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TCF20 dysfunction leads to cortical neurogenesis
defects and autistic-like behaviors in mice
Chao Feng1,2,3, Jinyue Zhao1,2, Fen Ji1,2, Libo Su1,2, Yihui Chen4,* & Jianwei Jiao1,2,5,**

Abstract

Recently, de novo mutations of transcription factor 20 (TCF20)
were found in patients with autism by large-scale exome sequenc-
ing. However, how TCF20 modulates brain development and
whether its dysfunction causes ASD remain unclear. Here, we show
that TCF20 deficits impair neurogenesis in mouse. TCF20 deletion
significantly reduces the number of neurons, which leads to abnor-
mal brain functions. Furthermore, transcriptome analysis and
ChIP-qPCR reveal that the DNA demethylation factor TDG is a
downstream target gene of TCF20. As a nonspecific DNA demethy-
lation factor, TDG potentially affects many genes. Combined TDG
ChIP-seq and GO analysis of TCF20 RNA-Seq identifies T-cell factor
4 (TCF-4) as a common target. TDG controls the DNA methylation
level in the promoter area of TCF-4, affecting TCF-4 expression and
modulating neural differentiation. Overexpression of TDG or TCF-4
rescues the deficient neurogenesis of TCF20 knockdown brains.
Together, our data reveal that TCF20 is essential for neurogenesis
and we suggest that defects in neurogenesis caused by TCF20 loss
are associated with ASD.
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Introduction

During cerebral cortex development, neuron generation from neural

stem cells and progenitor cells is precisely controlled. Neural stem

cells located in the ventricle zone and subventricle zone use

symmetrical and asymmetrical division to self-renew and generate

neuroblast cells. After terminal mitosis, newborn neurons migrate

to the appropriate regions following the inside-out rule, at which

point they form functional neural circuits [1–3]. Precise control of

neurogenesis is indispensable for normal brain development and

function. Abnormal regulation of neurogenesis usually leads to

neurodevelopmental disorders comprising ASD, ADHD, and intellec-

tual disability [4].

Autism spectrum disorders describe a series of neurodevelop-

mental disorders with deficits in social communication and interac-

tion, as well as stereotypical repetitive behavior patterns [5].

Because they are neurodevelopmental disorders, ASDs are lifelong

diseases that have a huge impact on not only patients’ lives but also

their families and society. Since being first reported by Kanner in

1943, the worldwide prevalence of autism has significantly

increased from 1/2,500 to 1/100, and it is even higher in some coun-

tries, such as 1/86 in the UK and 1/59 in the United States [6–8].

Due to the current global state of ASD, many efforts have been made

to investigate its pathogenetic mechanism. Currently, genetic factors

are regarded as the most important risk factors for the development

of ASDs. For parents of a child with autism, the next child has a 20–

50 times higher risk of suffering ASD than the next child of parents

who have a child without autism [7,9–11]. However, the causes of

autism are still unclear. Studies of autism candidate genes are

urgently needed.

Recently, many gene mutations were identified as high-risk

factors in the pathogenesis of neurodevelopmental disorders

through large-scale exome sequencing technology [12,13]. Among

these novel gene mutations, de novo mutations of TCF20 (transcrip-

tion factor 20) were identified in the sequencing data of autism

patients, which might imply that TCF20 dysfunction is related to the

development of ASD [14–16]. TCF20, also called stromelysin-1

platelet-derived growth factor (PDGF)-responsive element binding

protein, is a transcription factor involved in the regulation of stro-

melysin-1 transcription [17]. TCF20 was also found to play a role as

transcriptional coactivator in modulating the transcriptional activity

of Sp1, c-Jun, Est1, and RNF4 [18–20]. TCF20 is located in the chro-

mosome 22q13.2 region, which is close to the Phelan-McDermid

syndrome (PMS) candidate gene shank3 [21]. PMS, known as

22q13.3 deletion syndrome, involves a range of phenotypes, includ-

ing global developmental delay, intellectual disability, neonatal

hypotonia, autism, and autistic-like behaviors, which has caused

PMS to be considered a syndromic form of ASD [22–24]. TCF20
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mutations or microdeletions were also found in PMS patients

[21,23,25]. All these studies suggest that TCF20 dysfunction could

be related to ASDs.

However, because of a lack of direct evidence, it is still unclear

whether TCF20 dysfunction causes ASDs. In addition, the function

of TCF20 in the brain development process also remains unclear. To

understand the biological function of TCF20 in neurogenesis and the

possible relationship between TCF20 mutations and ASD, we gener-

ated TCF20 knockout mice and found that the deletion of TCF20

results in neurogenesis defects as well as autistic-like behavioral

patterns. Specific depletion of TCF20 in NSCs leads to a decrease in

neuronal differentiation and an increase in NPCs proliferation,

which might be responsible for abnormal behaviors. In terms of

molecular mechanisms, TCF20 regulates the expression of TDG, a

DNA demethylation enzyme, by binding to the TDG promoter

region and promoting its transcription. Furthermore, TDG reduces

the methylation level in the promoter CpG island region of the

downstream neural differentiation gene T-cell factor 4 (TCF-4),

which enhances its expression. Overexpression of TDG or TCF-4

could rescue the phenotype caused by TCF20 dysfunction. Together,

our work reveals that TCF20 is essential for neurogenesis in the

developing brain, and we provide insight into the relevance of DNA

methylation of neural differentiation genes to the etiology of ASDs.

Results

TCF20 is expressed in the cerebral cortex of mouse embryos

To investigate the function of TCF20 in neurogenesis, we first

detected the expression of TCF20 in the brain of E13 and E16 mouse

embryos. The immunofluorescence results showed that TCF20 was

ubiquitously expressed in cortex. Co-immunostaining with the

neural progenitor cell (NPC) marker PAX6, NESTIN, and SOX2 in

isolated neural progenitor cells from E13 embryos also revealed the

expression of TCF20 in NPCs (Fig 1A and B). Then, we used abso-

lute quantitative RT–PCR combined with Western blotting to detect

the expression level during brain development. The results showed

that expression increased throughout development until it reached

an expression peak at E16, and then, expression slightly decreased

(Fig 1C–E).

Next, we generated 2 shRNA plasmids targeting the TCF20 CDS

region. First, their knockdown efficiencies were confirmed through

Western blotting, RT–qPCR, and immunostaining in isolated NSCs

(Fig EV1A–E). Results indicated that TCF20-sh2 had a better effi-

ciency. We next generated an overexpression vector of TCF20 CDS

region. Western blotting showed that this overexpression vector had

ability to overexpress TCF20 (Fig EV1F and G). Then, TCF20 knock-

down plasmids were transferred into NPCs located in the VZ

through in utero electroporation (IUE) at E13.5. After 3 days, these

embryos were harvested and sectioned. We found that two TCF20

knockdown plasmids both resulted in the reduction of GFP+ cells

proportion in the CP and the increase of GFP+ cells proportion in

the IZ and VZ/SVZ (Fig 1F and G). The abnormal cell distribution

might result from three possibilities: the imbalance of NSCs prolifer-

ation and differentiation, migration defects, and cell death. The

increase proportion of GFP+ cells in VZ/SVZ might be ascribed to

enhanced cell proliferation, while the decrease percentage of cells in

CP might come from the cell differentiation defects or migration

problems or both. These three possibilities would be separately

analyzed in the following experiments.

Then, a rescue experiment was performed through co-IUE TCF20

knockdown vectors with TCF20 overexpression vectors. This result

indicated that TCF20 shRNA did not have off-target effect (Fig EV2D

and E). The abnormal cell distribution phenotype indeed resulted

from TCF20 dysfunction. Because TCF20-sh2 had better knockdown

efficiency and a more dramatic phenotype, further explorations of

cell proliferation, differentiation, and migration were mainly carried

out using the TCF20-sh2 group.

TCF20 knockdown promotes neural progenitor cell proliferation
and inhibits differentiation

After we observed the abnormal GFP distribution of TCF20 knock-

down mice, 2 h of BrdU (bromodeoxyuridine) labeling experiments

was conducted to label proliferating cells. BrdU is an analog of

thymidine that can label cells in the S-phase. Immunostaining of

BrdU showed an increase in BrdU and GFP double-positive cells

(Fig 2A–C). Furthermore, Western blotting of isolated NSCs with

TCF20 knockdown also revealed that loss of TCF20 leads to an

increase of SOX2 protein level (Fig 2D). Then, immunostaining of

PAX6 and TBR2 was performed to investigate whether the cell

proportions of radial glia cells (RGs) and intermediate progenitor

cells (IPs) were disturbed after the loss of TCF20. We found the

proportions of GFP+ PAX6+ cells and GFP+ TBR2+ cells both had

different degrees of increase when TCF20 was depleted. Meanwhile,

the percentage of GFP and proliferation marker SOX2 double-posi-

tive cells was also increased in TCF20 knockdown group (Fig 2E–I).

The results suggested that loss of TCF20 enhances NPC prolifera-

tion. Since we already found that TCF20 knockdown affects cell

proliferation, we next wondered what the effect of loss of TCF20

was on the cell cycle? Therefore, we performed a cell cycle exit

experiment by co-immunostaining with Ki67 and BrdU. BrdU was

injected into pregnant mice at E15, 24 h before sacrificing mother

mice. Costaining of BrdU and Ki67 helped us to detect the percent of

cells exiting cell cycles in the following 24 h after BrdU administra-

tion. The knockdown of TCF20 reduced the proportion of

GFP+BrdU+Ki67� cells among the GFP+ BrdU+ cells population

(Fig EV2A–C). This result indicated that the loss of TCF20 results in

more cells remaining in the cell cycle rather than undergoing dif-

ferentiation.

Given that the knockdown of TCF20 leads to a reduction in

GFP+ cells in the CP, a neuronal birthdate experiment was

performed to investigate whether the neural differentiation was

changed after TCF20 knockdown. IUE was performed with TCF20

knockdown plasmids in E13 embryonic brains. After 24 h, BrdU

was injected into mother mice. All electroporated brains were

collected at P0 for analysis of terminal mitosis. Staining with a BrdU

antibody, we found that the percentage of GFP and BrdU double-

positive cells in the CP was dramatically decreased. The data

demonstrated that many NPCs could not proceed terminal mitosis

and differentiate into neurons on time, which is consistent with the

cell cycle exit. Furthermore, co-immunostaining was performed for

SATB2, CTIP2, and TBR1. A significant reduction in GFP-positive

cells that colocalizing with SATB2, CTIP2, or TBR1 was observed,

which means that neural differentiation was disturbed after TCF20
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Figure 1. TCF20 is expressed in the developing cerebral cortex and neural stem cells.

A Immunostaining of TCF20, NESTIN, and merged with DAPI in E13 and E16 embryonic brain sections. TCF20 is widely expressed in the brain.
B Costaining with the NSC markers NESTIN, SOX2, and PAX6 reveals that TCF20 is expressed in NSCs.
C Absolute quantitative PCR of TCF20 in different developmental stages from E12 to P0. n = 4 independently repeated tests.
D Western blotting results show the changes in TCF20 protein expression level during brain development.
E Statistical analysis of normalized band intensity in the Western blot results. n = 4 samples for each group.
F In utero electroporation of TCF20 shRNAs in the E13 cerebral cortex led to abnormal cell distribution. These electroporated embryos were collected at E16.
G Statistical analysis of the distributions of GFP-positive cells in different brain regions. The percentage of GFP-positive cells in the CP (cortical plate), IZ (intermediate

zone), and VZ/SVZ (ventricle zone and subventricle zone) was analyzed. n = 7 brains.

Data information: Bars and error bars represent the means � SEM. Two-tailed unpaired t-tests were used to analyze the data, n.s. (no significant difference), P < 0.01
(**), P < 0.001 (***). Scale bar in (A) e13, 50 lm, e16 100 lm; (B) 50 lm; (F) 50 lm.
Source data are available online for this figure.
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knockdown (Fig 3D–H). Co-immunostaining with CUX1, a marker

of upper layer neurons, also revealed that NPCs did not differentiate

into neurons as a result of the loss of TCF20 (Fig EV2F and G).

Taken together, these data showed that TCF20 knockdown in the

cerebral cortex promotes cell proliferation but inhibits cell differenti-

ation. Here, we thought the proliferation and differentiation
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Figure 2.
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dysregulation might be the main factor resulting in GFP+ cell abnor-

mal distribution. The other two possibilities were analyzed in

further experiments.

TCF20 knockout impairs neurogenesis in the embryo
cerebral cortex

TCF20 knockout mice were generated to further investigate the

biological function of TCF20 during brain development. We

designed 2 guide RNAs targeting the 2 ends of exon 2 of TCF20, and

this strategy would result in the deletion of the majority of the

TCF20 CDS area. Approximately 5kbp of genomic DNA was

removed through CRISPR technology (Fig 4A). Western blotting and

RT–qPCR results both confirmed that TCF20 was successfully

deleted in TCF20 KO mice. In addition, immunostaining of brain

slices confirmed this result (Fig 4B–F).

We first detected several proliferation and differentiation makers

in the TCF20 knockout mice. The differentiation markers SATB2

and NeuN were decreased with dosage dependence of the loss of

TCF20, while the proliferation markers PAX6, SOX2, and PCNA had

opposite results along with the loss of TCF20 (Fig 4G).

Second, different layer markers CUX1, SATB2, CTIP2, and TBR1

were used to detect the differentiation of E16 TCF20 KO mice

embryos. The layer thickness or cell numbers in different layers

were decreased in TCF20 KO and HET mice (Figs 4H–K and EV3A

and B). Third, in utero electroporation of E13-E16 TCF20 KO

embryos with GFP plasmids, and the mice showed that TCF20

dysfunction resulted in abnormal cell distribution, which was simi-

lar to what was observed in the TCF20 knockdown experiments.

After TCF20 deletion, the proportion of GFP+ cell located in the CP

was significantly decreased, while GFP+ cells in the VZ/SVZ and IZ

were increased, which indicated that TCF20 deletion promoted

NPCs proliferation and inhibited differentiation (Fig 4L and M). And

IUE experiment of GFP plasmids in TCF20 KO mice from E15 to P0

showed that most cells with GFP labeling could normally migrate

into upper layer, which indicated that cell migration ability might

not be affected in the late period after TCF20 deletion. However,

because the differentiation and migration were strongly linked, it

was hard to clearly distinguish them in our research system. Thus,

we thought migration deficits might also be involved in the whole

brain development process (Fig EV3C). TUNEL staining of E16

embryo cerebral cortex slices showed no obvious difference

between WT and TCF20 KO mice. This result implied that TCF20

deletion did not cause apoptosis (Fig EV3D and E). These results

suggested that TCF20 is essential for the balance between neural dif-

ferentiation and proliferation. The cell cycle exiting result in TCF20

KO mice was similar to that of TCF20 knockdown experiments.

Many NPCs still stayed in the cell cycle after TCF20 deletion

(Fig EV3H–J). Then, we detected changes of microglia marker IBA1,

and no significant differences were found after TCF20 knock out

(Fig EV3K and L).

The dysfunction of TCF20 leads to autistic-like behaviors in adult
and pup mice

Since the deletion of TCF20 disturbed neurogenesis in the mouse

embryo cortex, we wondered whether TCF20 dysfunction would

have phenotypes in mice similar to those in humans. Unfortunately,

our homozygous TCF20 knockout (KO) mice could not survive to

adulthood. During development, the homozygous TCF20 KO mice

showed severe global development delay, decreased body weight

and brain size from embryo to P14. Over 80% of homozygous

TCF20 KO mice died before P14, so we used heterozygous TCF20

KO mice instead to conduct the adult behavioral test (Fig EV4A–I).

Besides, heterozygous TCF20 KO mice are closer to the ASD patients

in genotype. First, we performed an ultrasonic vocalization test on

wild-type (WT), heterozygous TCF20 KO (HET), and homozygous

TCF20 KO (KO) pups. Compared with the WT pups, the call

numbers and total call durations were significantly reduced in HET

and KO pups. However, for the single call duration, only the KO

pup group showed a significant decrease. Although many HET pups

also had shorter call durations, there was no significant difference.

It seemed that KO pups had a worse ability to communication than

HET and WT pups (Fig 5A–D). These results suggested that not only

KO pups but also HET pups show autism-like behaviors.

Because most of the TCF20 KO mice could not survive to adult-

hood, we chose HET mice for the adult behavioral test (Fig EV4D).

Open field tests showed that TCF20 HET mice did not have move-

ment ability defects. We did not observe a significant change in

either total moving distance and time or moving distance in the

center area, which means that HET mice exhibited normal move-

ment activity and exploration ability (Fig 5E–H). Then, Y-Maze tests

were conducted to measure working memory ability. The results

showed that HET mice had a decreased tendency to enter the new

◀ Figure 2. TCF20 deficits result in abnormal cell proliferation.

A A diagram of the BrdU labeling time point in electroporation experiments.
B Immunostaining of BrdU. White arrows represent BrdU GFP double-positive cells. Scale bar: 50 lm.
C Statistical analysis of 2-h BrdU labeling experiments. n = 6 brains.
D Western blotting analysis indicated an increase in the proliferation marker SOX2 in TCF20 depleted NSCs.
E Immunostaining with PAX6 in E16 electroporated embryo brains. White arrows represent PAX6, GFP double-positive cells. 1,2 are 2x enlarged as the dashed boxes

showed. Scale bar: 50 lm.
F Statistical analysis of the percentage of PAX6+GFP+ cells among the total GFP+ cells. n = 3 brains for each group.
G Immunostaining with SOX2 and PAX6 in E16 electroporated embryo brains. White arrows represent GFP, SOX2 double-positive cells; red arrows represent GFP, TBR2

double-positive cells. Scale bar: 50 lm.
H Statistical analysis of the percentage of SOX2+GFP+ cells among the total GFP+ cells. n = 8 brains for each group.
I Statistical analysis of the percentage of TBR2+GFP+ cells among the total GFP+ cells. n = 5 brains for each group.

Data information: Bars and error bars represent the means � SEM. Two-tailed unpaired t-tests were used to analyze the data, n.s. (no significant difference), P < 0.05
(*), P < 0.01 (**), P < 0.001 (***).
Source data are available online for this figure.
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arms, and the total time of HET mice remaining in each arm was

similar. This indicated that working memory was disturbed after the

deletion of TCF20 (Figs 5I and EV4J). Anxiety is a commonly shared

phenotype in different ASDs. Next, elevated-plus maze tests were

performed to measure the anxiety of WT and HET mice. Compared

with WT mice, the moving time of HET mice in the open arms was

significantly reduced, which suggested that TCF20 loss resulted in

anxiety (Figs 5J and K and EV4K). To confirm the reduction in

social interaction ability in adult mice, three-chamber tests were

also conducted with WT and HET mice. As expected, the HET mice

did not prefer to interact with new novel wild-type mice, which

revealed that TCF20 dysfunction could result in social interaction

defects or social interest reduction (Fig 5M–Q). In addition to social

interaction deficits, rigid repetitive behavior is another typical

behavioral symptom in patients with ASD. The marble burying test

results showed that HET mice buried more marbles than WT mice,

which indicated that HET mice exhibited repetitive behaviors

(Figs 5L and EV4L). Short videos of WT and HET activities in home

cages also showed HET mice would run in circles (Movies EV1 and

EV2). This result clearly showed that HET mice have a rigid repeti-

tive behavioral pattern. Together, TCF20 dysfunction could cause

mice to exhibit autistic-like behaviors.

TCF20 regulates neurogenesis through TDG

To further understand of the mechanism behind TCF20 modulating

neurogenesis, we performed RNA sequencing to investigate the tran-

scriptome differences in the cerebral cortex between E13.5 TCF20

KO mice and WT mice. Approximately 500 genes were changed

after TCF20 was deleted. GO analysis revealed that the downregu-

lated genes were enriched in biological processes of neuron fate

specification, neuron differentiation, negative regulation of cell

proliferation, and embryonic morphogenesis. The upregulated genes

were mainly enriched in relation to hypersensitivity and inflamma-

tory response (Fig 6A–C). Among the downregulated genes,

thymine-DNA glycosylase (TDG) was significantly reduced, which

suggests that TDG could be a downstream target of TCF20 (Fig 6D

and E). In addition, some studies have shown that TDG is involved

in various tissue differentiation and neuron fate specifications

[26–28]. Therefore, we first detected the expression pattern of TDG

in the developing cerebral cortex. TDG exhibited an expression

pattern that was similar to that of TCF20, and it was also coex-

pressed with NSC markers and the immature neuron marker DCX

(Fig EV5A and C).

Then, we generated 2 shRNAs targeting TDG and an overexpres-

sion vector (Fig EV5B). As expected, knockdown of TDG in embryo

brains caused a cell distribution phenotype that was similar to

TCF20 knockdown, which suggested TDG could be a key modulator

involved in neurogenesis modulated by TCF20. TDG knockdown

increased the cell numbers in the IZ and VZ/SVZ but decreased the

cell number in the CP (Fig 6F and G). We found that TCF20 could

bind with the TDG promoter within 1,500 bp of the TSS (Fig 6H).

T-cell factor-4 is responsible for TDG controlling
neural differentiation

As a DNA demethylation enzyme, TDG could affect expression of

many genes. Which gene is responsible for neural differentiation

◀ Figure 3. TCF20 depletion impairs neuronal differentiation.

A SATB2 staining revealed a reduction in SATB2 and GFP colocalization when TCF20 was depleted. White arrows represent SATB2, GFP double-positive cells.
B Statistical analysis of the SATB2 GFP double-positive cell ratio in GFP-positive cells. n = 3 brains.
C Staining with CTIP2 and TBR1 antibodies shows TCF20 knockdown decreases the colocalization of CTIP2 and TBR1 with GFP in E13.5-E16.5 brains. White arrows

represent CTIP2, GFP double-positive cells. White arrow heads represent TBR1, GFP double-positive cells.
D, E Statistical analysis of CTIP2, GFP, and TBR1, GFP double-positive cell ratio in GFP-positive cells. n = 3 brains.
F A diagram of the BrdU labeling time point in electroporation experiments.
G Immunostaining of BrdU. White arrows represent BrdU GFP double-positive cells.
H Percentage of BrdU and GFP double-positive cells in GFP-positive cells n = 3 brains for each group.

Data information: Bars and error bars represent the means � SEM. Two-tailed unpaired t-tests were used to analyze the data, n.s. (no significant difference), P < 0.05
(*), P < 0.01 (**), P < 0.001 (***). Scale bar: (C, G) 25 lm; (A) 50 lm.

▸Figure 4. Deletion of TCF20 impairs neurogenesis.

A A diagram of the construction of TCF20 knockout mice. Two guide RNAs targeted the ends of TCF20 exon 2. With the help of cas9, TCF20 exon 2 was deleted from
the genome.

B Western blotting analysis of TCF20 in TCF20 WT, HET, KO mice reveals that TCF20 was deleted.
C Statistical analysis of the normalized band intensity of TCF20. n = 3 samples for each genotype.
D RT–qPCR analysis of TCF20 in TCF20 WT, HET, and KO mice reveals that TCF20 was deleted. n = 4 samples.
E Immunostaining of E16 WT and KO mouse brain slices revealed that TCF20 was successfully knocked out. Scale bar: 50 lm.
F Statistical analysis of the normalized fluorescence intensity of TCF20. n = 6 samples for each genotype.
G Western blotting analysis of neural proliferation and differentiation markers in WT HET and KO mice showed that TCF20 deficits promote cell proliferation and

inhibit cell differentiation.
H Immunostaining of different cortical layer markers TBR1, CTIP2, and SATB2, White dash line represents the positive area. Scale bar: 50 lm.
I–K Statistical analysis of different cells layers in TCF20 WT, HET, and KO mice. n = 7 brains of each group.
L TCF20 deletion impairs neurogenesis and results in abnormal cell distribution. Scale bar: 50 lm.
M Statistical analysis of GFP+ distribution in different zones. n = 3 brains for each genotype.

Data information: Bars and error bars represent the means � SEM. Two-tailed unpaired t-tests were used to analyze the data, n.s. (no significant difference), P < 0.05
(*), P < 0.01 (**), P < 0.001 (***).
Source data are available online for this figure.
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controlled by TDG? Comparing previously reported TDG ChIP-seq

results with our RNA-seq data, we found T-cell factor 4 (TCF-4),

which was found in a GO term named neural fate specification, has

TDG binding sites in its the promoter region [29–32] (Fig 6I).

Besides, Western blotting analysis revealed that TCF-4 expression

level was disturbed in TDG depleted NSCs (Fig EV5E and F). ChIP-

qPCR experiments were performed to confirm whether TDG could

bind to the TCF-4 promoter area. The results showed that TDG

could bind to the region of the TCF-4 promoter and also that there is

a CpG island in this promoter (Fig 7A and B). Since CpG islands are
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the main active regions in relation to DNA methylation, it is reason-

able that TDG mainly binds this region. Next, we detected the 4

DNA methylation products in this CpG island through MeDIP-qPCR.

We used four antibodies to separately enrich the DNA fragments

containing 5mC, 5hmC, 5fC, and 5caC, and then, RT–qPCR was

conducted to quantify the amount of each methylation product. We

found that after TCF20 deletion, 5mC, 5fC, and 5caC accumulated

but 5hmc was decreased in this CpG island (Fig 7C–F). Immunos-

taining of 5fC and 5caC in TCF20 knockdown NSCs also revealed an

increase in 5fC and 5caC (Fig 7G–J). As reported previously, 5mC,

5fC, and 5caC had a repression function on transcription, so the

accumulation of 5mC, 5fC, and 5caC in the TCF-4 promoter resulted

in a reduction of its expression and further impaired neural differen-

tiation. Next, overexpression of TDG or TCF-4 rescued the pheno-

type caused by the knockdown of TCF20, respectively (Fig 7K and

L). Taken together, TCF20 could modulate TDG expression, which

could further affect the expression of the neural differentiation gene

TCF-4.

Discussion

Neurogenesis is under the precise temporal and spatial control of

many transcription factors and epigenetic factors [2,3]. Abnormal

neurogenesis often results in neurodevelopmental disorders. As the

most common neurodevelopmental disorders, ASDs have a large

population prevalence of 1%, which means that 70 million patients

suffer from an ASD [6]. This places a great burden on families and

society. However, the pathogenesis of ASD is poorly understood.

Recently, exome sequencing studies reported that de novo muta-

tions of TCF20 exist in patients with ASD and other neurodevelop-

mental disorders [12–16,25,33]. Since TCF20 mutations were

recently found in these patients, there is no existing report to

explain the biological function of TCF20 in neurogenesis and the

possible mechanism of TCF20 involvement in ASDs.

Here, we first report that TCF20 deletion impairs neurogenesis in

the embryonic cerebral cortex. TCF20 dysfunction leads to autistic-

like behaviors in mice. Loss of TCF20 promotes NPCs proliferation.

In TCF20 knockdown experiments, TCF20 deficits cause abnormal

cell distribution. The decreased proportion of GFP+ cells in CP

comes from cell differentiation defects or migration defects or both.

Western blotting and RNA sequencing results indicate that TCF20

deletion disturbs neural differentiation. The E15-P0 IUE experiment

in KO mice shows that majority of cells could migrate into CP layer.

This result implies migration ability may not be affected in the late

period of neurogenesis. However, there may still exist a migration

delay that also contributes this phenotype. The GO analysis of RNA

sequencing data shows that there are several neuron migration-

related genes slightly affected after TCF20 dysfunction. Due to the

closely connection between cell fate specification and migration, we

also cannot clearly distinguish these two possibilities [34]. Here, we

can only conclude that the differentiation defect is one reason that

leads to our phenotype. There still need to do more works to under-

stand the phenotype caused by TCF20 dysfunction.

In TCF20 KO mice, markers of different layers, CUX1, SATB2,

CTIP2, and TBR1, were significantly decreased. In addition, these

knockout mice have global developmental delay with small brain

size, which might result from the abnormal cell cycle. The reduction

of cell cycle exiting leads to a reduction in neuronal output and

these reasons cause small brain size, which is similar to a previous

report of insm1 knockout mice [34]. Besides, there are several

reports showed that some patients with TCF20 mutations have

microcephaly, which is constant to our mouse model [21,35]. We

further performed RNA-seq to explore the possible target of TCF20.

TDG is significantly reduced after TCF20 deletion in E13.5 embryo

brains. TDG, also called thymine-DNA glycosylase, is responsible

for converting 5fC and 5caC to normal cytosine, which is an impor-

tant part of DNA demethylation and BER repair [28,29,36]. DNA

demethylation is very important in neurogenesis. Many DNA

demethylation related genes, such as Mecp2 and TET1-3, are

involved in neurogenesis and the pathogenesis of neurodevelop-

mental disorders [37–40]. As a key modulator of the DNA demethy-

lation pathway modulated by TCF20, TDG likely participates in the

development of ASD. Furthermore, TDG is also found to be

◀ Figure 5. The dysfunction of TCF20 leads to autistic-like behaviors in adult and pup mice.

A Diagram of pup ultrasonic vocalization at the frequency level after Fourier transforms
B–D (B) Total call durations, (C) call durations, and (D) call numbers of WT, HET, and KO mouse pups. nWT = 13 mice, nHET = 16 mice, and nKO = 18 mice.
E A sketch of the mouse trace in the open field test.
F–H (F) Statistical analysis of time spent in the center area, (G) statistical analysis of total mouse movement distance in 5 min, (H) the ratio of mice in the center area

movement distance to the total distance. n for WT = 15 adult mice, n for HET = 12 adult mice.
I Statistical analysis of the Y-Maze test. S, O, and N represent the start arm, old arm, and new arm. The percent of time that mice stayed in each arm was recorded

and analyzed; n for WT = 11 adult mice, n for HET = 11 adult mice. Whiskers represent the minimum to maximum value; central lines represent median values;
boxes represent the values between upper quartile and lower quartile.

J Results of the elevated-plus maze. Time that mice spent in open arms; n for WT = 8 adult mice, and n for HET = 11 adult mice.
K Results of elevated-plus maze. Time that mice spent in closed arms; n for WT = 8 adult mice, and n for HET = 11 adult mice.
L Numbers of marbles buried in the marble burying test; n for WT = 10 adult mice, and n for HET = 10 adult mice.
M Diagram of the three-chamber social interaction test and mouse movement trace. HET mice did not show preference or stay longer in the stranger1 or stranger2

chambers than the WT mice did in the two test phases.
N Statistical analysis of the percentage of time spent in each chamber with one empty chamber and another chamber containing stranger1; n for WT = 16 adult

mice, n for HET = 13 adult mice.
O Comparison between the time that WT and HET mice spent in stranger1 chamber. n for WT = 16 adult mice, n for HET = 13 adult mice.
P Time spent in each chamber when one contains familiar mouse stranger1, as well as new mouse stranger2. n for WT = 16 adult mice, n for HET = 13 adult mice.
Q Comparison between the time of WT and HET mice staying in the stranger2 chamber. n for WT = 16 adult mice, n for HET = 13 adult mice.

Data information: Bars and error bars represent the means � SEM. Two-tailed unpaired t-tests were used to analyze the data, n.s. (no significant difference), P < 0.05
(*), P < 0.01 (**), P < 0.001 (***).
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Figure 6. TCF20 regulates neurogenesis through TDG.

A GO analysis of 215 significantly downregulated genes (Log2 fold change < -1, -P value < 0.05).
B GO analysis of 197 significantly upregulated genes (Log2 fold change > 1, -P value < 0.05).
C Heat map of significantly different genes.
D TDG is significantly decreased after TCF20 deletion.
E Volcano map showing that TDG is significantly decreased.
F, G Electroporation of GFP at E13.5 to E16.5 in TCF20 KO mice impairs cell distribution. n = 3 brains. Scale bar 25 lm.
H Chip-qPCR of TCF20 binding to the TDG promoter. n = 4 biological repeats.
I Combining RNA-seq and TDG ChIP-seq data, TCF-4 is a downstream target gene.

Data information: Bars and error bars represent the means � SEM. Two-tailed unpaired t-tests were used to analyze the data, n.s. (no significant difference), P < 0.05
(*), P < 0.01 (**).
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important for neurogenesis and neural differentiation [26,27,41].

However, as a DNA demethylase, it could affect the expression of

thousands of genes. Therefore, we combined TCF20 RNA-seq and

TDG ChIP-seq data from a previous study [29], and we find that

TCF-4 could be the gene affecting of TCF20 modulation of neurogen-

esis. TCF-4 clusters with the GO terms neural fate specification and

neural differentiation. In addition, TDG could bind to CpG islands in

the TCF-4 promoter area, as confirmed by ChIP-qPCR. T-cell factor-

4 (TCF-4), also known as TCF7 l2, is an ASD-related gene. Some

works have reported that TCF-4 is essential for neural differentia-

tion. TCF-4 knockdown or deletion inhibits neural differentiation

[30–32,42], which is a phenotype that is similar to loss of TCF20

and its downstream effector TDG. Overexpression of TCF-4 could

rescue the TCF20 knockdown phenotype, which suggests that TCF-4

functions downstream of TCF20 in modulating neural differentia-

tion.

At the behavioral level, as we expected, mice with TCF20 deleted

indeed had autistic-like behaviors. Most Phelan-McDermid

A

B

G

I

K L

H

J

C D

E F

Figure 7.
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syndrome patients have autism and autistic-like behaviors as well

as some other phenotypes, such as global development delay, intel-

lectual disability, and neonatal hypotonia [22,24]. In mice with

TCF20 deletion, there are many phenotypes that are similar to those

observed in patients with PMS. TCF20 knockout mice have global

developmental delays. Their body size and organ size are signifi-

cantly decreased compared with those of wild-type mice. In addi-

tion, behavioral tests also reveal that TCF20 knockout mice have

social communication and interaction defects, as well as repetitive

rigid behavioral patterns which are typical ASD phenotypes. In the

meanwhile, a clinical report showed PMS patients have a microdele-

tion in TCF20 [21]. These results suggest that TCF20 is a strong

candidate gene or having a role in PMS or ASD.

Taken together, we reveal that TCF20 is essential for neuroge-

nesis during embryonic brain development. TCF20 affected the

DNA methylation level in the neural differentiation-related gene

TCF-4 promoter region by regulating TDG expression and further

affect TCF-4 expression level. TCF20 dysfunction leads to deficits

in neurogenesis, which further results in the development of

ASD. Of note, this work investigates the role of TCF20 in neuro-

genesis for the first time and provides insight into the mecha-

nisms of TCF20 dysfunction and ASD, which is useful for

developing treatments for patients with ASD or PMS and studying

the pathogenesis of ASD.

Materials and Methods

Animals

All the ICR mice and C57BL/6 mice were obtained from Beijing Vital

River Laboratory Animal Technology Co., Ltd. The mice were raised

under 12-h/12-h day–night cycle (7 a.m. to 7p.m.). Besides, animal

experiments conformed to the Guide for the Care and Use of Labora-

tory Animals of Chinese academy of sciences. All the animal experi-

ments were also permitted by animal committee of Chinese

academy of sciences.

Construction of TCF20 knockout mice

CRISPR-Cas9 technology was used to generate TCF20 knockout

mice. Two guide RNAs, which separately target both ends of exon2

of TCF20 gene, were cloned to pUC57-kan-T7-gRNA vector. The

sequences of these 2 gRNAs are upstream-gRNA: GATGAGCTGT

GCACCTCCTGTGG, downstream-gRNA: AAGACTGTGGTGGAGGT

CCTCGG. And the gRNA vectors and Cas9 vector were injected into

fertilized eggs. Then, these treated zygotes were transferred into

surrogate mother mice.

Plasmids constructs

Short hairpin RNA sequences are TCF20-sh1: GCTGAAGAGAAAGA

GAACGAT, TCF20-sh2: CCACGAAATGTCAGTGGTTAT. TDG-sh1:

CCAAGACTCTTCCTG-ACATTT, TDG-sh2: GCCACGAATAGCGG

TGTTTAA. These shRNA templates were cloned into pSicoR-GFP

vector. And TCF20 and TDG over expression were generated by

PCR and cloned into pCDH-CMV-GFP vector.

Knockdown and overexpression efficiency verification

Knockdown efficiency experiment was performed in Neuro 2a cell

line. 2lg of shRNA and control vectors was transfected to Neuro 2a

cell lines. After 3 days, these cells were collected and analyzed

through Western blotting with TCF20 antibody. Overexpression effi-

ciency was performed in HEK293 cell line. 2 lg of overexpression

vector and control vectors was transfected to HEK293 cell lines.

After 3 days, these cells were collected and analyzed through

Western blotting with anti-FLAG antibody.

Genotyping of TCF20 mice

Genotyping primers were TCF20-55391F: GCTTGATCTTTGTGTCA

AGCAGA, TCF20-61253R: ACCAAGCTGGTAAGGGGTTTC, which

could produce a 445 bp positive band. Because the wild-type band

was as big as 5 kb, another pair of primers was used to get negative

PCR products which located in the 5 kb area.

Cell culture

Neuro 2a or HEK 293FT cell line was cultured with DMEM that

contained 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml strepto-

mycin. Neural stem cells were isolated from cerebral cortex of E13

mouse embryos. These cells were cultured with proliferation

medium (DMEM/F12, Neurobasal, Glutamax, B27 supplement, FGF,

EGF, penicillin/streptomycin) or differentiation medium (low-

glucose DMEM, B27 supplement, 1% FBS, penicillin/streptomycin).

◀ Figure 7. T-cell factor-4 is responsible for TDG controlling neural differentiation.

A Diagram of the TCF-4 promoter region.
B TDG ChIP-qPCR revealed that TDG mainly binds to TCF-4 CpG islands. Seven regions (from �5 kbp to �200 bp) of the promoter were analyzed. �500 bp and

�200 bp regions were located in the CpG island of the TCF-4 promoter (n = 4 biological repeats).
C–F MeDIP-qPCR showed that 5fC, 5caC, and 5mC are increased in the TCF-4 promoter, while 5hmC is decreased when TCF20 is insufficient. The MeDIP assay measures

the region �500 bp from the TCF-4 promoter (n = 4 biological repeats).
G NSCs were isolated from C57B6/J E13.5 embryonic brains and then were infected with a lentivirus containing a TCF20 shRNA or with a control plasmids.

Immunostaining of 5fC shows that TCF20 depletion increased 5fC levels. White dashed lines show the cells infected with lentivirus. Scale bar 25 lm.
H Statistical analysis of 5fC fluorescence level. n = 20 cells, and P < 0.0001.
I Immunostaining of 5caC shows that TCF20 depletion increased 5caC level. White dashed lines show the cells infected with lentivirus. Scale bar 25 lm.
J Statistical analysis of the 5caC fluorescence level. n = 20 cells, and P < 0.0001.
K, L Overexpression of TDG and TCF-4 rescued the TCF20 knockdown phenotype in brains; n = 3 brains. Scale bar 50 lm.

Data information: Bars and error bars represent the means � SEM. Two-tailed unpaired t-tests were used to analyze the data, n.s. (no significant difference), P < 0.05
(*), P < 0.01 (**), and P < 0.001 (***).
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In Utero Electroporation

After anesthetized by pentobarbital sodium solution, the pregnant

mice were attached on a surgery plate and opened the abdomen.

Then, the uterine horns were gently taken out. Recombinant plas-

mids mixed with tiny fast green solution (5 mg/ml) were injected to

fetal mouse brain ventricle through glass capillaries. Then, these

plasmids were electroporated into neural stem cells, which located

in mouse brain ventricle zone through electroporator (Manual BTX

ECM830). The electroporation condition was total 5 pulses. Each

pulse was 36V with 50 ms length and a 950-ms interval between

every two pulses. After 3 days or other proper time, the pregnant

mice were sacrificed for further experiments. The embryo brains

were fixed in 4% PFA solution at 4°C for 24 h and dehydrated in

30% sucrose for 24 h.

BrdU labeling

Basically, BrdU (100 mg/kg) was injected to pregnant mice 2 or

24 h before sacrifice the mother mice. For cell proliferation anal-

ysis, 2 h of BrdU injection was used at E16. And for cell cycle

exiting analysis, 24 h of BrdU injection was performed at E15.

Immunostaining

These electroporated brains were cut into 15-lm slices by using

Lecia CM 1950 freezing microtome. Next, the brain slices or

cultured cells were fixed in 4% PFA for 30 min. After washed 3

times by 1% PBST (1% Triton X-100 in PBS), these samples were

blocked by 5% BSA solution for 1 h. Then, they were incubated

with primary antibody at 4°C overnight. And fluorescence labeling

secondary antibody was used to visualize target molecules. After

incubation with secondary antibody solutions at room temperature

for 1 h, these brain sections were washed three times with 1%

PBST. And DAPI solution (2 lg/ll; Sigma; D9542) was used for

nuclear staining and 50% glycerin was used to seal the slide.

Finally, these immunostained slices were scanned on Zeiss LSM 780

confocal microscope and these images were analyzed through

ImageJ software. For those fluorescence-intensity-comparing experi-

ments, the slices were scanned at same scanning parameters. After

drawing field of interested, the fluorescence intensities of these

images were measured through ImageJ mean grayscale measure-

ment function. And for the cell number statistics (e.g., SATB2+),

only signals with clear cell boundary and co-localized with DAPI

were counted. All the groups were analyzed under same standards.

All the information of antibodies used for immunostaining was in

Table EV2.

Western blotting

Tissue or cells were lysed in RIPA buffer with 10 mM PMSF and

proteinase inhibitor cocktail. After centrifuge, the protein extraction

mixed with loading buffer was analyzed by SDS–PAGE. Then

protein bands were transferred onto NC or PVDF membranes. After

1 h blocking with 5% not fat milk in PBST (0.05% Tween-20 in

PBS) at room temperature, the membranes were incubated with

primary antibody at 4°C overnight. 800CW Donkey Anti-Rabbit/

Mouse IgG and 680LT Donkey Anti-Rabbit/Mouse IgG (LI-COR

Biosciences) were used to visualize the target bands through

Odyssey Infrared Imaging System. The band intensities were also

detected through this imaging system. The target band intensity was

divided by ACTIN band intensity of the same sample to obtain

normalized intensity value. Then, we set the control group intensity

into 1 and calculate the relative intensity dividing by control inten-

sity. All the information of antibodies used for Western blotting was

in Table EV2.

Apoptosis detection assay

Cells under apoptosis were detected through TUNEL assay. In Situ

Cell Death Detection Kit-TMR Red (Roche, 12156792910) was used

in this experiment. All the procedures were performed according to

the protocol.

Real-time PCR

The total RNA of tissue or cells was extracted through TRIzol

method (Invitrogen). Then, the cDNA was generated by using the

Fast Quant RT kit (TIANGEN). RT–qPCR was performed using

the Super Real SYBR Green PreMix Plus kit (TIANGEN) on ABI

7500 real-time PCR system. For relative quantification, all the

data were analyzed through 2�DDCt methods. Actin was used as

reference gene for normalization. For absolute quantification, the

TCF20 overexpression plasmids were used as standard substance

to generate standard curve. The copy number of each sample

was calculated through standard curve with corresponding Ct

value. All the information of primers used for RT–qPCR and PCR

was in Table EV1.

RNA sequencing

Total RNA was extracted from E13.5 TCF20 knockout and wild-type

embryo cerebral cortex through TRIzol method. After quality quan-

tification, the total RNA was converted to cDNA library and

analyzed by Illumina HiSeq 2500 platform. The RNA-seq data are

available in GEO with accession number GSE135483.

Chromosome immunoprecipitation

ChIP protocols were described previously [43]. After transfected

with Flag tagged TCF20 or TDG overexpression vectors and cultured

in DMEM medium for 48 h, these N2a cells were crosslinked by

incubating with 1% formaldehyde solution (50 mM HEPES–KOH,

100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, and 1% formaldehyde)

for 15 min at room temperature. And 2.5 M glycine is used to end

the reaction. Then, these cells were washed by ice-cold PBS for

three times and scraped into 1 ml lysis buffer (10 mM EDTA, 1%

SDS, 50 mM pH 8.1 Tris–HCl, and 1% PMSF). The crosslinked chro-

mosome complexes were ultrasonicated into around 300 bp length.

The ultrasonic products were incubated with anti-Flag beads and

IgG beads (Dynabeads, Invitrogen) at 4°C overnight. The beads

were washed six times with buffer W (50 mM HEPES-KOH,

500 mM LiCl, 10 mM EDTA, 1% NP-40, and 0.7% sodium deoxy-

cholate). After incubated in 65°C water bath overnight to dissociate

covalent bonds of antibodies, the DNA was purified by DNA puri-

fied kit (TIANGEN).
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Methylated DNA immunoprecipitation

The total DNA was extracted from E13 embryo mouse cerebral

cortex and purified by DNA purified kit (TIANGEN). After 10-min

ultrasonic treatment, the DNA was incubated at 4°C overnight with

protein G beads which already bind with 5mC, 5hmC, 5fC, and 5caC

antibodies. Then, the beads were washed three times by IP buffer

and 200 ll digestion buffer with 5 ll proteinase K was added to the

beads incubating at 50°C 4 h. Finally, the DNA was purified and

further analyzed through RT–qPCR [44].

Behavioral test

All the behavioral tests were performed in a quiet environment at

day period from 9:00 am to 5:00 pm. And mice adapted to the test

environment 2 h before behavioral tests. All the behavioral experi-

ments were performed in a double-blind manner.

Open field test

Adult male mice were gently transferred into the center of a 40 cm

long × 40 cm wide × 40 cm high open filed box and allowed freely

exploring the area for 5 min. All the movement of mice was

recorded and analyzed by Topscan behavioral analysis software

(Clever Sys Inc., Reston, VA, USA). The total distance and moving

time or distance in center were analyzed [43].

Elevated-plus maze

Test was conducted following the steps described before [43,45].

Elevated-plus maze contains 2 open arms (40 cm long × 9.5 cm

wide) and 2 close arms (40 cm long × 9.5 cm wide with 9.5 cm

high wall) located 70 cm above the ground. Mice were placed in the

center of Elevated-plus maze. Then, 5-min free exploration was

recorded and analyzed by Topscan software.

Three-chamber social interaction test

Three-chamber social interaction test is the common method to

assess the social interaction ability [45,46]. The three-chamber box

has 3 chambers (each chamber is 40 cm long × 20 cm wide × 20 cm

high) with 2 round wire mesh cages. The inner walls are transparent

which allow the mice to see 2 terminal chambers when placed in the

middle chamber. The experiment could be divided into 3 phases.

First, the mice had a 5-min free exploration of the empty three-

chamber box as a habituation period. Then, a novel mouse was put

into a wire mesh cage and placed in one terminal chamber and

another chamber had an empty wire mesh cage. The test mouse was

gently put into the middle chamber and allowed to freely explore the

three chambers for 10 min. After that, another novel mouse was put

into the empty wire mesh cage and the test mouse was allowed to

freely explore the three-chamber box for 10 min. All the traces and

activities were recorded and analyzed by Topscan software.

Y-Maze

All the experimental procedures were described previously [43].

Y-Maze has 3 arms with a 120° angle between each neighbor arm.

At the beginning, we define an arm as a start arm and randomly

choose one arm from the rest two arms as the old arm, another as

the new arm with clues on each arm walls. Then, the mice were

allowed freely explore the maze with the new arm closed for 5 min.

After 15 min, the mice were placed into the start arm again with the

new arm open and a 5-min free activity of the mice was recorded

and analyzed by Topscan software.

Marble burying test

All procedures were performed as described before [46]. Standard cages

and same size marbles were used in this test. Before each trial, 20

marbles were washed with 70% ethanol and dried. Then, these glass

balls were placed in 4 rows in a cage with 5 cm high bedding. Place the

mice on the corner of the test cage and keep the mice far from the

marbles at the beginning and allow the mice to freely act for 30 min,

then count the numbers of marble that were buried. We consider a

marble was buried when its 2/3 surface was covered by bedding.

Ultrasonic vocalization test of isolation mice pups

The experimental procedures were described previously [46,47]. The

p6-8 pups were separately isolated from their mother and littermates

for 5 min. Then each pup was gently transferred to a soundproof

chamber with a small box. The ultrasonic vocalizations were recorded

by Ultra Sound Gate Condenser Microphone CM16 (Avisoft Bioacous-

tics, Berlin, Germany) and analyzed by Avisoft SASLab Pro (Avisoft

Bioacoustics, Berlin, Germany). For the analysis part, a fast Fourier

transform was performed to the original sound data with parameters

containing 512 FFT length, 100% frame, Hamming window, and 75%

time-window overlap. Besides, the spectrums were generated in a

488-Hz frequency resolution and 0.512-ms time resolution. Call above

�40 dB and 10 ms was considered to be a vocalization. An amplitude

filter of �60 dB with a high-pass filter of 30 kHz was used to reduce

the background noise. The total recording time was 5 min.

Statistical analysis

All bars and error bars represent mean value � SEM. Significance

comparisons were performed using unpaired two-tailed t-test and

one-way ANOVA. Differences were regarded as significant by

P value, n.s. (no significant difference), *P < 0.05, **P < 0.01,

***P < 0.001. All the statistical analysis and diagram were

performed on GraphPad Prism 8.0.

Data availability

The RNA sequencing data have been uploaded to NCBI’s GEO. All

the data could be accessed through GEO accession number

GSE135483 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

GSE135483).

Expanded View for this article is available online.
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