived from the E14.5 embryonic cortex of SRSF10 cKO mice (cKO) and its littermate control mice (Ctrl).

(C) Bright field and fluorescent microscopy images of NPCs indicating the cell density and morphology was significantly altered in the adherent NPCs after

shRNA-mediated SRSF10 knockdown (KD).

(D) Western blots of the expression of SRSF10, SOX2, PCNA, respectively, in the SRSF10 knockdown (KD) and the control (Ctrl) cells. The expression of

b-actin as the loading control. The columns below indicate the corresponding statistical data of the expression levels.

(E) The results of flow cytometry for cell cycle of the neocortical NPCs in vitro. SRSF10 knockdown (KD) induces decrease in the number of S-phase NPCs,

while increase in G0/G1 and G2/M phase NPCs, compared with the control (Ctrl).

(F) Time schedule of IUE-mediated SRSF10 knockdown (SRSF10-shA) and EdU incorporation to assess cell cycle exiting for G and H.

(G) Immunostaining images of GFP, proliferation marker Ki67 and EdU to analyze cell cycle exiting of E14.5 SRSF10 KD (KD) and the control (Ctrl) mice

neocortex. The NPCs which exit cell cycle (EdU positive but Ki67 negative) among the GFP positive cells were indicated by the blue arrows.

(H) The statistical data shows that the ratio of cells exiting the cell cycle (the ratio of Ki67 negative cells among the GFP/EdU double-positive cells) decreased

significantly in the SRSF10 KD mouse cortex, compared with that in the Ctrl mice. DAPI was used to counterstaining the nucleus. The scale bars represent

100 mm. Data are represented as mean G SEM. For analysis of cultured cells, at least 3 independent experiments were performed, and each experiment

performed in triplicate. For analysis of brain sections, at least 3 mouse brains for each genotype were analyzed. Student’s t test for two-tailed distribution was

used for comparison of two group of samples. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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multiple genes, especially cell cycle-related genes, was changed in the SRSF10-knockdown (KD) NPCs (Fig-

ure S5 & Table S1). Furthermore, the PI3K-AKT signaling pathway, which is associated with cell proliferation,

was significantly down-regulated upon SRSF10 knockdown, as indicated by the Path-Act-Network analysis of

the RNA-seq data (Figure S5A). Therefore, we examined the activation of PI3K-AKT-mTOR signaling pathway

in the SRSF10-knockdown NPCs using Western blot analysis, the results showed that the expressions of both

phosphorylated AKT and phosphorylatedmTOR were significantly decreased in the SRSF10 knockdown NPCs

(Figures 7A–7D), indicating that the PI3K-AKT-mTOR signaling pathway was inhibited. In addition, by RT-PCR,

we found the expression of Ccnd2, a downstream gene of PI3K-AKT-mTOR,30 was significant down-regulated

in SRSF10-knockdown group (Figure 7E). These results suggest that SRSF10may participate in the proliferation

process of NPCs by regulating the PI3K-AKT-mTOR-CCND2 signaling pathway.

In addition, in RNA-seq of the P0 SRSF10 cKO mouse cortex (GEO series accession number GSE225647 as

mentioned above), we found that loss of SRSF10 resulted in significant changes in the alternative splicing of

Nasp, a critical cell proliferation-related gene,31–33 by reducing the proportion of the exon7-inclusive

splicing isoform (Figure 7F). In mice, there are two types of NASP proteins, tNASP and sNASP, which

have been reported to possess distinct functions in cell proliferation.34,35 The exon 7 is included only in

the splicing variant 2 of Nasp mRNA that encodes tNASP protein but not in the variant 3 mRNA that en-

codes sNASP protein. We designed specific primers for amplifying the fragment between exon 6 and

exon 8 of Nasp mRNA to discriminate exon7 inclusive from exon7 exclusive isoform. By RT-PCR analysis,

we confirmed the significant reduction in the proportion of exon7-inclusive splicing isoform in the cortex

of P0 SRSF10 cKO mice (Figures 7G and 7H). We further investigate the role of SRSF10 in Nasp splicing

in primary NPCs using lentivirus-mediated SRSF10 knockdown. RT-PCR showed that SRSF10 knockdown

decreased significantly the proportion of exon7-inclusive splicing isoform in the NPCs, as we expected

(Figures 7I and 7J). Western blot analysis also showed that SRSF10 knockdown in NPCs decreased the

expression level of tNASP protein (which contains the exon7-encoded amino acid sequence), and the ratio

of tNASP protein to sNASP protein as well (Figures 7K and 7L).

To investigate whether the SRSF10 functions directly on Nasp splicing, we performed RNA immunoprecip-

itation using SRSF10 antibody. We found that the Nasp mRNA has a significantly enrichment in the

immunoprecipitation complex (Figures 7M and 7N, SRSF10), compared with the negative control (IgG),

indicating that Nasp mRNA was bound directly by SRSF10 in NPCs.

The above findings suggest that during cortex development, SRSF10 probably regulates tNASP expression

and further regulates the proliferation of NPCs via regulating the alternative splicing of Nasp exon 7.

DISCUSSION

In this study, we investigated the function and mechanism of SRSF10 in the proliferation and neurogenesis

of NPCs during mouse neocortex development. By conditional depleting SRSF10 in NPCs in vivo and

in vitro, we found that dysfunction of SRSF10 leads to developmental defects of the brain, with abnormal

ventricle enlargement and cortical thinning anatomically, and decreased NPCs proliferation and weakened

cortical neurogenesis histologically. We also detected the altered behavior in the SRSF10 cKO mice, with

impaired learning and memory ability and increased anxiety. Furthermore, we proved that the function of

Figure 6. SRSF10 is required for neurogenesis in developing neocortex

(A) SRSF10 knockout in NPCs (cKO) tends to decrease the TUJ1 positive cells in the neocortex of E14.5 mice. Left panel:

Immunostaining images of the neuronal marker TUJ1. Right panels: Statistical data of the thickness covered by the TUJ1

positive neurons, and the cortical thickness.

(B–D) IUE-induced SRSF10 knockdown decreases the ratio of TUJ1(C) or BRN2 (D) positive cells among the GFP-positive

cells. The GFP positive indicates the cells that were transfected by SRSF10 knockdown plasmids (SRSF10-shA) or the

control plasmids (Ctrl) by IUE. B shows the time schedule of IUE and the subsequent analysis for C and D. Double

immunostaining of GFP and TUJ1(C) or BRN2 (D) were performed.

(E and F) IUE-induced SRSF10 knockdown (SRSF10-shA) decreased the ratio of NPCs which are in the terminal mitosis in

the cortical plate (CP) of E14.5 mice. Double immunostaining of EdU and GFP 3 days after EdU injection (E) in the E14.5

mice brain was used. The right panel is the statistical ratio of EdU/GFP double-positive cells in the CP. DAPI was used for

counterstaining of nucleus. The scale bars represent 50 mm for A, C, D, and F. Data are represented as mean G SEM. At

least 3 mouse brains for each genotype were analyzed. Student’s t test for two-tailed distribution was used for comparison

of two groups of samples. *p < 0.05, **p < 0.01.
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Figure 7. SRSF10 knockdown inhibits PI3K-AKT-mTOR signaling pathway and alters the alternative splicing of Nasp in NPCs

(A–E) The PI3K-AKT-mTOR signaling pathway was inhibited in SRSF10 knockdown primary NPCs (KD), compared with the control NPCs (Ctrl). The

expressions of AKT, p-AKT (A, B) and p-mTOR (C, D) were analyzed byWestern blot analysis. The expression ofCcnd2 (E) were analyzed by RT-qPCR. B and D

are statistical data for A and C, respectively. p-AKT and p-mTOR, phosphorylated AKT and TOR, respectively.

(F–H) The ratio of exon7-inclusive splicing isoform of Nasp gene was significantly decreased in the cortex of P0 SRSF10 cKO mice (cKO), compared with the

littermate control mice (Ctrl), analyzed by RNA-Seq (F, G) and RT-PCR (H). G shows the ratio of Nasp exon7-inclusive to exon7-exclusive isoforms of F. The

right panel in H is the statistical data of the RT-PCR (left panel).

(I–L) The ratio of both exon7-inclusive splicing isoform and tNASP protein (which contains exon7-encoded peptide sequence) were decreased significantly in

the lentivirus-mediated SRSF10-knockdown NPCs (KD), analyzed by RT-PCR (I, J) and Western blot (K, L). The right panel in I is the statistical data of the RT-

PCR (left panel). J is the statistical results of RT-qPCR of tNasp isoform. L is the statistical data of Western blot (K) showing the expression of tNASP and

sNASP protein isoforms, and the ratio of tNASP/sNASP, respectively. H2O was used as a negative control sample (NC). (M, N). RNA immunoprecipitation
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SRSF10 on NPCs proliferation involved the regulation of PI3K-AKT-mTOR-CCND2 pathway and the alter-

native splicing of Nasp, a gene encoding isoforms of cell cycle regulators.

Among the developmental defectives in the NPCs-specific SRSF10-knockout mice, similar characteristics,

including the enlarged ventricle and thinned neocortex, are also displayed in several human brain devel-

opmental diseases such as congenital hydrocephalus and microcephaly.36–38 Besides, the decreased

expression of Ccnd2, a downstream gene of PI3K-AKT-mTOR pathway which encodes a critical cell cy-

cle-regulating protein,30,39 may also be associated with the microcephaly pathogenesis, because Ccnd2

loss of function owing to a variation has been reported to be a cause of microcephaly.37 Therefore, our re-

sults suggest that SRSF10 deficiency may be involved in the pathogenesis of these diseases, and maintain-

ing the normative expression of SRSF10 in NPCs is essential for cerebral development. Previous work has

reported that SRSF10 is involved in the development of several other types of tissues such as striated mus-

cle development, myoblast differentiation, and adipocyte differentiation,40,41 the results of present work

extended the potential function of SRSF10 in neural development and neural defective diseases.

In this study, besides multiple in vivo and in vitro data supporting the SRSF10 KO-induced inhibition of

NPCs proliferation, a seemingly inconsistent data of increase in the number of PAX6-positive cells also pre-

sented in the E14.5 SRSF10 cKO cortex (Figures 4D and S2D), which implied that the cell fate transition from

RGCs to IPCs may be stalled. Meanwhile, the calculating data of the SRSF10 KO-induced change of PAX6-

positive/TBR2-negative cells (from the data of Figures 4C–4E) showed a decrease trend, indicating that the

stall may occur at the PAX6/TBR2 double-positive stage but not at the PAX6-positive/TBR2-negative stage.

How and to what extent the KO-induced stalling of cell fate transition functions in the cortical development

needs further investigation.

In view of the significant reduction of cortical thickness in the SRSF10 cKO mice, we examined the number

of different types of excitatory neurons in the neocortex to better explore the alterations in the SRSF10 cKO

mice. It is well known that excitatory neurons in mouse cerebral cortex have six distinct anatomical layers,

which are generated in an ‘‘inside out’’ pattern during the developmental process.42 The immunostaining

of SRSF10 cKOmice cortex at multiple developmental stages showed that SRSF10 deletion resulted in de-

creases not only in TBR1 and CTIP2 positive deep-layer neurons, but also in BRN2 positive superficial neu-

rons. As NPCs neurogenesis and neuronal migration are the two major processions that affect neuronal

development,43,44 the significantly reduced numbers of various layers of excitatory neurons implied that

the major cause of the thinning cortical in the SRSF10 cKOmice may be the insufficient neurogenesis rather

than disordered neuronal migration.

Besides the NPCs in the VZ/SVZ regions which produce excitatory neurons, the NPCs in the MGE, which

produce the GABAergic neurons of the cortex, also contribute to the generation of cortical neurons.45

In order to reveal whether the SRSF10 deletion in MGE NPCs also contributes to the reduction in the num-

ber of cortical neurons in adult mice, we analyzed the GABAergic neurons using the immunostaining of

GABA in 2-month-old mouse cortex and found that the number of GABAergic neurons decreases signifi-

cantly in the SRSF10 cKO cortex, compared with the non-KO control (data not shown), indicating the contri-

bution of SRSF10 deletion in the MGE NPCs to the reduced numbers of neurons in adult cortex. However,

by comparing the decrease amplitude between the total neurons and GABAergic neurons in adult cortex,

we found that the decrease in the number of GABAergic neurons is much less than that of the total neurons

(Figure 2C upper panel) indicated by NeuN immunostaining. Thus, the SRSF10 deletion in the VZ/SVZ

NPCs that produce excitatory neurons may still contribute to the majority of the reduced numbers of neu-

rons in the cortex of adult cKO mice. This conclusion is also supported by the significant decrease in the

numbers of excitatory neurons of different cortical layers in the adult mice (Figures 2F, 2G, 2J, and 2K),

which does not contain the GABAergic neurons. Besides, the IUE analysis (Figures 6C and 6D) also showed

that plasmid-mediated knockdown of SRSF10 in a portion of the VZ NPCs causes the significant decrease in

the numbers of excitatory neurons of different cortical layers, which also supports this conclusion.

Figure 7. Continued

(RIP) results showing that Nasp mRNA has enrichment in the immunoprecipitation (IP) complex of SRSF10 antibody (IgG as the negative control). The

statistical data of RT-qPCR for Nasp (M), the representative RT-PCR image of Nasp (N, upper panel) and Western blot analysis confirming the existence

of SRSF10 protein in the SRSF10 IP complex (N, bottom panel). Data are represented as mean G SEM. At least 3 independent experiments were

performed for each genotype, and each experiment performed in triplicate. Student’s t test for two-tailed distribution was used for comparison of two

groups of samples. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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As a neural-tissue highly expressed protein, SRSF10 express ubiquitously in neurons, astrocytes as well as in

NPCs. Therefore, in the neocortex of Nestin-Cre SRSF10 cKO mice, in addition to the decrease in the expres-

sion of SRSF10 in NPCs, the decrease also presented in neurons and astrocytes as well, which were derived

from the NPCs. The effect of SRSF10 decrease in neurons and astrocytes may also contribute to the impaired

neurogenesis and enlarged ventricle in the adult SRSF10 cKOmouse neocortex. To further confirm the contri-

bution of SRSF10 in NPCs, we retraced the neurogenesis to as early as in E14.5 mouse cortex (Figures 2, and 6)

in the SRSF10 cKO mice, when the neurogenesis was at the early stage and the gliogenesis has not been

started, in an attempt to reduce the effect of SRSF10 reduction in neurons and astrocytes. We observed signif-

icant reduced neuronal numbers for each layer in the cortex of E14.5 cKO mice (Figure 2), indicating that the

deficiency of SRSF10 protein in NPCs exerts dominant effects on the impaired neurogenesis of neocortex.

In this study, we found that lacking of SRSF10 decreases the expression of exon7-inclusive tNasp and the ra-

tio of exon7 inclusive to exclusiveNasp (tNasp/sNasp) in theNPCs-specific SRSF10 cKOmouse cortex as well

as in the primary NPCs. The results suggest that as a pre-mRNA splicing factor, SRSF10 may function in the

NPCs via promoting the exon7 inclusive alternative splicing of Nasp and increase the expression of tNasp

isoform. The tNASP, the longer protein isoform of NASP which contains the exon7 encoded sequence, is re-

ported to be required for the normal cell cycle progression via binding to the histone protein and facility the

chromosome reassembly after DNA replication,31,46 while the s-NASP, the shorter isoform of NASP which

differs from the t-NASP in lacking a histone protein-binding site and two ATP/GTP-binding sites, the impor-

tant sites for the functional attribution of tNASP in chromatin reassembly, has no such function. Combining

the decreased tNasp isoform expression with the altered cell cycle progression and the inhibited prolifera-

tion in the NPCs after SRSF10 knockdown or knockout, our results suggest that the SRSF10 probably func-

tions in the proliferation of NPCs during mouse cortical development via promoting the exon7-inclusive

splicing ofNasp and regulating the cell cycle progression. The exact mechanisms need further investigation.

In investigating the mechanism under the SRSF10 knockout or knockdown-induced decrease of cortical

development, we observed down-regulated PI3K-AKT-mTOR pathway as well as the altered alternative

splicing of Nasp upon SRSF10 knockout or knockdown, both of which directed to the regulation of cell pro-

liferation and cell cycle, and both were consistent with our in vivo and in vitro observations that SRSF10

knockout or knockdown significantly decreased the proliferation and inhibited the cell cycle of NPCs.

These results suggested that the regulations of both the PI3K-AKT-mTOR-CCND2 pathway and the alter-

native splicing of Nasp are involved in the function of SRSF10 in regulating of proliferation and cell cycle of

NPCs, although further investigations are needed to reveal whether or how the PI3K-AKT-mTOR signal

pathway links mechanistically to the alternative splicing of Nasp.

Studies indicate that the impact of SRSF10 on alternative splicing depends on the position of the putative

SRSF10-binding motifs on the target pre-mRNAs.47 When SRSF10 binds to the motif in the cassette exon, it

tends to promote inclusion of this exon. AAAGACAAA is a consensus SRSF10-binding sequence that can

be recognized and bound with high affinity by SRSF10 which benefits the inclusive splicing of this exon.26,48

We analyzed the nucleotide sequence of mouseNasp exon7 and found a sequence of GAAGACAAA highly

resembles this consensus motif. Thus, we deduce that SRSF10 may promote the exon7-inclusive splicing of

Nasp by recognizing and binding to this motif. Our RNA immunoprecipitation results indicating the bind-

ing of SRSF10 protein with the Nasp pre-mRNA in the NPCs also support this deduction.

In conclusion, the present study extended our knowledge in the function of the splicing factor SRSF10 in

NPCs and in the development of neocortex. The study highlights the necessity of SRSF10 expression in

the formation of a structurally and functionally normal neocortex. To our knowledge, this is the first time

to report the function of SRSF10 in proliferation of NPCs as well as development of neocortex.

Limitations of the study

There are several limitations in this study. Although we found that SRSF10 is involved in the regulation of

PI3K-AKT-mTOR signaling pathway, how SRSF10 is directly linked to the regulation of this pathway keeps

unclear. Further investigations are needed to reveal the target gene whose pre-mRNA splicing is regulated

by SRSF10 and therefore affect the activation of this signal pathway. Besides, owing to the lack of related

reports so far, whether the SRSF10 deletion-induced alteration of Nasp pre-mRNA alternative splicing is

involved in the regulation of PI3K-AKT-mTOR signaling pathway is still unknown and needs to be revealed.

In addition, owing to the observation that the stalling of cell fate transition from PAX6 positive RGCs to

ll
OPEN ACCESS

iScience 26, 107042, July 21, 2023 15

iScience
Article



TRB2 positive IPCs may also occur in the SRSF10 cKO mouse cortex in addition to the proliferation inhibi-

tion of these NPCs, further investigations are also needed to reveal to what extent does the installation

function in the cortex development.
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Deposited data

RNA-seq data This paper GEO: GSE225647

Experimental models: Cell lines
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Mouse: ICR Vital River N/A
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N/A
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N/A
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Primer: GAPDH Forward: GAACCACGAGAAATATGACAAC This paper N/A
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Primer: Nasp Reverse: GGCTACCTTGGTCTCAACCC This paper N/A

Primer: b-actin Forward: CCTTCTTGGGTATGGAATC This paper N/A

Primer: b-actin Reverse: GGAGCAATGATCTTGATC This paper N/A

Primer: Bclaf1 Forward: CGTTCCAGAACATATTCGAGGTC This paper N/A

Primer: Bclaf1 Reverse: CCCATAAGGTCGTCTCATTCCT This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, reagents and data should be directed to the lead contact,

Dr. Xianhua Chen (xhchen@fudan.edu.cn).

Materials availability

Plasmids and mouse lines generated in this study are available from lead contact upon request.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d The accession number for the RNA sequencing data reported in this paper is GEO: GSE225647 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225647).

d This paper does not report original code.

d 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

Experimental animals

ICR mice were obtained from Vital River Laboratory Animal Technology Company. For staging of em-

bryos, mid-day of the vaginal plug identified was calculated as embryonic day 0.5 (E0.5). C57BL/6

mice were provided by Shanghai Model Organisms and Shanghai SLAC Laboratory Animal Co.,Ltd.

All mice were kept in a temperature controlled (25�C) room on a 12/12-h light/dark cycle, with food

and water ad libitum. For the experiments of embryonic and P0 to P7 mice, both male and female litter-

mates were randomly assigned to experimental groups. For the experiments of 2-month-old mice, males

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

siRNA targeting sequence: SRSF10: GAAGACGCUUUACAUAAUUUGGACA This paper N/A

shRNA sequence in pSuper-Scramble:

CGUUAAUCGCGUAUAAUACGCGUAU

This paper N/A

Targeting sequence in LV-shSRSF10:

GAAACAGUAGACCGACUGGAA

Heyuan Biotechnology

(Shanghai) Co., Ltd

N/A

Targeting sequence in LV-Ctrl:

CCUAAGGUUAAGUCGCCCUCG

Heyuan Biotechnology

(Shanghai) Co., Ltd

N/A

Recombinant DNA

LV-shSRSF10 Heyuan Biotechnology

(Shanghai) Co., Ltd

N/A

LV-Ctrl Heyuan Biotechnology

(Shanghai) Co., Ltd

N/A

Plasmid: pSuper-SRSF10-shRNA This paper N/A

Plasmid: pSuper-Scramble This paper N/A

Plasmid: pSuper OligoEngine Cat#VEC-PBS-0002

Plasmid: pCAG-EGFP Addgene Cat#11150

Software and algorithms

Prism 7 GraphPad Inc. N/A

NIS-Elements AR Nikon N/A

Photoshop CC 2018 Adobe N/A

CASH Wu et al.48 N/A

Cytoscape Shannon et al.58 N/A

ll
OPEN ACCESS

iScience 26, 107042, July 21, 2023 21

iScience
Article

mailto:xhchen@fudan.edu.cn
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225647
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225647


were used. All animal experiments and surgical procedures were approved by the Institutional Animal

Care and Fudan University Shanghai Medical College Committee (IACUC Animal Project 20170223–

092), and in strict accordance with the recommendations in the Guide for the care and use of laboratory

animals of the National Institutes of Health.

Generation of SRSF10 conditional knockout mice

The SRSF10 conditional knockout (cKO) mice were generated via the Cre/loxP system. The Srsf10 flox mice

we constructed previously16 were bred with Nestin-Cre mice (generated by Shanghai Research Center for

Model Organisms, Shanghai, China) to generate Srsf10 flox/+ Nestin-Cre+mice (SRSF10 heterozygous con-

ditional knockout mice, SRSF10 HET cKO mice), which were further bred with Srsf10 flox/flox mice to

generate Srsf10 flox/flox Nestin-Cre+mice (SRSF10 cKO mice). In all the experiments, the Srsf10 flox/flox

mice were used as the control of SRSF10 cKO mice.

Construction of recombinant pSuper plasmid and lentivirus for SRSF10 knockdown

For SRSF10 knockdown, a previously-validated siRNA sequence of GAAGACGCUUUACAUAAUUU

GGACA was used as the targeting sequence, and its corresponding short hairpin RNA (shRNA) coding

sequence was cloned into the pSuper plasmid between the enzyme sites of BglII and HindIII. The con-

structed plasmid was named pSuper-SRSF10-shRNA. The pSuper plasmid containing the shRNA coding

sequence of scrambled sequence (CGUUAAUCGCGUAUAAUACGCGUAU) was used as the negative con-

trol (pSuper-Ctrl).

The recombinant lentivirus for mouse SRSF10 knockdown (LV-shSRSF10) and its control (LV-Ctrl) were con-

structed by Heyuan Biotechnology (Shanghai) Co., Ltd. The targeting sequences in LV-shSRSF10 and LV-

Ctrl are listed in the ‘‘key resources table’’.

METHOD DETAILS

In utero electroporation

In utero Electroporation (IUE) was performed according to the reported methods.49 Timely pregnant mice

were anesthetized by isoflurane gas and uterine horns were exposed. Then, recombinant plasmid (final

concentration 1.5 mg/ml) mixed with enhanced GFP plasmid (pCAG-EGFP) at a 3:1 mol ratio and 0.1%

fast green solution was injected into the lateral ventricle of embryos with glass capillaries. After injection,

five square 50 ms pulses of 45 V with 950 ms intervals were applied with an electroporator (BTX, 45–0489).

After electroporation, the uterine horns were placed back into the abdominal cavity and the wound was

sutured. 2 days or other proper time later, the pregnant mice were sacrificed and the embryonic brains

were obtained for a further analysis.

EdU/BrdU labeling

For cell proliferation analysis in embryonic brains, EdU (5 mg/kg) was injected into pregnant mice via an

intraperitoneal (i.p.) injection 2 h before the mice were sacrificed and the embryonic brains were collected

for analysis. For the cell-cycle exit experiment, EdU (5 mg/kg) was administered 48 h after utero electropo-

ration, 24 h later, the embryonic brains were collected for further analysis. For the premature NPC terminal

mitosis analysis, EdU (5 mg/kg) was administered 24 h after utero electroporation, 3 days later, the embry-

onic brains were collected for further analysis.

For cell proliferation analysis in the cultured primary NPCs, 10 mMBrdU was added into the culture medium

for 1 h before further immunostaining of the BrdU-incorporated cells.

BrdU was immunostained using anti-BrdU antibody (Abcam, ab6326). For BrdU staining, samples need to

be treated sequentially in 1N, 2NHCl for 10minutes at 4�Cbefore permeabilization, followed by 10minutes

of retreatment with boric acid. EdU-incorporated cells was detected by fluorescent dye labeled azide

probe, according to the supplier’s protocol (Beyotime, C0081).

Cell culture

Neural progenitor cells (NPCs) were derived from E14.5 mouse embryonic cerebral cortex according to the

reported protocols with a little changes.50 Briefly, NPCs were cultured in DMEM/F12 medium containing

20 ng/ml bFGF, 20 ng/ml EGF, 5 mg/mL heparin, B27 supplement, GlutaMax, and penicillin/streptomycin.
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For neurosphere culture, NPCs were passaged using Accutase (Thermo) every 5 days and planted at

2*105/ml. For adherent culture, NPCs were planted on POL/Laminin (Sigma) co-coated slides at

1.5*105/ml. All experiments were performed using neurospheres in passage 3-6 and cells from at least

3 individuals. To induce differentiation, adherent NPCs were switched to DMEM/F12 medium containing

2% FBS, 5 mg/mL heparin, B27 supplement, glutamine, and penicillin/streptomycin for 5 days. Neuro 2a

(N2a), a mouse neural crest-derived cell line from ATCC, was maintained in MEM medium supplemented

with 10% FBS. Cells were cultured in a humidified incubator at 37�C with 5%CO2.

Cell transfection and infection

Transfections of pSuper-SRSF10-shRNA plasmid (pSuper-Scramble as the control) were conducted using

Lipofectamine 3000 Reagent (Thermo Fisher Scientific) following the supplier’s protocol for SRSF10 knock-

down. Briefly, cultured N2a cells were transfected with 1 mg recombinant plasmid mixed with 0.3 mg

enhanced GFP plasmid per well of 24-well plate, in the presence of 2.6 ml Lipofectamine 3000 Reagent.

Cells were transferred to differentiation culture or harvested for further investigation after 48h.

Infections of SRSF10 shRNA-expressing lentivirus or scrambled shRNA-expressing lentivirus (as the control)

were performed in primary cultured mouse NPCs. Both lentiviruses express green fluorescent protein. 12 h

after cell inoculation, the lentivirus, infection reagents andmediumwere mixed in a certain ratio and added

to the plates by liquid exchange. TheMOI of lentivirus infection in this subject was 30. 20-24h after lentivirus

infection, the medium containing lentivirus was replaced by fresh lentivirus-free ones. Follow-up experi-

ments were performed 72 h after infections.

Immunofluorescent labeling of brain sections and cells

Mouse embryonic brains were fixed in 4% PFA solution at 4�C for 8 h and dehydrated in 30% sucrose until

they sank to the bottom of the tube. Postnatal and adult brains were fixed in 4% PFA overnight at 4�C and

followed by dipping in 20% and 30% sucrose at 4�C successively until the brains were sunk. Brains were then

embedded in O.C.T compound (Sakura). Brains were sectioned into 20-mm thickness for adult mouse brain

and 14-mm thickness for embryonic brains or new bornmouse brains. Cryosections were permeabilized and

incubated with blocking solution (0.1% Triton X-100, 10% normal goat or horse serum in PBS) for 1 h at room

temperature. After incubation with the primary antibody at 4�C overnight (for more than 16 h), sections

were washed with PBS and incubated with appropriate fluorescence-conjugated secondary antibodies

at room temperature for 1 h and counterstained with DAPI before mounting. For immunostainings that

need antigen retrieval, slices were kept in citric acid-sodium citrate buffer at 95�C for 10 (embryo) or

20 (adult) minutes before permeabilized.

Immunostaining for cultured cells was performed according to the following procedure: the cells were

washed with PBS, fixed in 4% PFA for 30 min at room temperature, permeabilized by 0.2% Triton-100 in

PBS. The subsequent operation was the same as the brain sections described above. The primary anti-

bodies and secondary antibodies used in the immunofluorescent labeling for each protein of interest

are listed in the ‘‘key resources table’’.

Western blotting

Tissue or cell lysates (approximately 30–40 mg total proteins each) were separated in 12% SDS-PAGE gels

and blotted on NC membranes (110v, 1 h). For animal tissue samples, the membranes were blocked with

TBST solution containing 5% skim milk at room temperature for 1 h, while for cellular protein samples,

the membranes were blocked with high efficiency blocking solution (Willget) at room temperature for

15 min. The membranes were then incubated with primary antibody at 4�C overnight, after that the mem-

branes were washed with TBST for 3 times and incubated with appropriate secondary antibodies at room

temperature for 1 h. Signals were detected with an odyssey scanner. The primary antibodies and second-

ary antibodies used in the Western blot for each protein of interest are listed in the ‘‘key resources

table’’.

RT-PCR

The total RNA of tissue or cells was extracted through Total RNA Kit (OMEGA). Then, the cDNA was gener-

ated by using the Hifair� II 1st Strand cDNA Synthesis Kit (YEASEN). RT–qPCR was performed using the

SYBR Green kit (TSINGKE) on a LightCycler 96 instrument (Eppendorf). GAPDH was used as reference
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gene for normalization. The qPCR primers used for Srsf10, tNasp, Ccnd2, and GAPDH are listed in the ‘‘key

resources table’’.

RNA-immunoprecipitation (RIP)

RNA-immunoprecipitation was performed according to the reported protocols with some modifica-

tion.51,52 In brief, 10^7 NPCs were lysed in 500ml IP lysis buffer (Willget biotech F07 supplied with

200U/ml RNase inhibitor, 1X protease inhibitor and 1mM DTT) on ice for 10 min, then sonicated for three

cycles of 10s on /30s off at low intensity. Cell lysate was then centrifuged for 10 min at 15000g, 4�C to re-

move cell debris. 40ml Protein A+Gmagnetic beads (Beyotime, P2179S) were washed three times with NT-2

buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM MgCl2, 0.05% Nonidet P-40), and then incubated with 5mg

normal Rabbit IgG antibody (CST,2729S) or 5mg SRSF10 antibody (ABclonal, A6024) for 2h in rotator at

room temperature. After that, beads bound with antibody were washed for four times in NT2 buffer,

and resuspended in 800ml NET-2 buffer (13 NT-2 buffer suppled with 20 mM EDTA pH 8.0, 1 mM DTT,

200 units/ml RNase inhibitor). Supernatant of NPC cell lysate was then equally added into the two tubes

containing beads bound with SRSF10 antibody or IgG, respectively (each 200ml added, totally 1ml in

each tube), then 100ml mixture was put aside from each tube as the input, with the beads removed imme-

diately by magnet. The mixture of cell lysate-antibody bound beads were incubated on rotator at 4�C over-

night, followed by a five times washes of the beads using ice cold NT-2. Before the last washing, 1/10 beads

were removed for Western Blot analysis. Beads were eventually resuspended in 200ml proteinase K buffer

(NT-2 buffer with 1% SDS and 1.2mg/ml proteinase K), and the input was directly added with SDS and pro-

teinase K to the same volume. All tubes were incubated at 55�C for 30 min and inverted every 5 min. RNA

was extracted using a Total RNA Kit (Omega, R6834), and reverse transcription were followed using

HiScript RT SuperMix (Vazyme biotech, R223-01) to generate cDNA for qPCR. qPCR analysis was then

performed as described above. The qPCR primers for Nasp, b-actin (as a negative control), and Bclaf1

(a reported target gene of SRSF10, as a positive control) are listed in the ‘‘key resources table’’.

Cell cycle analysis

Cells were dispersed and fixed with 100% ethanol before being stained with fluorescent dye PI and

analyzed by flow cytometry, as described by the supplier’s protocol (Beyotime, C1052). The amount of

DNA in each cell was analyzed for determining the phase of cell cycle that the cells located.

RNA sequencing and bioinformatic analysis

RNA was extracted from dissected P0 cortex of SRSF10 cKO mice and SRSF10 knockdown primary NPCs

and their respective controls. For mRNA preparation, total RNA was isolated using TRIzol reagent (Invitro-

gen, Carlsbad, CA). The RNA quality was checked by Agilent 2200. The qualified RNA for each sample with

RIN (RNA integrity number) > 7.0 was constructed into cDNA library using the TruSeq Stranded mRNA Li-

brary Prep Kit (Illumina Inc.) according to the manufacturer’s instructions. The libraries were quality

controlled with Agilent 2200 and sequenced by NovaSeq 6000 on a 150 bp paired-end run. The clean reads

were then aligned to mouse genome (mm10, Ensemble: version 100) using the Hisat2.53 HTseq54 was used

to get gene counts and RPKM method was used to determine the gene expression. Then, DESeq2 algo-

rithm was applied55 to filter the differentially expressed genes, after the significant analysis, P-value and

FDR analysis56 were subjected to the following criteria of Fold Change>1.5 or < 0.67, and FDR<0.05. For

Gene ontology (GO) analysis, GO annotations from NCBI (http://www.ncbi.nlm.nih.gov/), UniProt

(http://www.uniprot.org/) and the Gene Ontology (http://www.geneontology.org/) were downloaded.

Fisher’s exact test was applied to identify the significant GO categories (P-value < 0.05). Pathway analysis

was performed find out the significant pathway of the differentially expressed genes according to KEGG

database. The Fisher’s exact test was applied to select the significant pathway, and the threshold of signif-

icance was defined by P-value< 0.05. For construction of GO-Tree, the significant GO-Term (P-Value<0.01)

in GO Analysis were selected based on the up and down differentially expressed genes to summarize the

function affected by SRSF10 gene knockout/knockdown.57 For construction of Path-Act-Network, which in-

cludes metabolism, membrane transport, signal transduction and cell cycle pathways, the genes in en-

riched biological pathway were picked and Cytoscape58 was used for graphical representations of path-

ways. For the alternative splicing detection, the CASH software48 were selected as the tool to detect the

differentially alternative splicing cases based on the bam file after mapping according to the FDR threshold

(FDR<0.05).
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Behavioral testing

Y-maze test, rotarod test, open-field test, elevated plus-maze test, tail suspension test and forced swim-

ming test were analyzed as follows:

Y-maze test was used to evaluate spontaneous alternation as a measure of working memory. This test was

performed in a Y-shaped maze with three opaque arms at a 120� angle from each other. The number and

order of mice entering the three opaque arms within 10 minutes were recorded using the movement track

tracking system of EthoVision software. Over the course of several arm entries, healthy mice should show a

tendency to enter a less recently visited arm thus displaying a higher alternation percentage. The mouse

entered for three consecutive times into different entries was counted as an alteration. The parameter of

alternation behavior was counted as the ratio of the number of alterations /(total arm-entering times-2).

Rotarod task was used to evaluate motor coordination after repeat learning. The ENV-575M Rotarod ma-

chine (Med Associates Corp.) was used for this test. For each trial, mice were placed on the rotarod moving

at a constant speed of 20 rpm over the course of 5 min, which will fall onto the platform below when they

could not coordinate its movement on the rotating rotarod. The latency time to fall from the rotarod was

automatically recorded by the software. Every mouse was tested for three consecutive trials a day with

10-min intervals between each trial. And this test was repeated for three consecutive days. The average la-

tency time to fall from the rotating rotarod for the third trial in the test of each day were used for data

analysis.

Anxiety and exploratory behaviors were assessed by Open field test. The test was performed according to

the reported methods with minor modification.59 In this test, each animal was placed individually at the

border of MED-VOF-MS square arena of Media Associates, which is subdivided into central and conner

zone using the EthoVision software tracking system. The movement track of mice in the box within 10 mi-

nutes was collected through the induction system. The activity of the mice including the total movement

distance, total time spent in the center, and number of central area entries were analyzed.

The elevated plus maze test was used to measure anxiety-like behavior and was performed according to

the reported methods.60 The MED-VPM-MS elevated plus-maze (Med Associates Corp.) was used for

this test. The intersection position of the open arm and the closed arm of the elevated maze was set as

the central area. The test was initiated by placing the mouse on the central area of the maze, facing one

of the open arms, and letting it move freely. Mouse behavior within 5 minutes of being put into the

maze was continuously recorded by the software EthoVision, and the data including the movement track,

the times entering the open arm, and the duration staying in the open arm were collected by the software.

Tail suspension test was used for evaluating depression-related behaviors and was performed according to

the reported methods.61 The MED-VPM-MS cabinet (Med Associates Corp.) was used for this test. The

mice were suspended by their tails with tape, in such a position that it cannot escape or hold on to nearby

surfaces. The behavior of the mice was recorded immediately with the photography system, and the dura-

tion that the mice staying motionless within the last 4 minutes of a total 6 minutes was counted.

The forced swim test was used for evaluation of depressive-like states and was performed according to the

reported methods with minor modification.62 In this test, a transparent cylindrical container containing wa-

ter about 10 cm depth was used. The water temperature was kept at 25–30�C. The mice were put into the

container and the behavior of the mice was immediately recorded with the photography system. The accu-

mulated time of that the mice staying motionless within the last 4 minutes of a total 6 minutes was counted.

Confocal imaging

All images were captured with confocal microscopy (Nikon A1R) and analyzed with NIS-Elements AR

(Nikon) or Photoshop CC 2018 (Adobe).

QUANTIFICATION AND STATISTICAL ANALYSIS

All comparisons between the two groups of data were performed using the Two-tailed Student’s t-test for

independent samples, expressed as meanG standard error (S.E.M.), and statistical data were counted and
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plotted using GraphPad Prism 7 software. P < 0.05 was considered statistically significant. Significance is

marked as *p < 0.05, **p < 0.01, ***p < 0.001, and ****P<0.0001.

Data and software availability

The data of RNA-seq discussed in this paper have been deposited into NCBI’s Gene Expression Omnibus,

and are accessible through GEO Series accession number GSE225647 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE225647).
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