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ARTICLE INFO ABSTRACT
Keywords: Neural Stem Progenitor Cells (NSPCs) maintenance and neuronal cell differentiation are the two
Adult neurogenesis key aspects of sustained neurogenesis in the adult mammalian brain. Transcription factors (TFs)

Neural stem/progenitor cells are known to regulate these biological processes under the influence of various neurotrophic

CNTF . factors. Understanding the role of key TF genes in regulating adult neurogenesis is essential for
Transcription factors . N . N . . . .
DEGs determining the functional complexity and neuronal diversity seen in the adult mammalian brain.

Although several molecular mechanisms leading to adult neurogenesis have been reported, de-
tails on its transcriptional regulation are still limited. Our initial results showed that Ciliary
Neurotrophic Factor (CNTF) induced neuronal differentiation in SVZ-derived NSPC cultures. To
investigate further the role of CNTF in inducing the expression of TF genes related to adult
neurogenesis and the potential pathways involved, whole transcriptome RNA-sequencing (RNA-
seq) analysis was done in CNTF-treated Sub-ventricular Zone derived neurosphere cultures from
the mouse brain. The study revealed 483 differentially expressed genes (DEGs), among which 33
DEGs were identified as coding for transcription factors (TFs). Kyoto Encyclopedia of Gene and
Genomes (KEGG) analysis revealed MAPK, PI3K-Akt, and FoxO as the significantly enriched
signaling pathways. Gene co-expression network analysis identified five upregulated TF genes
related to adult neurogenesis (Runx1, Hmga2, Fos, ID2, and Prrx1) in a single cluster, interacting
with each other, and was also validated by quantitative PCR. Our data suggest several potential
TFs that may act as critical regulators in the intrinsic transcriptional networks driving the adult
neurogenesis process. Further investigation into these molecular regulators may yield a homo-
geneous population of neuronal progenitors for translational stem cell studies in the future.

* Corresponding author. Centre for Neuroscience & Assistant Professor Department of Biotechnology Cochin University of Science and Technology
Kerala. Pin: 682022, India.
E-mail address: chakrapani@cusat.ac.in (B.C. P S).
! Current address.

https://doi.org/10.1016/j.heliyon.2024.e38496

Received 4 March 2024; Received in revised form 3 September 2024; Accepted 25 September 2024

Available online 28 September 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:chakrapani@cusat.ac.in
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e38496
https://doi.org/10.1016/j.heliyon.2024.e38496
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Kathanadan Chackochan et al. Heliyon 10 (2024) 38496
1. Introduction

Neurogenesis in the mammalian brain involves maintaining, differentiating, and integrating neural stem precursor cells (NSPCs) in
the neurogenic niche [1]. NSPCs in the neurogenic niche can self-renew and differentiate into neurons, astrocytes, and oligoden-
drocytes [2]. In the rodent brain, these multipotent and heterogenous population of NSPCs consists of Neuronal Stem Cells (NSCs) and
Neuronal Progenitors (NPs) [3] and are found in two prominent areas of the brain: the subventricular zone (SVZ) of the lateral
ventricles and hippocampal Dentate gyrus. These NSPCs residing in the neurogenic environment regulate the development of the
embryonic brain and the maintenance of neurogenesis in adulthood. They are also considered the main source of adult neurogenesis in
the mammalian brain [2,4,5]. The gradual loss of neural precursors due to genetic alterations, aging, or injury may lead to several
neurodegenerative diseases such as Alzheimer’s disease (AD) [6] and Parkinson’s disease (PD) [7,8].

Studies conducted on NSPCs have revealed that adult neurogenesis is sustained by a small number of NSCs undergoing symmetric
self-renewal to maintain the stem cell pool. In contrast, a major fraction of these NSCs gets consumed by differentiative divisions to
generate type C cells [9]. Transcription Factors can regulate the growth of NSPCs either at the level of the cell cycle or in early dif-
ferentiation during neurogenesis [2]. Many TFs have been identified to serve as key regulatory molecules that could integrate the
extrinsic and intrinsic transcriptional networks, leading to neurogenic processes [10]. Investigating the role of these TFs in the
self-renewal of NSCs and the generation of specific cell types in the brain is important to understand the neurogenesis processes.
However, TF activation is complex and involves several cell-signaling pathways to regulate the self-renewal and fate determination of
NSCs.

Ciliary Neurotrophic Factor (CNTF), one of the important neurotrophic factors in the mammalian brain, has been known to pro-
mote the survival of neurons [11] as well as the activation of astrocytes to support neurons and oligodendrocytes [12,13]. CNTF was
initially isolated in the 1980s from chick embryo ciliary ganglion neurons [14]. CNTF lacks a peptide signal, and therefore, it is
secreted as a trauma factor in the brain by astrocytes in response to injury [15]. CNTF signals through its tripartite receptor complex
composed of the CNTF receptor (CNTFRa), the LIF receptor (LIFR), and glycoprotein 130 (gp130), as a common signal transducer, in
association with many other transcription factors [16].

The SVZ in the brain of young adult mice harbours radial glia-like NSPCs with astrocytic morphology, expresses glial fibrillary
acidic protein (GFAP) marker, and produces CNTF to promote neurogenesis [17-19]. CNTF mediates its down-stream signalling
through three major pathways: Janus Kinase (JAK)/signal transducers and activators of transcription (STAT) and mitogen-activated
protein kinase (MAPK) pathways [20] and PI3K-Akt pathway [21]. CNTF can increase the embryonic forebrain neurogenesis through
the self-renewal of epidermal growth factor (EGF) responsive neural stem cells in vitro [22] by activating the NOTCH1 pathway and by
inhibiting the expression of MASH1 [23]. Previous studies have reported that CNTF/LIF/gp130 receptor signalling is necessary for the
self-renewal of Fibroblast Growth Factor (FGF)-responsive Ventricular Zone precursors [24]. Nevertheless, the transcriptional regu-
lation of adult neurogenesis via CNTF is largely unexplored.

Genome-wide transcriptome profiling studies have emerged as a powerful tool that can be used to elucidate the development and
function of various cell types in the brain. Very little is known about how neurotrophic factors could influence the TFs to regulate adult
neurogenesis. Therefore, a transcriptome analysis of NSPCs isolated from the adult mice brain may help identify new neurogenesis
regulators. Here, we analyzed the transcriptome in CNTF-treated and Untreated SVZ-derived NSPCs to identify the differentially
expressed transcription factor-related genes that can act as transcriptional regulators in various key molecular pathways associated
with adult neurogenesis.

2. Materials and methods
2.1. Isolation of NSPCs and neurosphere culture

Eight to twelve-week-old male BALB/c mice were purchased (Institutional Animals Ethics Committee approval number 363/GO/
Re/S/01/CPCSEA/2018/02) from Kerala Veterinary Animal Sciences University (KVASU), Mannuthy, Thrissur, Kerala and housed
under standard conditions of 18-23°C temperature and 40-60 % humidity. The food and water were given ad libitum, and 12-h day and
night cycles were maintained throughout the experiments. After two weeks of acclimatization, three mice were decapitated, and the
brain was separated from the cranium. The whole brain was removed, and a coronal cut at the rostral side of the brain using a sterile
scalpel was made to reveal the SVZ region. The SVZ region was micro-dissected, dissociated enzymatically, and passed the cell sus-
pension through a 70 pm strainer (SPL, Korea). A total of three mice were sacrificed to generate primary neurosphere cultures for this
study, and each experiment was carried out in triplicates.

Dissociated cells were cultured in Neurobasal A (Gibco, USA) media supplemented with 2 % B27 supplement (Gibco, USA), 20 ng/
mL Fibroblast Growth Factor-2 (FGF; Peprotech, USA), 20 ng/mL Epidermal Growth Factor (EGF; Peprotech, USA), 2 mM Glutamax
(Gibco, USA), 1 mM L-glutamine (Gibco, USA), and 1 % penicillin/streptomycin (Gibco, USA). Neural Stem/Progenitor cells were
isolated from the SVZ [25] and were maintained as neurosphere primary cultures in a CO, incubator at 37°C. Neurospheres were
passaged every five to seven days. Cell density in each passaging and for experimentation was maintained at 50,000 cells/5 mL in the
T25 flask (S NunclonTM, Thermo Scientific, Denmark). Experiments were conducted on NSPCs maintained between passages six to
eight. The NSPCs isolated from the SVZ region of adult mice brains were maintained as neurospheres in the complete Neurobasal A
medium. A graphical representation of the experimental design is given in Supplementary Fig. S1.
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2.2. Immunocytochemical analysis

To assess whether NSPCs differentiate into neurons in response to CNTF (Peprotech, USA), neurospheres at passage six were
dissociated and seeded onto P-D-L (Gibco, USA) coated coverslips (8000 cells/well) in 24 well plates (S NunclonTM, Thermo Scientific,
Denmark). Cells were treated with CNTF (20 ng/mL) on day zero and fixed using 4 % paraformaldehyde (Hi-Media, India) after three
days of Incubation. Then, it was subjected to immunostaining using Tuj-1 mouse monoclonal primary Ab (1:400, Abcam, USA).
Fluorescent dye-conjugated secondary antibodies (1:400) were obtained from The Jackson Laboratory. Stained cells were then
visualized using a Nikon Ti2 Eclipse Fluorescence Microscope, Japan.

2.3. RNA extraction and RNA-seq

For RNA isolation, neurospheres between passages P6 to P8 were used. Total RNA from control and CNTF-treated (20 ng/mL)
neurospheres was extracted using TRIzol reagent (Invitrogen). The concentration and purity of total RNA were assessed by Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, US) and NanoDrop (Thermo Fisher Scientific Inc. USA). RNA isolation and
transcriptome sequencing using the Illumina HiSeq 2500 platform was done at OmicsGen Life Sciences Pvt Ltd, Kerala, India. RNA Seq
pipeline is given in Supplementary Fig. S2.

The RNA integrity value of all mRNA was above seven and was used for the library preparation. Next-generation sequencing library
preparation was constructed according to the manufacturer’s protocol. (NEBNext® Ultra™ RNA Library Prep Kit for lllumina®). The
poly(A) mRNA isolation was performed using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB). The mRNA fragmen-
tation and priming were performed using NEBNext First Strand Synthesis Reaction Buffer and NEBNext Random Primers. First-strand
cDNA was synthesized using ProtoScript II Reverse Transcriptase, and the second-strand cDNA was synthesized using Second Strand
Synthesis Enzyme Mix. The purified double-stranded cDNA was then treated with End Prep Enzyme Mix to repair both ends and add a
dA-tailing in one reaction, followed by a T-A ligation to add adaptors to both ends. Size selection of Adaptor-ligated DNA was then
performed, and fragments of ~360 bp (with the approximate insert size of 300 bp) were recovered. Each sample was then amplified by
PCR for 11 cycles using P5 and P7 primers, with both primers carrying sequences that can anneal with flow cell to perform bridge PCR
and P7 primer carrying a six-base index allowing for multiplexing. The PCR products were cleaned and validated using an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and quantified by Qubit 4.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). The
quality of the raw reads of all samples was checked using FastQC [26]. The average Q30 (Phred value) score was used as a cut-off to
remove low-quality bases in the raw reads. The low-quality bases were removed using Trimmomatic Version 2 [27], and the adapters
were removed using Cutadapt Version 2 [28]. For rRNA removal, the cleaned reads were aligned to the Mus musculus rRNA fasta
sequences downloaded from the National Center for Biotechnology Information (NCBI) using Bowtie Version 2.4.2 [29], and only the
unaligned reads were considered for further analysis. The pre-processed reads of CNTF-treated (A1-CNTF-SVZ, A2-CNTF-SVZ, and
A3-CNTF-SVZ) and untreated samples (A1-Control- SVZ, A2-Control-SVZ, A3-Control-SVZ), were aligned to the reference Mus musculus
genome using RNA-seq aligner HISAT2. All samples’ normalized gene expression levels in FPKM were estimated, and the Cuffdiff
algorithm in the Cufflinks version 2.2.1 with default parameters was used to identify the DEGs. Genes with FPKM > 1 for both samples
and p-value < 0.05 were chosen as differentially expressed (DEGs) using a custom-made Perl script.

2.4. Identifying transcription factors involved in neurogenesis

To determine the Transcription factors (TFs) in all the DEGs, 33 TFs were selected from the Mouse Genome Informatics (MGI)
database. For Comparative analysis, DEGs and TFs were represented as Volcano plots and heat maps using the “ggplot” package in R
statistical software (R Core Team,2022). Gclust [30] was used for clustering analysis.

2.5. Functional enrichment analysis

Gene ontology (GO) enrichment analysis of DEGs was carried out by clusterProfiler (4.0) R package (Bioconductor) [31]. The
Ensembl gene IDs were provided, and the “org.Mm.eg.db” package was used to obtain genome-wide annotations for mice. The GO
enrichment and KEGG pathway enrichment analysis were performed by the gseGo and BrowseKEGG function respectively. To identify
the significantly enriched GO terms and KEGG pathways, an adjusted p-value <0.05 was used as the threshold.

2.6. Gene Co-expression network

The significant pair-wise gene interactions of all the differentially expressed TFs and their first interacting targets (DEGs) were
obtained, and a gene co-expression network was constructed using a significant partial correlation |r|> 0.95. The gene co-expression
network was visualized with the expression correlation tool (Version 1.1.0) available in Cytoscape software (Version 3.10.2) [32]. The
specific tool computes the Pearson correlation coefficient for each pair of genes in the dataset. The Network Construction is based on a
specified correlation threshold (default cutoffs of "-0.95 & 0.95"), and edges are created between gene nodes. The strength of the
correlation determines the edge weight. As the ExpressionCorrelation tool does not directly calculate p-values, we acknowledge the
importance of assessing statistical significance.
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2.7. qRT-PCR validation

To investigate the expression of transcription factor genes involved in adult neurogenesis under CNTF treatment and to validate the
RNA-seq data, six TF genes were selected for qRT-PCR based on their involvement in NSPCs proliferation and differentiation. The
primers of these genes were generated in NCBI primer blast software [33] (Supplementary Table S1), and validated. qRT-PCR reactions
were run in reaction plates with Applied Biosystems, Real-Time PCR System, Singapore, according to the manufacturer’s recom-
mendations. HPRT Hypoxanthine-Guanine Phosphoribosyl Transferase (HPRT) was used as an endogenous control for the qRT-PCR,
and the relative expression levels were determined by the 2-AAC method [34].

3. Results
3.1. CNTF-induces differentiation of NSPCs into neurons
To investigate whether CNTF treatment promotes the generation of neurons, NSPCs grown as monolayer cultures were treated with

20 ng/mL CNTF and immunostained for Tuj-1, a marker for both mature [35] and immature neurons [36]. When dissociated neu-
rospheres were dissociated and cultured in the presence of CNTF and stained on Day 3, CNTF-treated cultures contained more Tuj-1
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Fig. 1. Immunocytochemical Analysis

Fig. 1 (A) NSPCs grown in the presence of CNTF for 3 days were processed for Tuj-1 immunocytochemistry, showing an increased number of Tuj-1"
positive cells under CNTF treatment. Nuclei counterstained with Dapi (blue); stained with Tuj 1 (green); Scale bars = 50 pm. (B) Quantification of
the effect of CNTF on NSPCs on Day 3 shows a significantly upregulated Tuj-1" neuronal population. Data represents mean + SEM for data from
three biological replicates; at least 120 cells were counted per replicate. ***P < 0.001. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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positive cells compared to the control cultures (Fig. 1A). A quantification of Tuj-1 positive population revealed a significant increase in
the number of neurons under CNTF treatment (Fig. 1B). A magnified Tuj-1 staining and qQRT-PCR quantification of Tuj-1 expression
shown in Supplementary Fig. S3.

3.2. RNA seq analysis reveals 483 differentially expressed genes

The dissociated NSPCs were cultured as neurospheres for three days for RNA sequence analysis. Later, the CNTF-treated and
untreated neurospheres were harvested in RNAlater solution on Day 3 (72 h). In the RNA-Seq, the NGS QC Toolkit treatment filtered
122.2 million and 162.9 million high-quality paired-end reads from control, and CNTF-treated samples of BALB/c mice, respectively.
The reads obtained in the libraries were of high quality, averaging 85 % of the total data passed > 30 phred score. More than 92 % of
the total pre-processed reads of all samples were mapped to the reference genome. The sample details and read alignment summary are
given in Table 1. For gene annotation, all the DEGs were annotated based on the final Mus musculus annotation file. The differential
gene expression analysis (p-value < 0.05&|FPKM > 1) of the comparison “Control vs CNTF” revealed a total of 483 differentially
expressed genes with 214 and 269 upregulated and downregulated genes, respectively (Table 2).

3.3. GO analysis of DEGs

Gene Ontology enrichment of DEGs was done to check the distribution of significantly enriched functional terms (adjusted p-value
<0.05) and identified 1791, 235, and 232 Biological Process (BP) terms, Cellular Component (CC) terms, and Molecular Function (MF)
terms, respectively, among a total of 2258 terms. (Data given in Supplementary Table S2). Barplot (Fig. 2) shows the BP, CC, and MF
terms that are significantly enriched. The mitotic cell cycle process (GO:1,903,047) was the highest significantly enriched term. All 10
terms in GO_BP terms were associated with the cell cycle. In the GO_CC terms, protein kinase, chromatin, and transcription factor
binding were the most significantly enriched terms.

3.4. CNTF treatment shows significantly enriched KEGG pathways

KEGG enrichment analysis was done to identify the significant biological pathways enriched under CNTF treatment by mapping the
DEGs onto reference pathways in the KEGG database. All the enriched pathways are listed in Supplementary Table S3. Since this study
aims to understand the key signalling pathways involved in adult neurogenesis, we focussed on all the pathways under signalling and
the nervous system from the KEGG Mus musculus genome database. A scatter plot representation of significantly enriched DEGs in 34
pathways (adjusted p-value <0.05) (Fig. 3). Results revealed that the MAPK Signalling pathway, PI3K-Akt signalling pathway, and
FoxO signalling pathway are the most significantly enriched pathways. Dopaminergic and cholinergic synapses were also highly
enriched, among other pathways, under CNTF treatment.

3.5. Key transcription factors involved in adult neurogenesis

To uncover the TFs that are differentially expressed, all the DEGs were compared against TFs present in the Ensemble database
using local blast. 33 TFs were identified among 483 DEGs and are highlighted in the volcano plots (Fig. 4), which include Tgif1, Runx1,
Fos, Hmga2, ID2, and Prrx1. The 12 upregulated and 21 downregulated genes among 33 TFs are represented as a heat map
(Supplementary Fig. S4). TF genes with the highest (3.37) and lowest (—3.82) log2fold values were for Tgif1 and Tcf712, respectively.

3.6. Gene Co-expression network analysis of TFs

A co-expression correlation analysis was performed to elucidate the potential interacting partners. All 32 TFs had interacting
partners with DEGs, except for csrnp2. A total of 4 clusters of TF interactions were identified, and interestingly, 8 out of 33 TFs (Runx1
[37], Junb [38], Fos [39], Hmga2 [40], Prrx1 [41], Id2 [42], KIf4 [43], Nfe2l2 [44]); were in a single cluster (Fig. 5), indicating their
involvement towards a common biological function of neural stem maintenance and/or neuronal differentiation. The other 3 clusters
are listed in Supplementary Fig. S5. These 8 TFs were upregulated in CNTF-treated NSPCs. Tgifl, a key player in NSCs proliferation
[45], and their first neighbours were identified in a different cluster.

Table 1
Sample Details and Read Alignment Summary
Table 1 shows the number of reads in each sample, and the corresponding alignment and Phred score.

Sl No Sample Name Total Reads Total Pre-Processed Reads Total Aligned Reads Alignment % Total Data > Q30
1 Al-Control-SVZ 40,790,866 32,614,700 31,443,832 96.41 % 93.61 %
2 A2-Control-SVZ 23,366,940 20,141,456 19,418,377 96.40 % 86.80 %
3 A3-Control-SVZ 61,297,924 51,677,094 47,666,951 92.24 % 85.50 %
4 A1-CNTF-SVZ 57,424,910 45,831,664 44,012,146 96.03 % 92.34 %
5 A2-CNTF-SVZ 26,123,562 8,383,056 7,819,714 93.28 % 87.94 %
6 A3-CNTF-SVZ 97,136,084 79,381,900 76,055,798 95.81 % 92.21 %
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Table 2

Total DEGs in Control VS Cntf comparison
Table 2 shows that RNA sequencing comparison of control vs CNTF revealed a total of 483 genes among which 214 genes were upregulated and 269

were downregulated.
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Fig. 2. GO enrichment analysis of the DEGs in the CNTF-treatment groups. The barplot displays the top 10 significantly enriched GO terms for three
categories: BP, biological process, CC, cellular component, MF, molecular function on the y-axis, and x-axis represents the gene count, whereas the
bar color represents the significance (adjusted p-value) of each GO term. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

3.7. qRT-PCR validation of selected TFs identified from RNA-seq

To study the role of TFs and further authenticate the RNA-seq analysis results, six TFs (Tgif1, Runx1, Fos, Hnga2, ID2, and Prrx1)
were selected based on their involvement in NSPCs proliferation and differentiation. The qRT-PCR results show that the mRNA
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Fig: 3. Scatter Plot

Fig. 3. KEGG pathway enrichment analysis of the DEGs under CNTF treatment shows 34 significantly enriched pathways. The x-axis indicates the
proportion of DEGs enriched in a KEGG pathway to the total number of DEGs enriched in all the KEGG signalling and nervous system pathways. The
dot size represents the number of DEGs enriched in each KEGG pathways, whereas the colour of the dot represents the significance (adjusted p-
value) of each KEGG pathway. KEGG, Kyoto Encyclopedia of Genes and Genomics. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

expression patterns of selected genes were similar to the expression profile obtained from RNA-seq data (Fig. 6).
4. Discussion

Understanding the transcriptional regulation of adult neurogenesis holds vital importance in devising a regenerative therapeutic
strategy for brain repair using adult NSPCs. Although decades of research have contributed much to this field, little is known about the
key genes and crucial pathways involved in the maintenance and/or fate commitment of NSPCs. TFs are key regulators of neuronal
differentiation in the adult mammalian brain. The role of TFs in specifying the lineage commitment among NSPCs is largely unsolved,
and this is being elucidated in the scientific community. Evidence shows that TFs play a crucial role in regulating neuronal
commitment early in the progenitors residing in the ventricular regions of the mouse brain [46]. Although many TFs have been
identified in mouse and their involvement in neurogenesis, how neurotrophic factors, such as CNTF, can regulate neurogenesis at the
transcriptional level in the adult mouse brain lacks clarity.

Next-generation sequencing (NGS) technologies have expanded the research possibilities for studying the role of transcription
factors in gene regulation. Gene expression profiling through mRNA deep sequencing (RNA Seq) can generate reads with higher ac-
curacy and greater coverage of transcripts [47]. We show here that the transcriptome data generated by RNA sequencing of
CNTF-treated and untreated mouse NSPCs will contribute to deciphering the important causal factors involved in regulating adult
NSPCs’ self-renewal and differentiation.

Our current research aims to uncover how transcription factors orchestrate gene expression during the differentiation of neurons
from neurosphere cultures derived from SVZ, prominent neurogenic niche in adult mammalian brain. In our study, the
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Fig. 4. Volcano plot representing the total no of DEGs for control vs CNTF treatment comparison. The significance was calculated based on p < 0.05|
FC+1. The x-axis- and y-axis represent log 2(Fold change) and -log10 (adjusted p-value). Red dots represent upregulated, and blue dots represent
down-regulated DEGs. 33 TFs are highlighted as squares in the image. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
Node Mapping
Node Shape Label

P Non-TF DEG
. Transcription Factor

@

@
Lratd1 Lrrc8b Antxr1 ar
Lo B Lo [ e ] .

Slc30a4
TN @

@E

Dusp4 Ctsb
e

Mapk10 Lrn3
rrees L3 |

Fig: 5. Interactome

Fig. 5. Gene co-expression network of differentially expressed TFs and their respective first interacting partners with significant partial correlation |
r|> 0.95. The correlation network is composed of 8 TFs and 73 non-TF DEGs. Nodes with ellipse shapes are TFs (red color-filled nodes), and those
with rectangle shapes are non-TF DEGs (blue color-filled nodes). All the TFs in this cluster were upregulated in the study. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Validation of selected TF genes by qRT-PCR. (A) The relative expression levels of six TF genes (Fos, Hmga2, Id2, Prrx1, Runx1, Tgifl) by qRT-
PCR. The x-axis represents the gene name, whereas the y-axis represents the relative expression levels of these DEGs. Unpaired t-test, two-tailed. *P
< 0.05, ***P < 0.001. (B) A heat map of logl0 transformed FPKM values of RNA Seq data between control and cntf-treated samples. FPKM,
fragment per kilobase of transcript per million reads; RNA-seq, RNA sequencing; qRT-PCR, quantitative Reverse Transcription-polymerase
chain reaction.

immunochemical analysis of CNTF-treated SVZ neurospheres revealed a higher number of Tuj-1 positive cells compared to the control
cultures. These findings aligns with Ding et al.’s work [48] and suggests that CNTF plays a pivotal role in driving the differentiation of
adult NSPCs to neurons. (Although, Tuj-1 is a well-known marker for both mature and immature neurons differentiated from NSPCs in
the SVZ, it would be beneficial to use additional neuronal markers such as NeunN or MAP2B, to confirm the neuronal identity,
especially during extended culturing periods). Therefore, based on the crucial role of CNTF in inducing neuronal differentiation, a
transcriptome analysis of control and CNTF-treated NSPCs on day three was performed to identify the key molecular regulators
involved in adult NSPCs proliferation and differentiation. As a result, several key TFs, including Tgif1, Runx1, Fos, Hmga2, ID2, Prrx1,
and signalling pathways (MAPK Signalling pathway, PI3K-Akt signalling pathway, and FoxO signalling pathway) and Dopaminergic
and Cholinergic synapses have been identified.

GO analysis of the 483 DEGs showed that the most impacted biological process is related to the cell cycle. This finding suggests that
CNTF treatment affects gene expression in the cell cycle progression within NSPCs. Interestingly, these impacts on the cell cycle may
direct NSPCs toward neuronal differentiation, as also evident from the Tuj-1 immunostaining. Earlier reports have shown that CNTF
promotes the self-renewal of embryonic neural stem cells [49] and neurogenesis in the adult hippocampus [50]. Nevertheless, research
investigating the impact of CNTF within the subventricular zone (SVZ)—the largest stem cell niche in the adult mammalian brain—and
its influence on genes related to adult neurogenesis remains insufficient for pinpointing the precise molecular regulators of neuronal
differentiation. Our study bridges a critical gap by examining the transcriptome of CNTF-treated neural stem precursor cells (NSPCs)
derived from the subventricular zone (SVZ). We propose that CNTF may drive NSPCs towards cell cycle exit in NSPCs, favouring a
neuronal fate. Our transcriptome study provides intriguing leads, including the upregulation of transcription factor genes related to
adult neurogenesis. However, further experiments are needed to validate these hypotheses. Additionally, it would be worthwhile to
explore the impact of CNTF on the rest of the undifferentiated NSPC population and their commitment to non-neuronal fate. Notably,
the enrichment of the ‘Transcription Factor binding’ gene ontology term suggests CNTF-induced upregulation of TF genes related to
adult neurogenesis. Our study has identified five transcription factor genes related to neurogenesis: Runx1, Fos, Hmga2, ID2, and Prrx1.
These findings are crucial in unraveling diverse neuronal populations within the SVZ niche. We speculate that CNTF activates these TF
genes, individually or in combination, to regulate proneural gene expression. Proneural genes, in turn, govern the delicate balance
between neuronal and glial fate commitment [51].

The analysis of DEGs using KEGG pathways revealed that CNTF treatment significantly enriches MAPK signalling, and PI3-Akt
signalling pathways. Previous studies have highlighted the crucial roles of these maintaining, proliferating, and differentiating
NSCs [52,53]. In mice, sustained MAPK activity is essential for the generating dorsal lateral ganglionic eminence and oligodendrocyte
progenitors in the ventral telencephalon [54]. At the same time, PI3-Akt signalling supports the survival of new granule cells and
synaptic plasticity in the dentate gyrus [55]. Additionally, the other enriched pathways related to neurogenesis include the Wnt
signalling pathway [56], pluripotency-related pathways, the Calcium signalling pathway [57], JAK-STAT signalling [58], and the
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FoxO signalling [59]. Given the above findings, these leads could be further explored to unravel the interplay between transcription
factors and CNTF-enriched pathways in regulating neuronal differentiation in the adult mammalian Brain.

Among all the TFs studied, Tgifl exhibited the highest log.2-fold change (3.37) in the CNTF-treated cultures. Tgifl is a gene
associated with proliferation and has a negative impact on - TGFf signalling [60]. Exploring the function of the Tgif1 gene could provide
valuable insights into how CNTF influences the proliferation of NSPCs by promoting their exit from the cell cycle toward a neuronal
lineage. Another significantly upregulated TF in our study is Runx1 (log.2-fold change of 3.25) which has been reported to increase the
Tuj-1" population upon Runx-1 over-expression in adult NSPCs [37]. The other upregulated TF genes identified in this study related to
neurogenesis were Hmga2, Fos, Id2, and Prrx1, with log 2-fold values of 2.26, 2.60, 1.95, and 1.79, respectively. While Hmga2, a
transcriptional regulator, has been associated with neural stem cell self-renewal in fetal and young adult mice [61], our qRT-PCR
validation did not reveal significant upregulation under CNTF treatment. c-Fos, an immediate early response proto-oncogene, is a
neuronal activity marker linked to various neural and behavioral responses triggered by acute stimuli. Studies indicate that c-Fos also
play a crucial role in the generation of NSPCs during brain development [39]. Notably, our study observed significant upregulation of
the Fos gene induced by CNTF. ID 2, an inhibitor of DNA binding 2, has been reported to regulate the proliferation of neural pro-
genitors and their commitment to dopaminergic neurons in the adult SVZ [42]. Previous studies have indicated that the prrx1 protein
primarily gives rise to astrocytic-like progenitors without impacting newborn neurons [41]. Surprisingly, our study observed a sig-
nificant increase in prrx1 expression. However, the precise mechanism by which CNTF interacts with prrx1 to enhance neurogenesis in
the adult SVZ remains largely unexplored. Our findings emphasize the role of CNTF in inducing the expression of transcription factor
genes related to adult neurogenesis, paving the way for gene manipulation in several neurodegenerative studies. Our study highlights
significant enrichment of dopaminergic and cholinergic synapses. This aligns with the earlier research showing that dopamine
D2-receptor-dependant neurogenesis occurs in SVZ [62], and additionally, sympathetic neurons differentiate into cholinergic lineage
[63] under the influence of CNTF. These results may be important in understanding the CNTF-induced synaptic plasticity in the adult
mammalian brain. Besides, CNTF-induced Gene co-expression network analysis revealed that five of the six genes validated were part
of a single cluster, indicating their involvement towards adult neurogenesis, whereas Tgif1, a proliferation-related gene, stood apart in
a separate cluster.

5. Conclusion

This is the first to study the transcriptome of CNTF-treated NSPCs from the SVZ region in the adult mouse brain. Among the 483
differentially expressed genes, 33 were recognized as TF genes. Our results demonstrate increased expression of the Tuj-1 marker in
CNTF-treated SVZ NSPCs. Additionally, the upregulated TF genes are likely involved in both NSPC maintenance and neuronal dif-
ferentiation in CNTF-treated SVZ NSPCs. As identified in the GO analysis, the enrichment of transcription factor binding suggests that
CNTF may transcriptionally regulate differentiation processes among NSPCs.

This study indicates that CNTF-induced differentiation of SVZ NSPCs into neurons involves transcriptional regulation of cell cycle
dynamics. It also highlights the key molecular players and signalling pathways, and synapses involved in determining the fate of NSCPs
during this process. Moreover, our findings open up a window for designing additional experiments to validate the role of these key TF
genes in adult neurogenesis. We acknowledge the importance of functional validation of these TFs by gene silencing or over-expression
studies. Co-expression studies of TFs with neuronal markers are also essential to validate our claims.

In the future, the effect of CNTF in NSPCs can be further exploited by gene editing techniques such as CRISPR-Cas9 to engineer the
potential transcription factors to regulate neuronal differentiation. Our findings may provide valuable insights into manipulating
NSPCs to generate homogenous progenitor populations in brain regeneration therapies.

Data availability

The raw reads of six samples have been submitted to the NCBI Sequence Read Archive database (SRA) with the Bioproject accession
number PRINA901476 and SRA accession number SRR22348040 - SRR22348045.

Ethics statement

All the animal experimental procedures in this study met the guidelines of the Committee for Control and Supervision on Exper-
iments on Animals (CPCSEA), India. All animal experiments were approved by the Institutional Animal Ethics Committee (IAEC), of
Cochin University of Science and Technology (CUSAT), Kerala, India (approval number 363/GO/Re/S/01/CPCSEA/2018/02), and
every effort was taken to minimize animal suffering.
Disclosure statement

The authors have expressed no conflict of interest.

Funding information

This study was funded by the KSCSTE-YIPB project (Order No.388/2016), KSCSTE — Research Fellowship (No.001/FSHP-MAIN/
2015/KSCSTE) , DST-PURSE, DST- FIST, and KSCSTE-Science Research Scheme, 316/2022/KSCSTE.

10



B. Kathanadan Chackochan et al. Heliyon 10 (2024) 38496
CRediT authorship contribution statement

Bins Kathanadan Chackochan: Writing — review & editing, Writing — original draft, Visualization, Validation, Software, Meth-
odology, Investigation, Formal analysis, Data curation, Conceptualization. Sinoy Johnson: Writing — original draft, Software, Data
curation. Hilmi Jaufer Thameemul Ansari: Writing — review & editing, Dr. Ajith Vengellur: Writing — review & editing. Unnik-
rishnan Sivan: Writing - review & editing, Dr. Sayuj Koyyappurath: Writing — review & editing, Software. Baby Chakrapani P S:
Writing — review & editing, Supervision, Methodology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

Kerala State Council for Science, Technology, and Environment (KSCSTE)-YIPB Project; KSCSTE Research Fellowship, Sasthra
Bhavan, Pattom, Trivandrum, Kerala, India; DST-PURSE; KSCSTE-Science Research Scheme, Center of Excellence in Neuro-
degeneration and Brain Health (CENBH), Cochin, Kerala.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e38496.

References

[1] P.S. Eriksson, E. Perfilieva, T. Bjork-Eriksson, Neurogenesis in the adult human hippocampus, Nat. Med. 4 (1998) 1313-1317.

[2] F.H. Gage, Mammalian neural stem cells, Science 287 (2000) 1433-1438.

[3] S. Ahmed, H. Gan, C.S. Lam, Transcription factors and neural stem cell self-renewal, growth and differentiation, Cell Adhes. Migrat. 3 (2009) 412-424.

[4] A. Kriegstein, A. Alvarez-Buylla, The glial nature of embryonic and adult neural, Stem Cell. 32 (2009) 149-184.

[5] G. Ming, H. Song, Adult Neurogenesis in the mammalian central nervous system, Annu. Rev. Neurosci. 28 (2005) 223-250.

[6] C. Scopa, F. Marrocco, V. Latina, Impaired adult neurogenesis is an early event in Alzheimer’s disease neurodegeneration, mediated by intracellular A f
oligomers, Cell Death Differ. 27 (2020) 934-948.

[7] S.J. Brown, L. Boussaad, J. Jarazo, PINK1 deficiency impairs adult neurogenesis of dopaminergic neurons, Sci. Rep. 11 (2021) 6617.

[8] B. Winner, Z. Kohl, F.H. Gage, Neurodegenerative disease and adult neurogenesis, Eur. J. Neurosci. 33 (2011) 1139-1151.

[9] K. Obernier, A. Cebrian-Silla, M. Thomson, Adult neurogenesis is sustained by symmetric self-renewal and differentiation, Cell Stem Cell 22 (2018) 221-234.

[10] G. Poiana, R. Gioia, S. Sineri, Transcriptional regulation of adult neural stem/progenitor cells: tales from the subventricular zone, Neural Regen Res 15 (2020)
1773.

[11] A.C. Lo, L. Li, R.W. Oppenheim, Ciliary neurotrophic factor promotes the survival of spinal sensory neurons following axotomy but not during the period of
programmed cell death, Exp. Neurol. 134 (1995) 49-55.

[12] P.J. Albrecht, J.C. Enterline, J. Cromer, CNTF-activated astrocytes release a soluble trophic activity for oligodendrocyte progenitors, Neurochem. Res. 32 (2007)
263-271.

[13] P.J. Albrecht, J.P. Dahl, O.K. Stoltzfus, Ciliary neurotrophic factor activates spinal cord astrocytes, stimulating their production and release of fibroblast growth
factor-2, to increase motor neuron survival, Exp. Neurol. 173 (2002) 46-62.

[14] W.L. Hsiao, R.J. Mohit, L. Hong, W.L. Steven, Ciliary neurotrophic factor (CNTF) plus soluble CNTF receptor « increases cyclooxygenase-2 expression, PGE2
release and interferon-y-induced CD40 in murine microglia, J. Neuroinflammation 6 (2009).

[15] C. Dallner, A.G. Woods, T. Deller, M. Kirsch, H.D. Hofmann, CNTF and CNTF receptor alpha are constitutively expressed by astrocytes in the mouse brain, Glia
37 (2002) 374-378.

[16] Aoki Y. Servidei, S.E. Lewis, A. Symes, J.S. Fink, S.A. Reeves, Coordinate regulation of STAT signaling and c-fos expression by the tyrosine phosphatase SHP-2,
J. Biol. Chem. 273 (11) (1998) 6233-6241.

[17]1 J.G. Emsley, T. Hagg, Endogenous and exogenous ciliary neurotrophic factor enhances forebrain neurogenesis in adult mice, Exp. Neurol. 183 (2003) 298-310.

[18] M. Sendtner, P. Carroll, B. Holtmann, Ciliary neurotrophic factor, J. Neurobiol. 25 (1994) 1436-1453.

[19] P. Yang, S.A. Arnold, A. Habas, Ciliary neurotrophic factor mediates dopamine D2 receptor-induced CNS neurogenesis in adult mice, J. Neurosci. 28 (2008)
2231-2241.

[20] H.-W. Lin, M.R. Jain, H. Li, Ciliary neurotrophic factor (CNTF) plus soluble CNTF receptor alpha increases cyclooxygenase-2 expression, PGE2 release and
interferon-gamma-induced CD40 in murine microglia, J. Neuroinflammation 6 (2009) 7.

[21] S. Fantone, G. Tossetta, R. Montironi, Ciliary neurotrophic factor (CNTF) and its receptor (CNTFRa) signal through MAPK/ERK pathway in human prostate
tissues: a morphological and biomolecular study, Eur. J. Histochem. 64 (2020) 3147.

[22] T. Shimazaki, T. Shingo, S. Weiss, The ciliary neurotrophic factor/leukemia inhibitory factor/gp130 receptor complex operates in the maintenance of
mammalian forebrain neural stem cells, J. Neurosci. 21 (2001) 7642-7653.

[23] C. Andrew, S. Takuya, G. Christopher, W. Gerry, Weiss Samuel, Glycoprotein 130 signaling regulates Notch1 expression and activation in the self-renewal of
mammalian forebrain neural stem cells, J. Neurosci. 23 (2003) 1730-1741.

[24] C. Gregg, S. Weiss, CNTF/LIF/gp130 receptor complex signaling maintains a VZ precursor differentiation gradient in the developing ventral forebrain,
Development 132 (2005) 565-578.

[25] A. Deepti, B.K. Chackochan, S. Sadanandan, A.S. Menon, K. Mohandas, A. Vengellur, Sivan Unnikrishnan, P.S. Chakrapani, An easy and cost-effective method
for the isolation and culturing of neural stem/progenitor cells from the subventricular (SVZ) and dentate gyrus (DG) of adult mouse brain, J Neuroscience
Methods. Jan 19 (2024) 404, 110060.

[26] A.M. Bolger, M. Lohse, B. Usadel, Trimmomatic: a flexible trimmer for Illumina sequence data, Bioinformatics 30 (15) (2014) 2114-2120.

[27] M. Martin, Cutadapt removes adapter sequences from high-throughput sequencing reads, EMBnet Journal 17 (2011) 10-12.

[28] H. Li, R. Durbin, Fast and accurate short read alignment with Burrows- Wheeler transform, Bioinformatics 25 (14) (2009) 1754-1760.

11


https://doi.org/10.1016/j.heliyon.2024.e38496
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref1
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref2
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref3
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref4
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref5
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref6
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref6
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref7
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref8
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref9
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref10
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref10
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref11
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref11
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref12
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref12
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref13
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref13
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref14
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref14
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref15
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref15
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref16
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref16
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref17
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref18
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref19
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref19
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref20
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref20
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref21
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref21
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref22
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref22
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref23
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref23
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref24
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref24
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref25
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref25
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref25
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref26
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref27
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref28

B. Kathanadan Chackochan et al. Heliyon 10 (2024) 38496

[29] D. Kim, B. Langmead, S.L. Salzberg, HISAT: a fast spliced aligner with low memory requirements Daechwan HHS Public Access, Nat. Methods 12 (4) (2015)
357-360.

[30] R.Li, X. He, C. Dai, Gclust: a parallel clustering tool for microbial genomic data, Dev. Reprod. Biol. 17 (2019) 496-502.

[31] T. Wu, E. Hu, S. Xu, clusterProfiler 4.0: a universal enrichment tool for interpreting omics data, Innovation 2 (2021) 100141.

[32] P. Shannon, A. Markiel, O. Ozier, Cytoscape: a software environment for integrated models of biomolecular interaction networks, Genome Res. 13 (2003)
2498-2504.

[33] J. Ye, G. Coulouris, I. Zaretskaya, Primer-BLAST: a tool to design target-specific primers for polymerase chain reaction, BMC Bioinf. 13 (2012) 134.

[34] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-time quantitative PCR and the 2—AACT method, Methods 25 (2001) 402-408.

[35] M.N. Angeliki, D. Ranjan, C. Zhihing, H.M. Robert, D.T. Bruce, Activated microglia enhance neurogenesis via trypsinogen secretion, Proc Natl Acad Sci U S A
110 (2013) 8714-8719.

[36] J. Menezes, M. Luskin, Expression of neuron-specific tubulin defines a novel population in the proliferative layers of the developing telencephalon, J. Neurosci.
14 (1994) 5399-5416.

[37] T.T. Logan, M. Rusnak, A.J. Symes, Runx1 promotes proliferation and neuronal differentiation in adult mouse neurosphere cultures, Stem Cell Res. 15 (2015)
554-564.

[38] K.-H. Schlingensiepen, F. Wollnik, M. Kunst, The role of Jun transcription factor expression and phosphorylation in neuronal differentiation, neuronal cell death,
and plastic adaptationsin vivo, Cell. Mol. Neurobiol. 14 (1994) 487-505.

[39] F.N. Velazquez, B.L. Caputto, F.D. Boussin, c-Fos importance for brain development, Aging 7 (2015) 1028-1029.

[40] J. Nishino, I. Kim, K. Chada, Hmga2 promotes neural stem cell self-renewal in young but not old mice by reducing p16Ink4a and p19Arf expression, Cell 135
(2008) 227-239.

[41] K. Shimosaki, G.D. Clemeson, F.H. Gage, Paired related homeobox protein 1 is a regulator of stemness in adult neural stem/progenitor cells, J. Neurosci. 33
(2013) 4066-4075.

[42] M.C. Havrda, B.T. Harris, A. Mantani, Id2 is required for specification of dopaminergic neurons during adult olfactory neurogenesis, J. Neurosci. 28 (2008)
14074-14087.

[43] S. Qin, C.-L. Zhang, Role of kriippel-like factor 4 in neurogenesis and radial neuronal migration in the developing cerebral cortex, Mol. Cell Biol. 32 (2012)
4297-4305.

[44] E. Boorman, R. Killick, D. Aarsland, NRF2: an emerging role in neural stem cell regulation and neurogenesis, Free Radic. Biol. Med. 193 (2022) 437-446.

[45] H.E.S. Marei, A.-E. Ahmed, Transcription factors expressed in embryonic and adult olfactory bulb neural stem cells reveal distinct proliferation, differentiation
and epigenetic control, Genomics 101 (2013) 12-19.

[46] E. Sousa, F. Nuria, Transcriptional regulation of neuronal identity, Euro. J. Neurosci. 55 (2021) 645-660.

[47] C.A. Meyer, Q. Tang, X.S. Liu, Minireview: applications of next- generation sequencing on studies of nuclear receptor regulation and function, Mol. Endocrinol.
26 (2012) 1651-1659.

[48] J. Ding, Z. He, J. Ruan, Y. Liu, C. Gong, S. Sun, H. Chen, Influence of endogenous ciliary neurotrophic factor on neural differentiation of adult rat hippocampal
progenitors, Neural Regen Res 8 (2013) 301-312.

[49] J.B. Lennington, Z. Yang, J.C. Conovor, Neural stem cells and the regulation of adult neurogenesis, Reprod. Biol. Endocrinol. 1 (2003) 99.

[50] P.Z. Si, G. Wang, S.S. Han, Y. Jin, X.Y. Hu, M.Y. He, B.B. Saberi, X. Yang, G.S. Liu, CNTF and Nrf2 are coordinately involved in regulating self renewal and
differentiation of neural stem cell during embryonic development, iScience 19 (2019) 303-315.

[51] N. Bertrand, D.S. Castro, F. Guillemot, Proneural genes and the specification of neural cell types, Nat. Rev. Neurosci. 3 (2002) 517-530.

[52] L.S. Campos, D.P. Leone, J.B. Relvas, Betal integrins activate a MAPK signalling pathway in neural stem cells that contributes to their maintenance,
Development 131 (2004) 3433-3444.

[53] J. Peltier, A. O’Neill, D.V. Schaffer, PI3K/Akt and CREB regulate adult neural hippocampal progenitor proliferation and differentiation, Dev Neurobiol 67
(2007) 1348-1361.

[54] M.J. Talley, D. Nardini, S. Qin, A role for sustained MAPK activity in the mouse ventral telencephalon, Dev. Biol. 476 (2021) 137-147.

[55] E.Bruel-Jungerman, A. Veyrac, F. Dufour, Inhibition of PI3K-akt signaling blocks exercise-mediated enhancement of adult neurogenesis and synaptic plasticity
in the dentate gyrus, PLoS One 4 (2009) e7901.

[56] S.B. Arredondo, D. Valenzuela-Bezanilla, M.D. Mardones, Role of Wnt signaling in adult hippocampal neurogenesis in Health and disease, Front. Cell Dev. Biol. 8
(2020) 860.

[57] A.B. Toth, A.K. Shum, M. Prakriya, Regulation of neurogenesis by calcium signaling, Cell Calcium 59 (2016) 124-134.

[58] S. Miiller, B.P.S. Chakrapani, H. Schwegler, Neurogenesis in the dentate gyrus depends on ciliary neurotrophic factor and signal transducer and activator of
transcription 3 signaling, Stem Cell. 27 (2009) 431-441.

[59] E.E. Santo, J. Paik, FOXO in neural cells and diseases of the nervous system, Curr. Top. Dev. Biol. 127 (2017) 105-118.

[60] M. Kandasamy, B. Lehner, S. Kraus, P.R. Sander, J. Marschallinger, F.J. Rivera, L. Aigner, TGF-beta signalling in the adult neurogenic niche promotes stem cell
quiescence as well as generation of new neurons, J. Cell Mol. Med. 18 (2014) 1444-1459.

[61] J. Nishino, I. Kim, K. Chada, S.J. Morrison, Hmga2 promotes neural stem cell self-renewal in young but not old mice by reducing pl16Ink4a and p19Arf
Expression, Cell 135 (2008) 227-239.

[62] P. Yang, S.A. Arnold, A. Habas, Ciliary neurotrophic factor mediates dopamine D2 receptor-induced CNS neurogenesis in adult mice, J. Neurosci. 28 (2008)
2231-2241.

[63] S. Saadat, M. Sendtner, H. Rohrer, Ciliary neurotrophic factor induces cholinergic differentiation of rat sympathetic neurons in culture, J. Cell Biol. 108 (1989)
1807-1816.

12


http://refhub.elsevier.com/S2405-8440(24)14527-6/sref29
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref29
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref30
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref31
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref32
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref32
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref33
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref34
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref35
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref35
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref36
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref36
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref37
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref37
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref38
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref38
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref39
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref40
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref40
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref41
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref41
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref42
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref42
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref43
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref43
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref44
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref45
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref45
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref46
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref47
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref47
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref48
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref48
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref49
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref50
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref50
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref51
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref52
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref52
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref53
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref53
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref54
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref55
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref55
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref56
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref56
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref57
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref58
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref58
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref59
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref60
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref60
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref61
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref61
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref62
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref62
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref63
http://refhub.elsevier.com/S2405-8440(24)14527-6/sref63

	Transcriptomic analysis of CNTF-treated mouse subventricular zone-derived neurosphere culture reveals key transcription fac ...
	1 Introduction
	2 Materials and methods
	2.1 Isolation of NSPCs and neurosphere culture
	2.2 Immunocytochemical analysis
	2.3 RNA extraction and RNA-seq
	2.4 Identifying transcription factors involved in neurogenesis
	2.5 Functional enrichment analysis
	2.6 Gene Co-expression network
	2.7 qRT-PCR validation

	3 Results
	3.1 CNTF-induces differentiation of NSPCs into neurons
	3.2 RNA seq analysis reveals 483 differentially expressed genes
	3.3 GO analysis of DEGs
	3.4 CNTF treatment shows significantly enriched KEGG pathways
	3.5 Key transcription factors involved in adult neurogenesis
	3.6 Gene Co-expression network analysis of TFs
	3.7 qRT-PCR validation of selected TFs identified from RNA-seq

	4 Discussion
	5 Conclusion
	Data availability
	Ethics statement
	Disclosure statement
	Funding information
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


