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Abstract 
Chromodomain helicase DNA-binding protein 5 (Chd5) is an ATP-dependent chromatin remodeler that promotes neuronal differentiation. 
However, the mechanism behind the action of Chd5 during neurogenesis is not clearly understood. Here we use transcriptional profiling of cells 
obtained from Chd5 deficient mice at early and late stages of neuronal differentiation to show that Chd5 regulates neurogenesis by directing 
stepwise transcriptional changes. During early stages of neurogenesis, Chd5 promotes expression of the proneural transcription factor Six3 to 
repress Wnt5a, a non-canonical Wnt ligand essential for the maturation of neurons. This previously unappreciated ability of Chd5 to transcrip-
tionally repress neuronal maturation factors is critical for both lineage specification and maturation. Thus, Chd5 facilitates early transcriptional 
changes in neural stem cells, thereby initiating transcriptional programs essential for neuronal fate specification.
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Graphical Abstract 
Chromatin remodeler Chd5 turns on proneural transcription factor Six3 during early neurogenesis to keep neuron maturation factor Wnt5a in 
a repressed state at this time point, so that cells can appropriately upregulate its expression when its function is required at a later neurogen-
esis stage. However, in the absence of Chd5, Six3 is downregulated; consequently, Wnt5a is prematurely upregulated at early neurogenesis, 
abrogating neuron differentiation and maturation programs later on.
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Significance Statement
Chromatin regulators orchestrate gradual epigenetic and transcriptional changes as stem cells differentiate into various lineages. Here 
we show that the chromatin remodeler Chd5 regulates expression of the proneural transcription factor Six3, preventing premature 
differentiation of neural stem cells and providing proper transcriptional maturation at late differentiation stages. This work highlights the 
importance of transcriptional regulation of stem cells starting from early differentiation stages and provides insight into molecular and 
cellular processes impacted in diseases caused by deregulated CHD5, as overrepresented in patients with cancer and neurodevelopmental 
disorders (NDDs).
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Introduction
In the developing brain, neural stem cells (NSCs) first pro-
liferate to self-renew and increase the stem cell pool, which 
later transition to produce neuronal and glial cells of the cen-
tral nervous system (CNS).[1,2] During this intricate process 
of neurogenesis, NSCs go through a succession of intermedi-
ate and lineage-specific cell states to generate differentiated 
cell types. To form the robust size and complex cell com-
position characteristic of the mammalian brain, NSC pro-
liferation and the respective switch to differentiation need 
to be tightly regulated. These processes are guided by cell 
intrinsic as well as extrinsic factors; for instance, expression 
of proneural transcription factors Mash1 and Neurogenin2, 
as well as morphogens Wnt3a and Wnt7a are sufficient to in-
duce neuronal differentiation.[3–5] In addition, such intrinsic 
and extrinsic factors can also regulate each other’s expression  
and/or function. For example, during embryonic neurogen-
esis, the transcription factor Pax6 represses the expression 
of Sonic Hedgehog (Shh) in the developing epithalamus to 
ensure proper formation of the habenula.[6] Furthermore, 
extracellular signals can also be converted into secondary 
messengers that ultimately consolidate functional alterations 
in transcriptional output, such as the Wnt/β-catenin pathway 
regulating the expression of Neurogenin1/2.[4] In addition, 
misregulation of Wnt ligands in the progenitors can have 
profound impacts on neurogenesis, as inhibition of Wnt5a 
in pluripotent stem cells is essential to generate cerebral 
organoids.[7] Hence, to fully understand brain organogenesis, 
the dynamics of cell intrinsic and extrinsic factors regulating 
differentiation and maturation of neurons and glia need to 
be elucidated.

When stem cells undergo differentiation, various chro-
matin modulators such as ATP-dependent chromatin 
remodelers, histone-modifying enzymes, and lineage-specific 
transcription factors work together to fine-tune chromatin 
organization and gene regulation, to progressively achieve 
the transcriptional state required for differentiated cell 
types.[8] Early changes during the differentiation process en-
able the cells to follow a coherent trajectory toward lineage 
specification; hence, defects in early transcriptional programs 
can abrogate the process of fate specification and matura-
tion later on. For example, the nucleosome remodeling and 
deacetylation (NuRD) complex repress a number of proteins 
in embryonic stem cells (ESCs) to maintain transcriptional 
homeostasis; however, in the absence of NuRD components 
Mta1/2/3 or Mbd3, ESCs have excessive transcriptional 
noise, causing them to deviate from following differentiation 
cues that dictate cell fate specification.[9–11] Hence, appropri-
ate regulation of chromatin dynamics starting from early 
differentiation time points is necessary for the generation of 
fully functional mature cell types. Although the roles of tran-
scription factors in development have been well studied over 
the past few decades, knowledge about ATP-dependent chro-
matin remodelers is still very limited.

Chd proteins are ATP-dependent chromatin remodelers 
that form a nine-member Chd family of proteins. All of 
them are expressed in neural tissues to regulate various bi-
ological processes, including NSC proliferation, differentia-
tion, and maturation of neurons and/or glia.[12] Furthermore, 
mutations in 8 of 9 CHD proteins have been correlated to 
1 or more neurodevelopmental disorders (NDDs).[13] CHD5 
is a tumor suppressor that is frequently inactivated in 

brain malignancies,[14] and mutations in CHD5 have been  
reported in patients with NDDs, as patients with heterozy-
gous mutations in CHD5 have language deficits, intellec-
tual disability, epilepsy, and motor delay.[15] Hence, CHD5 
is suspected to play a role in regulating proliferation and  
differentiation of cells during brain development. In mice, 
depletion of Chd5 using shRNAs during embryonic neuro-
genesis impedes neuronal differentiation and migration; [16,17] 
however, the mechanism of action of Chd5 during neurogen-
esis remains unclear. We have previously shown that Chd5 
deficiency in NSCs causes increased proliferation and a pre-
mature surge of protein synthesis. Furthermore, at 3 h post-
differentiation (hpd)—the time point at which enhanced 
translation is seen in wild-type (WT) cells—Chd5−/− cells 
have a reciprocal trend with a precipitous drop in nascent 
peptide synthesis. In addition, fewer neurons are generated 
by Chd5−/− NSCs.[18]

Chd5−/− cells have defects starting at early neuronal  
differentiation stages; we therefore sought to investigate 
transcriptional changes caused by Chd5 deficiency during 
neuronal differentiation. In this study, we report that loss 
of Chd5 in NSCs causes premature transcriptional activa-
tion of neuronal differentiation programs, despite proneural 
transcription factors such as Six3 being downregulated. Six3 
maintains the progenitor state of NSCs by repressing Wnt5a, 
a non-canonical Wnt ligand that plays an important role in 
the formation and/or maintenance of axons and dendrites 
during neuronal maturation.[19–22] Due to downregulation 
of Six3 in Chd5−/− cells, Wnt5a is prematurely upregulated 
early during differentiation. Consequently, Chd5−/− NSCs are 
unable to follow an appropriate neuronal differentiation tra-
jectory to activate maturation programs later on, including 
upregulation of Wnt5a.

Materials and Methods
Neural Stem Cell Culture and Differentiation
NSCs were prepared from tissue collected from the peri-
ventricular region of the WT and Chd5−/− mouse brain at 
P1 using established procedures.[23,24] For neuronal differ-
entiation, cells were grown as monolayers and maintained 
in media without growth factors. Chd5 (NCBI transcript 
ID: NM_001081376.1) and Six3 (NCBI transcript ID: 
NM_011381.4) were cloned into PCW (Addgene: 50661) 
and PHAGE (Addgene: 106281) vectors respectively, and 
expressed in NSCs using lentiviral transduction method. 12.5 
ng/μL of doxycycline (Sigma) was used to induce the expres-
sion of Chd5. All animal handling procedures and experimen-
tal protocols followed the guidelines of Cold Spring Harbor 
Institutional Animal Care and Use Committee.

Gene Expression Analysis
Total RNA was extracted from the cells with Trizol (Thermo 
Fisher) using the manufacturer’s protocol. Superscript III 
Reverse Transcriptase (Thermo Fisher) was used to convert 
mRNA into cDNA for qPCR analysis. qPCR was done using 
the SYBRGreen master mix in the Quantstudio 6 Flex ma-
chine (Thermo Fisher) for 40 cycles. For RNA-seq, libraries 
were prepared using TruSeq Stranded mRNA Sample 
Preparation Kit from Illumina. Single-end sequencing (75bp) 
was performed using NextSeq 500 in high-output mode (See 
Supplementary Methods section for more detail).

https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxad002#supplementary-data
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Molecular Analysis
Protein level expression was assessed by Western blot as pre-
viously described.[25]

BrdU Cell Proliferation Assay
NSCs cultured as monolayers were treated with 10 μM BrdU 
and incubated for 24 h. BrdU cell proliferation assay kit (Cell 
Signaling Technology) was used to quantify proliferation.

Immunofluorescence Analysis
Immunofluorescence of adherent cells was done exactly 
as described.[18] Images were obtained using confocal 
microscopes (Zeiss LSM710 and Zeiss LSM780). Map2-
positive and Gfap-positive cells were quantified using the Cell 
Counter Plugin of Fiji software.

CUT&RUN
CUT&RUN was performed with anti-FLAG M2 antibody 
(Sigma; 1:200 dilution) using WT cells transduced with 
PHAGE-Six3 at 3 hpd as previously described.[26]

Statistical Analysis
All plots show mean with SD. Statistical analyses were 
performed using ANOVA or Kruskal Wallis followed by a 
two-tailed Student’s t-test for comparing more than 2 groups. 
Significance level was set at P < .05.

Results
Chd5 Deficiency Leads to Premature Differentiation 
of Neural Stem Cells
Chd5 is an ATP-dependent chromatin remodeler that is 
expressed robustly in neurons (Fig. 1A; Supplementary Fig. 
S1A), suggesting it may have a cell-type-specific function 
during normal development. We have previously shown that 
loss of Chd5 in NSCs causes defects in the dynamics of chro-
matin compaction and nascent peptide synthesis starting at 
early differentiation time points (between 0 and 3 hpd), lead-
ing to untimely upregulation of the proneural transcription 
factor Mash1 and generation of fewer neurons.[18] To further 
investigate the role of Chd5 in the process of neuronal dif-
ferentiation and to delineate the effects of loss of Chd5 dur-
ing neurogenesis, we cultured primary NSCs from WT and 
Chd5−/− mice and differentiated them into neuronal lineages. 
We collected these cells at 3 hpd (early-stage differentiation) 
and 48 hpd (late-stage differentiation) and assessed global 
transcriptional alterations caused by Chd5 deficiency dur-
ing the neuronal differentiation process (Fig. 1B). Both WT 
and Chd5−/− NSCs expressed stem cell markers Pax6 and 
Nestin (Fig. 1C). However, we observed enhanced expression 
of Nestin, a protein that is predominantly expressed in ac-
tivated NSCs in Chd5−/− samples, suggesting premature ac-
tivation of Chd5−/− NSCs (Supplementary Fig. S1B). In the 
absence of growth factors, ~90% of WT and Chd5−/− cells 
entered G1/G0 phase by 24 h (Supplementary Fig. S1C). They 
differentiated into the neuronal lineage and expressed neuro-
genic transcription factor Neurod1 at 3 hpd (Fig. 1C), and at 
48 hpd, 49.9% of WT and 39.1% of Chd5−/− cells expressed 
differentiated neuron-specific microtubule associated protein 
Map2 (Fig. 1C; Supplementary Fig. S1D). Furthermore, the 
expression of Neurod1 at 3 hpd and Map2 at 48 hpd were 
lower in Chd5−/− samples (Supplementary Fig. S1E–S1F), 

suggesting defects in neuronal differentiation caused by loss 
of Chd5.

RNA-seq analyses revealed that at 3 hpd, 752 genes were 
upregulated, whereas 883 genes were downregulated in 
Chd5−/− cells (Supplementary Fig. S2A), suggesting Chd5 
was not exclusively an activator or repressor. Using gene 
ontology (GO) analysis of the upregulated genes, we found 
that factors required for NSC proliferation, neuron differen-
tiation, and synapse organization, including genes encoding 
Prox1, En2, Eomes, and Nlgn1, were upregulated in Chd5−/− 
samples (Fig. 1D; Supplementary Fig. S2B), in line with the 
increased proliferation and premature differentiation pheno-
type we previously reported.[18] On the other hand, regulators 
of apoptosis and cell migration were downregulated in these 
samples (Fig. 1D; Supplementary Fig. S2B), consistent with 
defects in migration seen after shRNA-mediated knockdown 
of Chd5 in vivo [17]. Furthermore, gene set enrichment analysis 
(GSEA) using gene sets containing factors required for cells 
undergoing neuronal differentiation and calcium signaling 
pathway showed positive enrichment in Chd5−/− samples at 
3 hpd (S2C-D). These observations indicate that Chd5 defi-
ciency causes premature transcriptional upregulation of neu-
rogenic programs during early differentiation.

Chd5 Deficiency Abrogates Proper Transcription of 
Neuronal Maturation Factors During Neurogenesis
At 48 hpd, a time point at which the NSCs had differentiated, 
440 genes were upregulated and 409 genes were downregulated 
in Chd5−/− samples, highlighting Chd5 as both an activator 
and a repressor in differentiated cells (Supplementary Fig. 
S3A). GO analysis revealed that genes required for other 
lineages such as male genitalia and skeletal system develop-
ment, as well as morphogens required for embryonic develop-
ment were upregulated in Chd5−/− cells, but genes encoding 
factors required for nervous system development and ion 
transport, such as Map1b, Hes6, Nalcn, and Panx1, were 
downregulated (Fig. 1E; Supplementary Fig. S3B). Moreover, 
GSEA enrichment analysis showed a negative enrichment for 
genes required for neuronal maturation and calcium signaling 
pathway (Supplementary Fig. S3C–S3D). These results sug-
gest that Chd5−/− neurons have defects in initiating tran-
scriptional programs required for maturation at 48 hpd. The 
transcriptional analyses at early- and late-differentiation time 
points indicate that Chd5 deficiency causes premature differ-
entiation of NSCs and abrogation of maturation programs in 
neurons.

Neurogenic Chromatin Modulators are 
Misregulated in Chd5 Deficient Cells
To explore downstream pathways responsible for the prema-
ture differentiation phenotype of Chd5−/− cells, we examined 
the expression of known neurogenic chromatin modulators 
at 3 hpd. Despite the enrichment of genes encoding several 
neurogenic transcription factors such as Eomes, Pou3f1, and 
Foxo3 (Fig. 2A; Supplementary S4A–S4C), a handful of genes 
encoding neurogenic chromatin modulators including Six3, 
Neurod1, Hdac11, Pou3f1, and Hes1 were downregulated in 
Chd5−/− cells at this time point (Fig. 2A), suggesting prema-
ture differentiation with transcriptional defects in Chd5−/− 
cells. We hypothesized the transcription factor Six3 to be an 
important downstream target of Chd5 in this process, as Six3 
is essential for proper forebrain and eye development; Six3−/− 
mice lack most of the head structures anterior to the midbrain, 
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Figure 1. Chd5 deficiency causes transcriptional defects during neuronal differentiation, leading to premature differentiation at an early time point 
and abrogated maturation at a later time point. (A) Normalized expression levels of Chd5 in single cells collected from adult mouse brains. (Data 
adapted from Allen Brain Map portal—Mouse Whole Cortex and Hippocampus SMART-seq (2019) with 10×-SMART-seq taxonomy (2020) as reference 
profiles[40]). (B) Schematic diagram of the experimental design for RNA-seq experiment. Samples for RNA-seq were collected at 3 and 48 hpd. 
(C) Representative immunofluorescent images of WT and Chd5−/− NSCs at 0, 3, and 48 hpd, analyzed for Nestin and Pax6, Neurod1, and Map2, 
respectively. Scale bar = 100 μm. (D) Heatmap showing scaled expression values of differentially expressed genes in WT and Chd5−/− samples at 
3 hpd with their corresponding GO terms (n = 3). Differentially expressed genes were called with FDR < 0.05 and fold change of (±) 1.5. See also 
Supplementary Fig S2B. (E) Heatmap showing scaled expression values of differentially expressed genes in WT and Chd5−/− samples at 48 hpd with 
their corresponding GO terms (n = 3). Differentially expressed genes were called with FDR < 0.05 and fold change of (±) 1.5. See also Supplementary 
Fig S3B.

https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxad002#supplementary-data
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Figure 2. Chd5 regulates the expression of Wnt5a via proneural transcription factor Six3. (A) Heatmap showing scaled expression values of neurogenic 
chromatin modulators at 3 hpd (n = 3); FDR<0.05. (B) Relative mRNA expression of Six3 in WT and Chd5−/− samples with overexpression of 
empty vector (EV) or Chd5 at 3 hpd. ***<.001; ****<.0001. ANOVA followed by a two-tailed Student’s t-test. (C) Representative Western blots of WT 
and Chd5−/− samples with overexpression of EV or Chd5 at 3 hpd, assessed for the expression of Chd5-FLAG, Chd5, Six3, and β-actin. See also 
Supplementary Fig. S4F–5FG. (D) Normalized TPM counts of Wnt5a in cells at 0, 3, and 48 hpd as determined by RNA-seq. n = 2 for 0 hpd and n = 
3 for 3 and 48 hpd samples. (For 0 hpd-data reanalyzed from NCBI GEO database[18], accession GSE80583). (E) Representative Western blots of WT 
and Chd5−/− samples at 3 hpd, assessed for the expression of pCamKII, Gap43 and β-actin. (F) Genome browser tracks for the Wnt5a promoter 
region using data from CUT&RUN experiments in WT cells with an antibody against Six3-FLAG and IgG, showing binding of Six3 at a locus 2-3 kb 
upstream of Wnt5a transcription start site. (G) Relative mRNA expression of Wnt5a in WT and Chd5−/− cells with overexpression of EV or Six3 at 3 

https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxad002#supplementary-data
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including the eyes and nose, and die at birth.[27] Furthermore, 
1%-2% of the Chd5+/− and Chd5−/− female mice are born 
with eyes lacking the neuroretina (Supplementary Fig. S4D–
S4E), similar to the loss of eye phenotype seen in Six3−/− 
mice. To test whether Chd5 directly regulates the expres-
sion of Six3, we transduced Chd5−/− NSCs with a construct 
expressing an inducible version of Chd5 cDNA. Importantly, 
overexpression of Chd5 in differentiating cells at 3 hpd 
rescued the downregulation of Six3 at both the transcript 
(Fig. 2B) and protein level (Fig. 2C; Supplementary Fig. S4F–
S4G). These findings indicate that Chd5 is sufficient for pos-
itively regulating the expression of Six3 in NSCs at an early 
stage of differentiation.

Six3 Represses Wnt5a in Differentiating Neural 
Stem Cells
During embryonic neurogenesis, Six3 promotes the differ-
entiation of NSCs into neurons. The function of Six3 is es-
sential in NSCs, as conditional depletion of Six3 in NSCs 
causes severe developmental defects, whereas conditional 
depletion in newborn neurons has a more subtle effect.[28,29] 
Earlier in development, Six3 represses the expression of Wnt1 
and Wnt8b [27,30], and activates the expression of Shh and 
Foxg1.[31,32] Since the known factors downstream of Six3 are 
indispensable for brain development, we hypothesized that 
Six3 might be functioning as a transcriptional regulator in the 
NSCs of the CNS as well. To identify factors that were poten-
tially repressed by Six3, we checked the expression levels of 
the known downstream factors of Six3 as well as the other 
Wnt ligands in addition to Wnt1 and Wnt8b at an early dif-
ferentiation stage. This allowed us to discover that Wnt5a 
was upregulated in Chd5−/− cells at 0 and 3 hpd (Fig. 2D; 
Supplementary Fig. S5A), which indicated that it was a poten-
tial downstream target of Six3 in NSCs during early neuronal 
differentiation.

Wnt5a has been reported to function through both 
β-catenin-dependent and independent pathways.[19,20,33] To 
determine the downstream pathway affected by upregulation 
of Wnt5a in this context, we probed for the expression of 
β-catenin in the nuclear lysates of WT and Chd5−/− cells, as 
it is an indicator of canonical Wnt/β-catenin pathway. We did 
not detect any changes in nuclear β-catenin in Chd5−/− cells 
compared to WT cells (Supplementary Fig. S5B). However, 
pCamKII and Gap43, known downstream targets of Wnt5a in 
the non-canonical Wnt/calcium pathway,[19] were upregulated 
in Chd5−/− cells 3 hpd (Fig. 2E). Furthermore, GSEA analysis 
using the calcium signaling pathway gene set showed a posi-
tive enrichment in Chd5−/− cells at 3 hpd (see Supplementary 
Fig. S2D), further confirming transcriptional upregulation of 
genes encoding components of the Wnt/calcium pathway.

To test whether Six3 directly regulated the expression of 
Wnt5a, we utilized CUT&RUN using an antibody against 
FLAG in WT cells with Six3-FLAG overexpression at 3 hpd. 
Through this approach, we detected binding of Six3 at a locus 
2-3kb upstream of the Wnt5a transcriptional start site (TSS) 
(Fig. 2F). Furthermore, overexpression of Six3 in Chd5−/− 
NSCs rescued Wnt5a expression at both the transcript (Fig. 

2G) and the protein level (Fig. 2I; Supplementary Fig. S5C–
S5D) at 3 hpd. These experiments established Six3 as a re-
pressor of Wnt5a in NSCs following differentiation for 3 h.

The role of Wnt5a has been well-defined in neurons as a 
regulator of axon guidance and postsynaptic dendrite forma-
tion.[19–22] Even though Wnt5a was upregulated in Chd5−/− 
cells at 0 and 3 hpd, it was downregulated at 48 hpd (see 
Fig. 2D), a time when endogenous Six3 was reduced in WT 
cells (Fig. 2I), and the function of Wnt5a is crucial for ax-
onal and dendritic growth. Furthermore, GSEA analysis of 
RNA-seq data at 48 hpd showed negative enrichment of cal-
cium signaling pathway in Chd5−/− cells (see Supplementary 
Fig. S3D), suggesting transcriptional downregulation of the 
Wnt/calcium pathway genes. However, with overexpression 
of Six3 and initial repression of Wnt5a in Chd5−/− cells at 
3 hpd (see Fig. 2G–2I), the downregulation of Wnt5a at 48 
hpd was rescued at the transcript (Fig. 2H) and protein level 
(Fig. 2I; Supplementary Fig. S5E–S5F). Hence, we can con-
clude that Chd5 positively regulates Six3, which is a repres-
sor of Wnt5a (Fig. 2J). Furthermore, these findings indicate 
that transcriptional deregulation during early differentiation 
influences events later on that precludes fate specification and 
maturation.

Chd5 is dispensable for producing neurons in vivo, but 
expression of Wnt/calcium signaling factors in the brain is 
compromised.

Chd5−/− primary NSCs generate fewer neurons compared 
to the WT NSCs in culture.[18] However, Chd5−/− adult mice 
did not have significant changes in brain size, weight, or gen-
eration of neurons and astrocytes (Supplementary Fig. S6A–
S6F). Through the RNA-sequencing of differentiated cells in 
culture, we concluded that Chd5−/− cells have defects in tran-
scriptional activation of genes that regulate neuron matura-
tion programs, including upregulation of Wnt5a. Therefore, 
we assessed whether the adult brain tissues—which largely 
consist of differentiated cell types—have compromised ex-
pression of genes encoding Wnt5a and/or its downstream 
Wnt/calcium pathway factors. We performed Western blot  
analysis using whole brain lysates of P28 mice and found that 
lysates from Chd5−/− animals had lower levels of Wnt5a as 
well as its downstream factors pCamKII and Gap43 (Fig. 2K). 
These findings demonstrate that the molecular defects seen in 
differentiated cells in culture are recapitulated in vivo, even if 
the differentiation defect is compensated.

Overexpression of Six3 Rescues Differentiation 
Defects Caused by Chd5 Deficiency
We have shown that Six3 is an important downstream target 
of Chd5 (see Fig. 2A–2J). We therefore tested whether Six3 
can rescue the cellular defects caused by Chd5 deficiency. 
The 2 major cellular phenotypes seen in Chd5−/− cells are 
proliferation and differentiation defects.[18] To investigate 
whether Six3 rescues the proliferation defect, we treated 
WT and Chd5−/− cells transduced with empty vector con-
trol (EV) or Six3 with the thymidine analog, BrdU, for 24 
h, and assayed for BrdU incorporation. Overexpression of 
Six3 did not rescue the proliferation defect caused by Chd5 

hpd. *<.05; **<.01. ANOVA followed by a two-tailed Student’s t-test (n =4). (H) Relative mRNA expression of Wnt5a in WT and Chd5−/− samples with 
overexpression of EV or Six3 at 48 hpd. *<.05; **<.01. ANOVA followed by a two-tailed Student’s t-test (n = 4). (I) Representative Western blots of WT 
and Chd5−/− samples with overexpression of EV or Six3 at 3 and 48 hpd, assessed for Six3, Six3-FLAG, Wnt5a, and β-actin. (# indicates overexpressed 
Six3-FLAG). See also Supplementary Fig. S5C–S5F. (J) Schematic diagram showing the relationship between Chd5, Six3, and Wnt5a. (K) Representative 
Western blots of WT and Chd5−/− cortical lysates assessed for Chd5, Wnt5a, pCamKII, Gap43, and β-actin.
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Figure 3. Overexpression of Six3 rescues differentiation defects caused by Chd5 deficiency. (A) Absorbance measured from WT and Chd5−/− NSCs 
with overexpression of empty vector (EV) or Six3 after BrdU incorporation for 24 h and detection by BrdU cell proliferation assay kit. **>.01; ****>.0001. 
ANOVA followed by a two-tailed Student’s t-test. (B) Quantification of Map2+ neurons and Gfap+ astrocytes generated by WT and Chd5−/− cells with 
overexpression of EV or Six3 at 5 days post-differentiation (n = 28). ****<.0001; ns = not significant. Kruskal-Wallis followed by a two-tailed Student’s 
t-test. (C) Representative immunofluorescent images of WT and Chd5−/− cells with overexpression of EV or Six3 at 5 days post-differentiation and 
analyzed for Map2 (green), Gfap (red), and DAPI nuclear signal (blue), accompanied by a schematic on the top. Scale bar = 100 μm. Relative mRNA 
expression of Smoc1 (D), Snap-25 (E) and Tnc (F) in WT and Chd5−/− cells with overexpression of EV or Six3 at 48 hpd. *<.05; **<.01. ANOVA followed 
by a two-tailed Student’s t-test (n = 4).
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deficiency (Fig. 3A). However, when we differentiated these 
cells for 5 days, Chd5−/− cells with Six3 overexpression 
produced more neurons and fewer astrocytes than Chd5−/− 
cells transduced with EV (Fig. 3B–3C). Hence, Six3 is a 
downstream factor of Chd5 that effectively rescues differ-
entiation, but not proliferative defects, caused by Chd5 de-
ficiency.

Furthermore, we wanted to test whether transcriptional 
defects caused by Chd5 deficiency in differentiated cells (a-
side from Wnt5a), were rescued by Six3 expression. We 
examined the expression of three calcium responsive factors 
that were downregulated in Chd5−/− samples: secreted mod-
ular calcium-binding protein-1 (Smoc1), synaptosome as-
sociated protein-25 (Snap-25), and troponin C (Tnc).[34–36] 
Overexpression of Six3 rescued the downregulation of these 
3 factors at 48 hpd (Fig. 3D–3F), further highlighting Six3 
as an important neurogenic transcription factor downstream 
of Chd5 that transcriptionally represses Wnt5a during early 
neuronal differentiation, and can alleviate defects caused 
by Chd5 deficiency to respond to differentiation cues, thus 
reestablishing appropriate differentiation and maturation 
programs.

Discussion
Cell intrinsic and extrinsic factors facilitate deterministic 
transcriptional programs that steer NSCs toward prolif-
eration versus differentiation and maturation into various 
cell types. ATP-dependent chromatin remodelers along with 
a number of interacting partners, including transcription 
factors and histone modifiers, initiate and/or maintain re-
quired epigenetic and transcriptional changes while the cells 
are undergoing fate specification. Defects in these steps can 
obstruct the achievement of the transcriptional states re-
quired for proper functioning of the differentiated cell types. 
Here, we define the role of Chd5 and its downstream target 
Six3 during neurogenesis. Through molecular analyses, we 
identify Six3 as an important transcription factor down-
stream of Chd5 that regulates neuronal differentiation by 
keeping Wnt5a in a repressed state in NSCs at an early dif-
ferentiation time point. The role of Wnt5a has been well-
defined in neurons,[20] but its upstream regulation is not well 
understood. Here we show that early repression of Wnt5a 
in progenitors is necessary for cells to be able to enhance its 
expression post-differentiation when its function is required. 
This study supports the notion that increased transcrip-
tional noise in progenitors abrogates their ability to respond 
to differentiation cues and maintain a coherent differentia-
tion trajectory.

Chd proteins have been reported to regulate multiple 
cellular functions during stem cell differentiation into vari-
ous lineages.[12] Similarly, Chd5 regulates proliferation of 
NSCs and neuronal differentiation.[18] Here we show that 
overexpression of Six3 in Chd5−/− NSCs rescues differenti-
ation, but not the proliferation defects caused by Chd5 loss. 
Six3 is a positive regulator of NSC proliferation; [37] however, 
the role of Chd5 in this cellular process seems to be inde-
pendent of Six3, as even with lower levels of Six3, Chd5−/− 
cells proliferate more. Therefore, Six3 is a transcription factor 
downstream of Chd5 that promotes neuronal differentiation. 
We also showed that genes encoding other proneural tran-
scription factors like Neurod1, Hes1, and Pou3f4 are also 
downregulated, whereas Eomes, Pou3f1, and Foxo3 are 

aberrantly upregulated in Chd5−/− cells. Hence, we envision 
Chd5 as regulating other downstream pathways through ad-
ditional factors, similar to Chd2 regulating genes encoding 
the transcription factors REST, Neurod1, and Neurog2 at 
different stages of neurogenesis,[38,39] and more studies are 
needed to elucidate the full range of functions of Chd5 during 
brain development.

Through this study, we provide evidence to show that 
defects in early events during the neuronal differentia-
tion process can have profound consequences for proper 
fate specification and maturation into fully functional 
neurons. Developmental defects cause NDDs; unsurpris-
ingly, mutations in CHD5 have also been seen in patients 
with NDDs.[15] To find causal links between mutations in 
genes encoding chromatin remodelers such as CHD5 and 
dysfunctions seen in patients, we need to understand the role 
of these proteins during normal development. Functional 
studies in cell culture models and mice can give us a better 
insight into how the loss of functional CHD5 causes defects 
in neuron differentiation and maturation, ultimately leading 
to clinical manifestations seen in patients.

Conclusion
Our data indicate that Six3 is a proneural transcription fac-
tor downstream of Chd5 that represses neurogenic factor 
Wnt5a at early differentiation stages; this is essential for the 
upregulation of Wnt5a post-differentiation, when its function 
is required. Moreover, overexpression of Six3 in Chd5−/− 
NSCs rescues transcriptional and differentiation defects 
caused by Chd5 deficiency. In summary, Chd5 represses pre-
mature upregulation of neurogenic factor Wnt5a through 
Six3 in early neuronal differentiation, so that the cells are a-
menable to respond to the differentiation cues and turn on 
maturation programs.
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