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SUMMARY
Direct neuronal reprogramming potentially provides valuable sources for cell-based therapies. Proneural gene Ascl1 converts astrocytes

into induced neuronal (iN) cells efficiently both in vitro and in vivo. However, the underlying mechanisms are largely unknown. By

combining RNA sequencing and chromatin immunoprecipitation followed by high-throughput sequencing, we found that the expres-

sion of 1,501 genes was markedly changed during the early stages of Ascl1-induced astrocyte-to-neuron conversion and that the regula-

tory regions of 107 differentially expressed geneswere directly bound by ASCL1. AmongAscl1’s direct targets, Klf10 regulates the neurito-

genesis of iN cells at the early stage,Myt1 andMyt1l are critical for the electrophysiological maturation of iN cells, andNeurod4 and Chd7

are required for the efficient conversion of astrocytes into neurons. Together, this study provides more insights into understanding the

molecular mechanisms underlying Ascl1-mediated astrocyte-to-neuron conversion and will be of value for the application of direct

neuronal reprogramming.
INTRODUCTION

The central nervous system of mammals has a limited ca-

pacity to regenerate when neurons are injured or lost in

traumatic or neurodegenerative diseases. Together with

stem cell-derived neuronal products, direct neuronal re-

programming offers promising alternatives to achieve

neuronal repair (Colasante et al., 2019; Masserdotti et al.,

2016; Tsunemoto et al., 2015; Xu et al., 2015). Mounting

evidence shows that non-neuronal cells such as fibroblasts

and astrocytes can be directly converted into neurons and a

number of neuronal subtypes (Addis et al., 2011; Berninger

et al., 2007; Caiazzo et al., 2011; Colasante et al., 2015; Guo

et al., 2014; Heinrich et al., 2010; Heins et al., 2002; Kim

et al., 2011; Li et al., 2019; Liu et al., 2013, 2015; Niu

et al., 2013; Pfisterer et al., 2011; Son et al., 2011; Torper

et al., 2013; Vadodaria et al., 2016; Vierbuchen et al.,

2010; Xu et al., 2016). However, themolecularmechanisms

underlying direct neuronal reprogramming remain poorly

understood.
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The past several years has seen much progress in our un-

derstanding of how fibroblasts are converted into neurons.

It has been reported a hierarchical mechanism operates in

the direct reprogramming of fibroblasts into neuronsmedi-

ated by the transcription factors (TFs) Ascl1, Brn2, and

Myt1l. Ascl1 acts as an ‘‘on-target’’ pioneer factor by occu-

pying most cognate genomic sites in both the opened

and closed chromatin in fibroblasts (Wapinski et al.,

2013). Further study showed that Ascl1 opens closed chro-

matin at its target sites within 12 h, and induces rapid chro-

matin remodeling and nucleosome phasing that precedes

neuronal maturation in direct reprogramming of fibro-

blasts to neurons (Wapinski et al., 2017). By performing

single-cell RNA sequencing (RNA-seq), Treutlein et al.

(2016) revealed that the direct reprogramming of fibro-

blasts to neurons contains two stages: the initiation stage

when Ascl1 induces neuronal and myocyte fates and the

maturation stage when Brn2 and Myt1l promote reprog-

rammed fibroblasts to permanently acquire neuronal iden-

tity. Mall et al. (2017) further showed that the TF Myt1l
hors.
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Ascl1 Converts Mouse Dorsal
Midbrain Astrocytes into Neurons
(A) Schematic representation of the overall
experimental design of this study.
(B) Cultured astrocytes infected with lenti-
virus Ascl1-FUGW expressed TUJ1 at 10 DPI
and displayed characteristic neuronal
morphology.
(C) Histogram showing the efficiency of
direct reprogramming.
(D) qRT-PCR results showing the expression
of neuronal markers in iN cells at different
time points during direct reprogramming.
Data are presented as mean ± SEM, n = 3
independent experiments. *p < 0.05, **p <
0.01. Scale bars, 100 mm. See also Table S8.
represses multiple somatic cell lineage programs to estab-

lish and maintain neuronal identity. Besides TFs, polypyri-

midine tract-binding proteins, microRNAs, and epigenetic

regulators also actively participate in the conversion of fi-

broblasts into neurons (He et al., 2018; Hu et al., 2018;

Lee et al., 2018; Lu and Yoo, 2018; Luo et al., 2019; Zhang

et al., 2016).

During direct reprogramming of astrocytes into neu-

rons, it has been reported that Neurog2 and Ascl1 rapidly

induced distinct transcriptional programs with only a

small subset of target genes in common at 24 h after in-

duction, including Insm1, NeuroD4, Prox1, and Sox11.

Among these downstream TFs, only NeuroD4 is sufficient

to induce a small fraction of neuronal cells (1%–3%)

from cerebral cortex astrocytes at postnatal day 6–7

(P6–7), and together with Insm1 they induced a glutama-

tergic neuronal phenotype (Masserdotti et al., 2015).

However, how the downstream factors of proneural

genes contribute to the astrocyte-to-neuron conversion

remains largely unknown. Here, we combined RNA-seq,

chromatin immunoprecipitation followed by high-

throughput sequencing (ChIP-seq), and analysis of the

TF regulation network to dissect the mechanisms under-

lying Ascl1-induced astrocyte-to-neuron conversion. We

found that Ascl1 induced rapid and global transcrip-

tional changes by directly binding to its target genes.

Among these direct target genes, the TFs Klf10, Myt1,
and Neurod4, and chromatin remodeling factor Chd7

played important roles in the direct reprogramming of

astrocytes into neurons.
RESULTS

Ascl1 Induces Rapid and Global Transcriptional

Changes

To investigate the molecular mechanisms underlying

Ascl1-induced astrocyte-to-neuron conversion, we infected

the cultured dorsal midbrain astrocytes with FUGW-Ascl1

or control viruses and performed the assays within

10 days post infection (DPI) (Figure 1A). We assessed the

purity of the starter astrocytes by performing immuno-

staining. The results showed that the majority of the cells

were stained positive for GFAP (83.3% ± 1.6%, n = 3 inde-

pendent experiments) while few cells were stained positive

for TUJ1 (0.8% ± 0.2%, n = 3 independent experiments)

and NG2 (0.5% ± 0.2%, n = 3 independent experiments).

The TUJ1+ cells did not exhibit neuronal morphology.

Notably, in Marius Wernig’s work on direct conversion of

fibroblasts to functional neurons by defined factors (Vier-

buchen et al., 2010), it has been reported that rare TUJ1-

positive cells with fibroblast-like morphology exist in start-

ing mouse embryonic fibroblasts (MEFs), indicating weak

expression of TUJ1 in non-neuronal cells. Conversely,
Stem Cell Reports j Vol. 16 j 534–547 j March 9, 2021 535



SOX2 (a neural stem cellmarker)-positive cells could hardly

be detected in the astrocyte cultures (data not shown). At

10 DPI when infected with the control lentivirus FUGWex-

pressing GFP only, the astrocytes maintained the glial

morphology and did not express the neuronal marker

TUJ1. In contrast, most of the astrocytes infected with

FUGW-Ascl1 adopted a neuronal fate and expressed TUJ1

(67.2% ± 5.1%, n = 3 independent experiments, 5701

GFP+ cells counted) and exhibited characteristic neuronal

morphology (Figures 1B and 1C). We then examined the

expression of the neuronal markers Tuj1, Map2, and NeuN

by performing quantitative RT-PCR (qRT-PCR) at various

time points during the direct reprogramming. We found

that the expression of neuronal markers was markedly

increased at 2 DPI and reached peak levels at 5 DPI

(Figure 1D).

To reveal the genome-wide transcriptional changes dur-

ing astrocyte-to-neuron conversion, we performed RNA-

seq assays at 2 DPI and 5 DPI with five groups of samples

including day0-A (astrocytes control without virus infec-

tion at day 0), day2-Ctrl, and day5-Ctrl (astrocytes in-

fected with FUGW at day 2 and day 5), day2-Ascl1 and

day5-Ascl1 (astrocytes infected with FUGW-Ascl1 at day

2 and day 5). The results showed that the two biological

replicates in each group correlated very well (Figure 2A).

Correlation analysis confirmed that the normalized

RNA-seq tag counts of these genes were consistent with

their expression levels that were detected by qRT-PCR

(Figure 2B). Principal component analysis (PCA) separated

the Ascl1-infected samples from controls in the principal

component 1 (PC1) dimension and revealed that day2-

Ascl1 was an intermediate state across the direct reprog-

ramming (Figures 2C, S1A, and S1B). We found that the

expression of 1,501 genes was markedly changed (fold

change >1.5, p < 0.05) in FUGW-Ascl1-infected astrocytes

compared with that in control astrocytes during direct re-

programming, and these differentially expressed genes

(DEGs) could be clustered into five groups by their expres-

sion levels at different time points. The expression of

genes in group 1 was upregulated only at day 2 (G1),

the genes in group 2 were upregulated at day 2 and their

expression was maintained at day 5 (G2), group 3 was

composed of genes whose expression was sequentially up-

regulated from day 2 to day 5 (G3), and group 4 consisted

of genes upregulated only at day 5 (G4), whereas the

genes in group 5 were downregulated at both day 2 and

day 5 (G5) (Figures 2D and 2E). Furthermore, functional

enrichment analysis revealed that the genes in each group

were associated with distinct biological processes (Fig-

ure 2D). The list of 1,501 DEGs can be found in Table

S1. We have compared the results with previous works

(Masserdotti et al., 2015; Wapinski et al., 2013), and the

comparisons can be found in Tables S2–S4 and Figure S2.
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Genome-wide Binding Sites of ASCL1 in Astrocytes

To search for the genome-wide binding sites of ASCL1 in as-

trocytes, we performed ChIP-seq for ASCL1 in astrocytes at

day 2 after virus infection. The results showed that 955

ASCL1-binding peaks were identified with at least 3-fold

enrichment (Figure 3A), and the ASCL1 bound sites were

mainly located in the distal regions of target genes (Fig-

ure 3B and Table S5). The genes with enriched binding

peaks within 50 kb upstream or downstream of transcrip-

tional start sites (TSSs) were defined as ASCL1 direct bind-

ing targets. We found that 696 genes were directly bound

by ASCL1 (Table S6). De novo motif discovery analysis was

performed to identify ASCL1 binding motifs within its

binding regions. Among the top-ranking motifs, the ca-

nonical E-box motif CANNTG, which is associated with

ASCL1 binding in fibroblasts (Wapinski et al., 2013) and

neural stem cells (Raposo et al., 2015), was highly enriched

across the binding sites (Figure 3C). Combining the results

of ChIP-seq with RNA-seq, we found that 107 of 1,501

DEGs were directly bound by ASCL1 during direct reprog-

ramming (Figure 3D and Table S7).

We applied the same criteria to analyze the ChIP-seq re-

sults, which were collected in fibroblasts reprogrammed

for 2 days (Wapinski et al., 2013), and identified 12,321

ASCL1-binding peaks and 6,115 possible binding targets.

Among these possible binding targets, 2,644 genes were

distributed on either PC1 or PC2 dimension, which classi-

fied the direct neuronal reprogramming process to distinct

stages. We defined the 2,644 genes as ASCL1 direct down-

stream targets in this system. Notably, 92 genes out of the

107 ASCL1 direct downstream targets in astrocytes induced

for 2 days (this study) were also identified as ASCL1 down-

stream targets in fibroblasts reprogrammed for 2 days (Wa-

pinski et al., 2013) (Table S7).

To unravel the connection of ASCL1 and the down-

stream targets, we analyzed the Connection Specificity In-

dex (CSI) of TFs in five DEG groups and generated a TF co-

expression network (Ascl1 negatively correlated TF group

was removed in Figure S1C). We connected Ascl1 and its

direct downstream targets through deep yellow arrows. Be-

ing closer to ASCL1, the target gene displayed more signif-

icant differential expression, and we made the arrow bold.

We then reconnected and reclustered the TFs based on the

detailed CSI coefficient, and the correlation between every

two TFs was shown (Figure S1C). TFs Klf10, Myt1, and Neu-

rod4 were chosen as representative DEGs of day2 upregu-

lated only (G1), day2-day5 upregulated sequentially (G3),

and day5 upregulated only (G4) to investigate what roles

they might play during the Ascl1-induced astrocyte-to-

neuron conversion (Figures 3E–3G and S1C). Furthermore,

among the 1,501 DEGs identified during Ascl1-induced

astrocyte-to-neuron conversion, 61 epigenetic factors

were differentially expressed (fold change >1.5, p < 0.05),



Figure 2. Ascl1 Induces Rapid and Global Transcriptional Changes
(A) Correlation analysis of RNA-seq biological replicates.
(B) Correlation analysis of RNA-seq and qRT-PCR results.
(C) Principal component analysis (PCA) of RNA-seq samples.
(D) Heatmaps show the expression of differentially expressed genes during the direct reprogramming processes by RNA-seq across different
time points (n = 2 biological replicates). Top gene ontology terms are shown on the right side.
(E) Box plots show average expression levels of genes in the five groups that are Astrocyte-1/2 (A_1/2), day2-control-1/2 (D2_C_1/2),
day5-control-1/2 (D5_C_1/2), day2-Ascl1-induced-1/2 (D2_A_1/2), and day5-Ascl1-induced-1/2 (D5_A_1/2), respectively. The y axis
represents the normalized expression of log2(FPKM [fragments per kilobase of transcript per million mapped reads] + 1).
See also Figures S1 and S2; Tables S1, S2–S4, S7, and S8.
and an ATP-dependent chromatin remodeler chromo-heli-

case-DNA-binding protein 7 (Chd7) was the most signifi-

cant DEG.Meanwhile, the expression profile of Chd7 high-

ly correlated with that of Ascl1 (Figure S3). Thus, we also

studied the function of the epigenetic factor Chd7 (Fig-

ure 3H). We have confirmed the binding of ASCL1 on the

regulatory regions of Klf10, Myt1, Neurod4, and Chd7 by

ChIP-PCR at 2 DPI and the expression of these genes at 2

DPI and 5 DPI by qRT-PCR (Figures 3I and 3J).
Klf10 Regulates Neuritogenesis and the

Electrophysiological Properties of Induced Neuronal

Cells

TheexpressionofTFKlf10wasupregulatedonlyatday2dur-

ingdirect reprogramming (Figure3J).To investigatewhether

Klf10plays critical roles in initiating the astrocyte-to-neuron

conversion, we designed specific short hairpin RNAs

(shRNAs) against Klf10 (Figure S4A) to reduce its expression.

A previous work reported that phosphomutant ASCL1 can
Stem Cell Reports j Vol. 16 j 534–547 j March 9, 2021 537



Figure 3. Genome-wide Binding Sites of
ASCL1 in Astrocytes during Direct Re-
programming Mediated by Ascl1
(A) Heatmaps representing genome-wide
occupancy profiles of ASCL1 in astrocytes
2 days after transduction of Ascl1.
(B) Genome-wide distributions of ASCL1
binding peaks. The peak distances to TSSs
are shown.
(C) ASCL1 binding motifs and the p value for
each motif.
(D) Of the 1,501 differentially expressed
genes from RNA-seq (Table S1), 107 over-
lapped with those genes with ASCL1 bound
within 50 kb (Tables S5 and S6).
(E–H) Enrichment of ASCL1 in the regulatory
regions of Klf10 (E), Myt1 (F), Neurod4 (G),
and Chd7 (H) in ChIP-seq, and their tag
counts in RNA-seq. The scale bars indicating
the enrichment density of sequencing tags
are listed on the left side of each enrich-
ment plot.
(I) ChIP-qPCR validation of ASCL1 enrich-
ment at the regulatory regions of target
genes at 2 DPI.
(J) qRT-PCR shows the fold expression of
target genes. Genes in day0-A (D0-A), day2-
Ctrl (D2-Ctrl), day5-Ctrl (D5-Ctrl), day2-
Ascl1 (D2-Ascl1), and day5-Ascl1 (D5-Ascl1)
are shown in white, slate blue, blue, pink,
and red, respectively.
Data are presented as mean ± SEM, n = 3
independent experiments. *p < 0.05, **p <
0.01. See also Figure S1; Tables S5 and S6–
S8.
enhance neuronal induction activity in Xenopus embryos

and improve neuronal transdifferentiation efficiency (Ali

et al., 2014).Therefore,wemutatedall six serine-proline sites

(SP) to alanine-proline (SA) in ASCL1 to generate S-A ASCL1

(SAA) andused SAAas a substitute forASCL1 to induce astro-

cyte-to-neuronconversion.Astrocyteswere co-infectedwith

FUW-SAA-IRES-tdTomato and pLKD-shKlf10-GFP or pLKD-

shCtrl-GFP lentiviruses. We found that the morphology of

SAA virus-infected astrocytes was transformed quicker

upon Klf10 knockdown compared with that of control

(data not shown). The cellular phenotypes of SAA and

shRNA virus co-infected cells (tdTomato+GFP+) were

analyzed at 10 DPI (Figures 4A and 4B). Notably, more

TUJ1-positive neuronal cells were generated (86.6% ± 4.4%

versus 66.5 ± 4.2, n = 4, 1,207–1,370 tdTomato+GFP+ cells
538 Stem Cell Reports j Vol. 16 j 534–547 j March 9, 2021
counted), and the total neurite length (TUJ1+) was increased

(391.3 ± 23.08 mm versus 215.1 ± 23.53 mm, n = 3, 61–70

tdTomato+GFP+ cells counted) upon Klf10 knockdown (Fig-

ures 4C–4E). Moreover, the dendrite complexity was also

enhanceduponKlf10knockdown, asmeasuredby increased

total dendritic branch length (MAP2+) (1.54 ± 0.07 versus

1.00± 0.07, n =3, 60 tdTomato+GFP+ cellsmeasured) and to-

tal dendritic branch tip number (MAP2+) (1.36 ± 0.08 versus

1.00 ± 0.07, n = 3, 60 tdTomato+GFP+ cells measured) (Fig-

ures 4C, 4F, and 4G).

To evaluate whether early Klf10 expression controls

other aspects of neuronal differentiation, we performed

electrophysiological recording and qRT-PCR. The recording

results showed that uponKlf10 knockdown, themembrane

properties of induced neuronal (iN) cells, such as



Figure 4. Knockdown of Klf10 Promotes
Neurite Outgrowth and Reduces Electro-
physiological Activity of iN Cells
(A and B) Micrographs of cells co-infected
with FUW-SAA-IRES-tdTomato and shRNA at
10 DPI.
(C) Enlarged images showing the immuno-
staining of TUJ1 and MAP2 in iN cells at 10
DPI.
(D) Quantification of TUJ1-positive cells
among FUW-SAA-IRES-tdTomato and shRNA
co-infected cells.
(E) Statistical results of the total neurite
length of iN cells.
(F and G) Total dendrite branch length
(TDBL; F) and total dendrite branch tip
number (TDBTN; G) were measured and
analyzed.
(H) Action potential height of iN cells when
Klf10 was knocked down.
(I) Percentages of iN cells with four
different degrees of membrane excitability
(non-active, inward, sAP, or mAPs) when
co-infected with FUW-SAA-IRES-tdTomato
and shRNA against Klf10 or control shRNA.
Data are presented as mean ± SEM, n = 3
independent experiments. *p < 0.05, **p <
0.01, ***p < 0.001. Scale bars, 100 mm. See
also Figure S4 and Table S9.
membrane capacitance (Cm), input resistance (Rin), and

resting membrane potential (RMP), remained largely un-

changed (data not shown). Conversely, the height of action

potential (AP) was markedly reduced (Figure 4H). As we re-

ported previously, we categorized iN cells into four groups

based on their current and voltage response patterns: non-

active cells (‘‘non-active’’), cells exhibiting inward current

without AP (‘‘inward’’), single AP (‘‘sAP’’), and multiple

APs (‘‘mAPs’’) (Liu et al., 2015). When Klf10 was knocked

down, the percentage of iN cells firing mAPs was markedly

reduced whereas the percentage of non-active cells and iN

cells firing sAP increased (Figure 4I). Meanwhile, the qRT-

PCR results showed that the mRNA expression of synaptic

proteins such as Synapsin I and Homer1 was not markedly
changed when Klf10 was knocked down. Interestingly,

the mRNA expression of sodium channel gene Scn1a but

not sodium channel genes Scn2b and Scn8a increased

when Klf10was knocked down (data not shown). These re-

sults indicate that early Klf10 expression controls the neu-

ritogenesis and the electrophysiological properties of iN

cells.

Myt1 and Myt1l Are Critical for the

Electrophysiological Maturation of iN Cells

A recent study reported that pan-neuron-specific TF Myt1-

like (Myt1l) exerts a pro-neuronal function by direct repres-

sion of many different somatic lineage programs except the

neuronal program during direct reprogramming of
Stem Cell Reports j Vol. 16 j 534–547 j March 9, 2021 539



Figure 5. Knockdown of Myt1 and Myt1l
Inhibits the Electrophysiological Matura-
tion of iN Cells
(A and B) TUJ1 immunostaining of cells co-
infected with FUW-SAA-IRES-tdTomato and
shMyt1/1L (B) or shCtrl (A) at 10 DPI.
(C and D) MAP2 immunostaining of cells co-
infected with FUW-SAA-IRES-tdTomato and
shMyt1/1L (D) or shCtrl (C) at 14 DPI.
(E) Differential interference contrast image
of whole-cell recording from an iN cell
(green and red fluorescence) at 22 DPI.
(F) Representations of single action poten-
tials (sAP) or multiple action potentials
(mAPs) generated by iN cells from control
group when recorded in current-clamp
mode.
(G) Percentages of iN cells with four
different degrees of membrane excitability
(non-active, inward, sAP, or mAPs) when
co-infected with FUW-SAA-IRES-tdTomato
and shRNA againstMyt1 andMyt1l or control
shRNA.
(H–J) Cm (H), Rin (I), and RMP (J) of iN cells
when both Myt1 and Mytl1 were knocked
down.
Data are presented as mean ± SEM, n = 3
independent experiments. *p < 0.05, **p <
0.01. Scale bars, 100 mm. See also Figure S4
and Table S9.
fibroblasts to neurons (Mall et al., 2017). BesidesMyt1l, there

are two other Myt family members, Myt1 and Myt3 (also

known as St18) (Yee and Yu, 1998). Interestingly, during

astrocyte-to-neuron conversion, the expression of Myt1

was increased enormously both at day 2 and day 5, whereas

theexpressionofMyt1landMyt3wasupregulatedonlyatday

5 by 116-fold and 26-fold, respectively (Figure S4B). We

investigated their functions by knocking down Myt1,

Myt1l, orMyt3 individuallyorMyt1 andMy1l simultaneously

(Figure S4C). The results showed that individual knockdown

ofMyt1,Myt1l, orMyt3didnot affect themorphologyand re-
540 Stem Cell Reports j Vol. 16 j 534–547 j March 9, 2021
programming efficiency of iN cells (data not shown). Inter-

estingly, double knockdown of Myt1 and My1l resulted in

iN cells with thicker neurites and stretched-out morphology

(Figures 5A and 5B), although the number of induced TUJ1-

positive cells remained largely unchanged compared with

that of the control (70.1% ± 2.9% versus 56.4% ± 5.85%,

n = 3, 1,020–1,036 tdTomato+ GFP+ cells counted). We also

performed immunostainingwith antibodies ofmoremature

markers such as MAP2 and SYNAPSIN I. The results showed

that comparedwith the scramble control, iNcells inducedby

FUW-SAA-IRES-tdTomato together with pLKD-shMyt1/1L-



GFP expressed MAP2 (Figures 5C and 5D) and SYNAPSIN I

(data not shown) as well.

We further examined the electrophysiological properties

of iN cells by performing whole-cell recording upon Myt1

and/or Myt1l knockdown. FUW-SAA-IRES-tdTomato and

pLKD-shMyt1/shMyt1l-GFP lentivirus co-infected cells (tdTo-

mato+ GFP+) were recorded at 22 DPI (Figure 5E). Knock-

down of Myt1 or Myt1l individually resulted in a decreased

percentage of iN cells firing mAPs, increased percentage of

iN cells firing sAP, and generation of non-active iN cells

compared with that in cells infected with only FUW-SAA-

IRES-tdTomato (Figure S4D). More notably, upon knock-

down of both Myt1 and Myt1l, the majority of iN cells

were non-active (Figures 5F and 5G). Moreover, upon Myt1

and Myt1l double knockdown, the iN cells had lower Cm

(shMyt1/1L 10.6 ± 0.9 pF, shCtrl 14.6 ± 1.0 pF, n = 45),

tended to have higher Rin (shMyt1/1L 3575 ± 458.4 MU,

shCtrl 2278 ± 526.8 MU, n = 45) and had more negative

RMP (shMyt1/1L �86.9 ± 4.1 mV, shCtrl �69.4 ± 2.4 mV,

n = 45) compared with that of control (Figures 5H–5J). Tak-

ing these results together, Myt1 and Myt1l were critical for

the electrophysiological maturation of iN cells.

Neurod4 Can Partially Substitute Ascl1 to Induce iN

Cells

Neurod4 is a TF that contributes to the neuronal differenti-

ation program (Guillemot, 2007). During astrocyte-to-

neuron conversion, the expression of Neurod4 was mark-

edly increased (Figure 3J). Consistent with a previous report

(Masserdotti et al., 2015), the conversion efficiency of as-

trocytes into neurons markedly decreased upon Neurod4

knockdown (33.4% ± 4.6% versus 66.9% ± 5.9%, n = 3,

876–1,062 tdTomato+ GFP+ cells counted) (Figures S5A

and 6A–6C). To explore whether the downstream TFs of

Ascl1 are sufficient to induce neuronal reprogramming,

we infected the astrocytes with FUGW-Klf10, FUGW-

Myt1, or FUGW-Neurod4 and examined the expression of

Tuj1 and NeuN at 10 DPI. The results showed that Klf10

and Myt1 induced the expression of Tuj1 by 0.8-fold and

5.1-fold and the expression NeuN by 1.5-fold and 1.9-

fold, respectively, comparedwith that of control whileNeu-

rod4 induced the expression of Tuj1 by 9.1-fold and the

expression of NeuN by 21.9-fold (Figures 6D and 6E). This

was corroborated with the generation of TUJ1-positive

neuronal cells in astrocytes infected with FUGW-Neurod4,

and the conversion efficiency was about 6% (308GFP+ cells

counted) (Figures 6F and 6G).

To further investigatewhether thedownstreamTFNeurod4

can induce a genuine astrocyte-to-neuron conversion, we

performedmore immunostainingwith antibodies ofmature

neuronal markers. The results showed that Neurod4 could

convert astrocytes into neuron-like cells expressing not

only TUJ1 but also NEUN and SYNAPSIN I (Figure 6H and
datanot shown).We also performedpatch-clamp recordings

onneuron-like cells inducedbyNeurod4, the results ofwhich

showed that these neuron-like cells were able to produce in-

ward currents in response to voltage steps and to fire APs in

response to current injections (n = 4/16, Figure 6I). These re-

sults suggest thatNeurod4 can induce a genuine astrocyte-to-

neuron switch and are in linewith the observation thatNeu-

rod4 is sufficient to induce a small but consistent fraction of

TUJ1+ neuronal cells (1%–3%) from astrocytes and generate

APs upon receiving an injection of suprathreshold current

pulses (Masserdotti et al., 2015).

Knockdown of Chd7 Reduces Astrocyte-to-Neuron

Conversion Efficiency

Together with TFs, epigenetic regulators are actively

involved in the direct conversion of fibroblasts into neu-

rons (He et al., 2018; Lee et al., 2018; Luo et al., 2019).

Notably, we found the expression of Chd7, a chromatin re-

modeling factor, to be markedly increased during the re-

programmingprocess of astrocytes intoneurons (Figure 3J).

Therefore, we characterized the function of Chd7 in Ascl1-

induced astrocyte-to-neuron conversion by shRNA-medi-

ated knockdown (Figure S5B). The results showed that

the conversion efficiency markedly decreased upon Chd7

knockdown (24.7% ± 2.3%, n = 3, 786 tdTomato+GFP+ cells

counted) comparedwith that of the control (59.0% ± 3.7%,

n = 3, 2,516 tdTomato+GFP+ cells counted) (Figures 7A–7C,

S5C, and S5D). To investigate how Chd7 affects the reprog-

ramming, we constructed a network of Chd7 correlated TFs

based on their expression correlation CSI (CSI > 0.8) (Fig-

ure 7D). The TFs included those that were upregulated at

day 2 and day 5 (in yellow), upregulated continuously at

day 2 and day 5 (in blue), upregulated only at day 5 (in

brown), and downregulated at both day 2 and day 5 (in

green) (Figure 7D). In line with the CSI analysis, qRT-PCR

results showed that the expression ofChd7 positively corre-

lated genes was markedly reduced upon Chd7 knockdown

(Figure 7E). Interestingly, these decreased genes, such as

Sox11, Myt1, Ebf3, Neurod4, and Zfp821, are related to

neuronal development and differentiation, which may

explain why knockdown of Chd7 reduced the efficiency

of direct reprogramming. These results indicate that be-

sides neurogenic TFs, epigenetic regulator Chd7 is also

indispensable for the astrocyte-to-neuron conversion.

Combining the results of Klf10, Myt1, Mytl1, Neurod4,

and Chd7 during Ascl1-mediated astrocyte-to-neuron con-

version, we found that different downstream targets of

Ascl1 may play distinct roles: Klf10 was transiently ex-

pressed at 2 DPI, and its early expression controlled the

neuritogenesis and the electrophysiological properties of

iN cells; the expression of Myt1 and Chd7 was continually

increased at 2DPI and 5DPI, and theywere positive driving

forces for iN cells to proceed with the reprogramming
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Figure 6. Neurod4 Can Partially Substi-
tute Ascl1 to Induce a Small Fraction of
TUJ1-Positive Neuronal Cells
(A and B) Micrographs of cells infected with
FUW-SAA-IRES-tdTomato and shNeurod4
(shNd4; B) or shCtrl (A) at 10 DPI.
(C) Statistical results of direct reprogram-
ming efficiency upon Neurod4 knockdown.
(D and E) Expression of Tuj1 (D) and NeuN
(E) after overexpression of Klf10, Myt1, or
Neurod4 (Nd4).
(F) Efficiency of TUJ1-positive cells induced
by Neurod4.
(G) Representative images of cells infected
with FUGW-Neurod4 at 14 DPI.
(H) TUJ1 and NEUN immunostaining of cells
infected with FUGW-Neurod4 at 15 DPI.
(I) Patch-clamp recordings of FUGW-Neu-
rod4 infected cells at 21 DPI.
Data are presented as mean ± SEM, n = 2–3
independent experiments. *p < 0.05,
**p < 0.01. Scale bars, 100 mm. See also
Figure S5; Tables S8 and S9.
process and acquire mature neuronal properties; the

expression of Neurod4 was upregulated largely at 5 DPI

and promoted the maturation of iN cells (Figure 7F).
DISCUSSION

In this study we found that Ascl1 induced rapid and global

transcriptional changes at 2 DPI and 5 DPI by performing
542 Stem Cell Reports j Vol. 16 j 534–547 j March 9, 2021
RNA-seq during astrocyte-to-neuron conversion. Mean-

while, ChIP-seq performed at 2 DPI showed that the regu-

latory regions of 696 genes were directly bound by

ASCL1. Combining the results of RNA-seq and ChIP-seq,

we found that ASCL1 directly bound to the regulatory re-

gions of 107 DEGs. Among these downstream genes of

ASCL1, we found that the early expression of Klf10

controlled the neuritogenesis and the electrophysiological

properties of iN cells, Myt1 and Myt family member Myt1l



Figure 7. Knockdown of Chd7 Reduces
the Efficiency of Direct Reprogramming
(A and B) Representative images of cells co-
infected with FUW-SAA-IRES-tdTomato and
shCtrl (A) or shChd7 (B) at 10 DPI.
(C) Statistical results of direct reprogram-
ming efficiency upon Chd7 knockdown.
(D) Co-expression network of Chd7 corre-
lated transcription factors. The positive
correlations between these genes are
marked in red and the negative correlations
in green.
(E) qRT-PCR expression analysis of Chd7 and
its positive or negative correlated tran-
scription factors.
(F) Schematic illustration of distinct roles
played by Klf10, Myt1, Mytl1, Neurod4, and
Chd7 during Ascl1-mediated astrocyte-to-
neuron conversion.
Data are presented as mean ± SEM, n = 3
independent experiments. *p < 0.05, **p <
0.01. Scale bars, 100 mm. See also Figure S5;
Tables S8 and S9.
were critical for the electrophysiological maturation of iN

cells, and Neurod4 and Chd7 were required for the efficient

conversion of astrocytes to neurons.

The similarity between this study and that of Wapinski

et al. (2013) is that 2 days after Ascl1 induction, both sys-

tems entered intermediate stages (Figures S2A and S2B)

and showed similar transcriptome identities (Figure S2C).

Genes upregulated on day 2, such as TFs Sox11, Hes5, and

Hes6, were mostly related to neuronal differentiation and

relevant biological processes. Notably, Klf10 was upregu-

lated in both systems as well (Figure S2C). PC1 dimension

reflected the neuronal maturation procedure (Figure S2A).

Meanwhile, hierarchical clustering analysis revealed that

Day5_Ascl1_1/2 clustered closer to BAM_22d of Wapinski
et al. (2013) (Figure S2B), indicating a faster reprogram-

ming process of our system. However, in PC2, our samples

(Day5_Ascl1_1/2) showed differences compared with

BAM_13d and BAM_22d (Figure S2D), indicating that in-

duction time plays important roles in direct

reprogramming.

Comparative analysis showed the correlation between

our system and the reprogramming method applied in

Masserdotti et al., 2015 (Figure S2E) as well. Pearson corre-

lation coefficient assays with RNA-seq and microarray data

showed that, at 4 h after ASCL1ERT2 activation, there was

no significant change in transcriptome, corroborating with

the fact that there were only a few DEGs at 4 h (data not

shown). At 24 h after ASCL1ERT2 activation, astrocytes
Stem Cell Reports j Vol. 16 j 534–547 j March 9, 2021 543



were transformed into another stage, similar to our inter-

mediate state (day2-Ascl1). At 48 h after ASCL1ERT2 activa-

tion, the astrocytes had a tendency toward later reprogram-

ming stages (day2-Ascl1 to day5-Ascl1) (Figure S2E).

Notably, poor reprogramming was observed in the sample

2 Ascl1-48h-2 (Figure S2E).

Moreover, we found the expression of 630 overlapping

genes was markedly changed during Ascl1-mediated con-

version of astrocytes and MEFs into neurons, and the regu-

latory regions of 629 genes were bound by ASCL1 in both

astrocytes and MEFs. For example, the expression of Klf10

and Sox11 were augmented during Ascl1-mediated conver-

sion and their regulatory regions were bound by ASCL1 in

both astrocytes andMEFs (data not shown). Wapinski et al.

(2013) identified Zfp238 as a key downstream target of

Ascl1 that can partially substitute for Ascl1 during direct re-

programming of fibroblasts into neurons. However, in this

study we found that the regulatory regions of Zfp238 were

not bound by ASCL1 and that Ascl1 largely could not

induce the expression of Zfp238 in astrocytes (data not

shown). Instead, we found that another ASCL1 down-

stream target Neurod4 could convert astrocytes into TUJ1-

positive neuronal cells, which is consistent with a previous

study (Masserdotti et al., 2015). InMEFs,Neurod4 alonewas

incapable of eliciting neuronal conversion, while together

with Insm1 they generated iN cells at 14 DPI (Masserdotti

et al., 2015). The direct binding of ASCL1 to large amounts

of overlapping genes in astrocytes and fibroblasts reveals a

highly similar occupancy of ASCL1 even in distantly

related cell types. Conversely, a modest fraction of overlap-

ping genes was differentially expressed during the conver-

sion of astrocytes and fibroblasts to neurons, demon-

strating that Ascl1 regulates the expression of

downstream genes in cell context-dependent fashion.

Furthermore, it has been reported that Ascl1 converts

Müller glia cells from the retina and astrocytes from the

neocortex and cerebellum into different neuronal subtypes

(Chouchane et al., 2017; Guimaraes et al., 2018; Pollak

et al., 2013). In Table S4, Pvalb was upregulated in iN cells

generated from neocortex astrocytes but not in iN cells

generated from dorsal midbrain astrocytes (this study),

indicating different neuronal subtypes. This warrants

further studies to reveal the identities of iN cells converted

from astrocytes that are located in different regions.

It is unknown whether Klf10 plays physiological func-

tions in the nervous system (Subramaniam et al., 2010).

In this study, we found that the expression of Klf10was up-

regulated at day 2 but downregulated at day 5 during direct

reprogramming of astrocytes into neurons. Interestingly,

upon Klf10 knockdown, more TUJ1-positive neuronal cells

were generated with longer neurite length and more com-

plex dendrites but with reduced electrophysiological activ-

ity. Moreover, the expression of Klf10was also upregulated
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during direct reprogramming of fibroblasts to neurons at

day 2 (Treutlein et al., 2016), and we found that the effi-

ciency of fibroblast-to-neuron conversion was increased

upon Klf10 knockdown as well (data not shown). These re-

sults show that Klf10 may play a similar role during the

direct reprogramming from different donor cells at the

early stages.

Although Ascl1 alone is sufficient to convert MEFs into

iN cells in optimized culture conditions, endogenous

Myt1l is induced during the conversion and exogenous

Myt1l considerably increases the efficiency of conversion

and the functional maturation of the iN cells (Chanda

et al., 2014; Vierbuchen et al., 2010). We have previously

shown that Ascl1 alone is sufficient to convert midbrain as-

trocytes into functional, synapse-forming neurons in vitro

(Liu et al., 2015). In this study, we found that the expres-

sion of Myt1 was increased more remarkably compared

with that of Myt1l and Myt3 during Ascl1-induced astro-

cyte-to-neuron conversion. Meanwhile, ASCL1 directly

bound to the regulatory region of Myt1. This is corrobo-

rated by the observation that Myt1 is a direct target of

ASCL1 at the onset of neuronal differentiation (Vasconce-

los et al., 2016). However, knockdown of Myt1, Myt1l, or

Myt3 individually did not affect the conversion efficiency

of astrocytes into iN cells induced by Ascl1 (data not

shown). Moreover, double knockdown of Myt1 and Myt1l

largely did not affect the conversion efficiency of astrocytes

into iN cells, although these cells had thicker neurites,

stretched-out morphology, and inactive electrophysiolog-

ical properties. This warrants investigating further whether

the Myt1 family members play similar roles also for the iN

cells converted from fibroblasts to obtain functional

neuronal properties.

Wapinski et al. (2013) found that Ascl1 acts as a pioneer

factor at neurogenic loci marked by a close chromatin

state to direct conversion of fibroblasts into neurons,

and this is in agreement with the observation that Ascl1

coordinately regulates gene expression and the chromatin

landscape during neurogenesis (Raposo et al., 2015).

Enhanced chromatin accessibility has also been observed

in TF Neurog2, microRNAs, and CRISPR/cas9-mediated

fibroblast-to-neuron conversion (Abernathy et al., 2017;

Black et al., 2016; Smith et al., 2016). Moreover, epige-

netic factor ten-eleven translocation 3 (Tet3), which regu-

lates DNA demethylation, and a histone H3 lysine 4

methylase KMT2B contribute to the direct conversion of

fibroblast into functional neurons (Barbagiovanni et al.,

2018; Zhang et al., 2016). Conversely, incomplete MyoD-

induced transdifferentiation of human fibroblasts is asso-

ciated with chromatin remodeling deficiencies (Mana-

ndhar et al., 2017). It has been reported that the chro-

matin remodeling factor Chd7 regulates adult

neurogenesis via activation of SoxC TFs and is



indispensable for normal cerebellar development (Feng

et al., 2013, 2017). Here, we found the efficiency of astro-

cyte-to-neuron conversion to be markedly decreased upon

Chd7 knockdown. Moreover, CSI results showed that

Chd7 is required for expression of the genes Sox11,

Myt1, Ebf3, Neurod4, and Zfp821 that are related to

neuronal development and differentiation. It will be of in-

terest to investigate how Chd7 is recruited to specific tar-

gets and remodels the chromatin structure. Indeed one

way to improve direct neuronal reprogramming is to un-

derstand the possible barriers in the context of a higher-

order chromatin landscape (Gascon et al., 2017; Guo

and Morris, 2017; Ninkovic and Gotz, 2018; Riemens

et al., 2018).
EXPERIMENTAL PROCEDURES

Astrocyte Culture
Astrocytes were cultured as previously described with some modi-

fications (McCarthy and de Vellis, 1980).

Viral Production
Lentiviruses were produced from HEK293FT cells that were tran-

siently transfected with lentiviral, viral envelope-typing, and

VSVG-pseudo-typing plasmids (Tiscornia et al., 2006).

Immunostaining
Immunostaining on cultured cells was performed essentially as

previously described except that the primary antibodies were incu-

bated for overnight (Vierbuchen et al., 2010).

RNA Sequencing
Total RNA was isolated with TRIzol reagent. Libraries were pre-

pared, and sequencingwas performed in 100-bp paired-end format

on the Illumina HiSeq 2000 system.

Chromatin Immunoprecipitation Followed by

Sequencing
ChIP-seq was carried out in astrocytes 2 days after FUGW-Ascl1

infection as described previously (Jin et al., 2009). Approximately

9–12 3 106 cells were used for each ChIP-seq experiment, and

sequencing reads were generated on HiSeq 2000 Illumina

platforms.

Gene Knockdown
To acutely knock down Klf10,Myt1,Neurod4, and Chd7, we cloned

one or two shRNAs specifically against targeting sequence and one

control scramble shRNA sequence into the lentiviral vector pLKD

(OBiO Technology [Shanghai]). The shRNA sequences can be

found in Table S9.

Electrophysiological Recording
Whole-cell voltage-clamp or current-clamp recording was per-

formed as described previously (Lu et al., 2007).
Data and Code Availability
The accession number for the RNA-seq data is GEO: GSE132674.

The accession number for the ChIP-seq data is GEO: GSE132671.
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