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Abstract
Background Similar to induced pluripotent cells (iPSCs), induced neural stem cells (iNSCs) can be directly converted from 
human somatic cells such as dermal fibroblasts and peripheral blood monocytes. While previous studies have demonstrated 
the resemblance of iNSCs to neural stem cells derived from primary sources and embryonic stem cells, respectively, a 
comprehensive analysis of the correlation between iNSCs and their physiological counterparts remained to be investigated.
Methods Nowadays, single-cell sequencing technologies provide unique opportunities for in-depth cellular benchmarking 
of complex cell populations. Our study involves the comprehensive profiling of converted human iNSCs at a single-cell 
transcriptomic level, alongside conventional methods, like flow cytometry and immunofluorescence stainings.
Results Our results show that the iNSC conversion yields a homogeneous cell population expressing bona fide neural stem 
cell markers. Extracting transcriptomic signatures from published single cell transcriptomic atlas data and comparison to the 
iNSC transcriptome reveals resemblance to embryonic neuroepithelial cells of early neurodevelopmental stages observed 
in vivo at 5 weeks of development.
Conclusion Our data underscore the physiological relevance of directly converted iNSCs, making them a valuable in vitro 
system for modeling human central nervous system development and establishing translational applications in cell therapy 
and compound screening.

Keywords CNS development · Neural regeneration · Cellular benchmarking · Neural stem cells · Neuroepithelial cells · 
Reprogramming

 * Frank Edenhofer 
 Frank.Edenhofer@uibk.ac.at

 Angeliki Spathopoulou 
 Angeliki.Spathopoulou@uibk.ac.at

 Martina Podlesnic 
 martina.podlesnic@uibk.ac.at

 Laura De Gaetano 
 Laura.De-Gaetano@student.uibk.ac.at

 Elena Marie Kirsch 
 elena-marie.kirsch@charite.de

 Marcel Tisch 
 Marcel.Tisch@uibk.ac.at

 Francesca Finotello 
 francesca.finotello@uibk.ac.at

 Ludwig Aigner 
 ludwig.aigner@pmu.ac.at

 Katharina Günther 
 Katharina.Guenther@uibk.ac.at

1 Department of Molecular Biology & CMBI, Genomics, 
Stem Cell & Regenerative Medicine Group, University 
of Innsbruck, Technikerstraße 25, 6020 Innsbruck, Austria

2 Institute of Molecular Regenerative Medicine, Paracelsus 
Medical University, Salzburg, Austria

3 Center for Stroke Research, Charité – Universitätsmedizin 
Berlin, Berlin, Germany

4 Department of Experimental Neurology, Charité – 
Universitätsmedizin Berlin, Berlin, Germany

5 Department of Molecular Biology, Digital Science Center 
(DiSC), University of Innsbruck, Innsbruck, Austria

http://orcid.org/0000-0001-9239-6222
http://orcid.org/0000-0001-5617-3873
http://orcid.org/0000-0002-3907-6657
http://orcid.org/0000-0003-0712-4658
http://orcid.org/0000-0002-1653-8046
http://orcid.org/0000-0002-2954-4883
http://orcid.org/0000-0002-6489-714X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12015-024-10698-3&domain=pdf


 Stem Cell Reviews and Reports

Introduction

Neural stem cells (NSCs) are multipotent, self-renewing 
stem cells that respond to various temporal and spatial 
cues during early embryonic development in order to gen-
erate the organism’s nervous system [1–3]. Postnatally, 
NSC populations decline but in many species, including 
humans, a rare population of adult NSCs is maintained 
in the neurogenic niches of the adult brain throughout 
life [4, 5]. Adult NSCs remain mostly inactive in a qui-
escent state and only become activated through extrinsic 
and intrinsic niche cues to give rise to neuroblasts, which 
then further differentiate into neurons [6]. Despite the 
identification of these cellular populations, many aspects 
around their mechanisms of activation and their role in 
the central nervous system (CNS) regeneration or neuro-
degeneration remain elusive. Addressing these open ques-
tions is challenging when relying on the currently existing 
model systems. The access to human post-mortem brain 
specimens is limited and these tissues are in a terminal, 
static condition. Therefore, modeling the complex, tran-
sient changes during NSC activation and differentiation 
is difficult. Thus, developing in vitro systems that mirror 
neurodevelopment, adult neurogenesis and brain regen-
eration is highly desired.

Reprogramming of somatic cells into patient-derived 
induced pluripotent stem cells (iPSCs) through the over-
expression of the so-called Yamanaka OSKM factors 
opened unique opportunities for biomedical research [7, 
8]. Currently, iPSCs and their differentiated progenies are 
routinely used for basic research, disease modeling and 
compound screenings. However,  iPSCs are accompanied 
by some disadvantages, including the rejuvenation occur-
ring during the reprogramming process, which erases epi-
genetic marks present in the donor’s genome [9]. Addition-
ally, iPSCs harbor the risk of teratoma formation upon 
transplantation and require further downstream differentia-
tion into the neural lineage with extrinsic patterning cues. 
Transdifferentiation methods, like the direct conversion 
into induced neurons (iNs) [10, 11], resolve some of the 
aforementioned drawbacks, such as the cellular rejuvena-
tion [12]. However, iNs are post-mitotic cells and thus not 
self-renewable. Therefore, the transdifferentiation process 
needs to be repeated continuously from scratch, a process 
that is laborious and results in substantial biological vari-
ability of the transdifferentiation outcomes [13]. Moreover, 
post-mitotic iNs do not model the regenerative capacity of 
the somatic NSCs, which are physiologically present in the 
mammalian CNS. Conversion of somatic cells into induced 
NSCs (iNSCs) has the potential to overcome these limita-
tions [14–19]. iNSCs are multipotent neural stem cells, 
self-renewing under clonal conditions and derived in vitro 

from juvenile or adult skin-derived fibroblasts. iNSCs are 
generated following a controlled short-term exposure 
of the cells to the OSKM factors, in combination with a 
chemically-defined neural induction medium (NIM) [14]. 
Despite the use of OSKM factors for the iNSC derivation, 
they do not accomplish a pluripotency stage and therefore 
could be a promising tool for clinical applications in an 
autologous manner [20]. In spite of the various successful 
applications of iNSCs in disease modeling, neurodevel-
opmental research, as well as cell sources for pre-clinical 
cell replacement therapies [21–27], their functional status, 
particularly when compared to their physiological NSC 
counterparts remains largely unknown. In this study, we 
aim to assess a precise transcriptomic profile of the in vitro 
derived human iNSCs and to identify genes that are shared 
with the physiologically present NSCs, as well as factors 
that discriminate them from their natural counterparts. To 
this aim, we performed single-cell transcriptomic analyses, 
accompanied by data from flow cytometry and immuno-
fluorescence stainings. Moreover, we perform state-of-the-
art analyses that compare the transcriptomic signatures of 
the iNSCs with published transcriptomic atlases, covering 
embryonic brain samples and multiple other human tissues 
[28–30]. Our study shows that iNSCs directly converted 
from human skin fibroblasts represent a highly homoge-
neous cellular population that expresses bona fide NSC 
markers and is transcriptomically similar to embryonic 
neuroepithelial cells of early neurodevelopment.

In conclusion, we provide a detailed benchmarking of 
the developmental and cellular identity of in vitro derived 
iNSCs and their in vivo counterparts. This feature has been 
missing from the published literature to date, but will be 
essential for the improved and safe use of iNSCs in basic 
research and translational applications.

Materials and Methods

Cell Culture

All adult human fibroblast (ADF) lines were derived from 
commercially available sources (ATCC). All cell lines were 
cultured at 37 °C, 5%  CO2 conditions. ADFs were main-
tained with fibroblast medium, DMEM (Thermo Fisher 
Scientific), 15% FBS (Thermo Fisher Scientific) and 
1 × non-essential amino acids (Sigma). The medium was 
changed every second day and the cells were passaged using 
Trypsin–EDTA (Sigma). ADFs were frozen in 90% FBS 
supplemented with 10% DMSO (Roth) and stored at -80 °C 
until further usage.

Induced neural stem cells (iNSCs) were cultured on 
GFR matrigel (Corning) or Geltrex (Thermo Fischer 
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Scinetific) coated plates with neural induction medium 
(NIM), 1:1 mixture of DMEM/F12 (Thermo Fisher Sci-
entific) to Neurobasal (Thermo Fisher Scientific), 1 × N2 
(Thermo Fisher Scientific), 1 × B27 supplemented with 
Vitamin A (Thermo Fisher Scientific), 1% GlutaMAX 
(Thermo Fisher Scientific), 10 ng/ml hLIF (Thermo Fisher 
Scientific), 2 μM SB431542 (THP) and 3 μΜ CHIR99021 
(Axon Medchem). The medium was changed every second 
day and the cells were passaged using Accutase (Sigma). 
iNSCs were frozen in KnockOut™ serum replacement 
(Thermo Fisher Scientific), supplemented with 10% 
DMSO and stored at -80 °C until further usage. The lines 
were regularly tested for mycoplasma contamination.

Neural Stem Cell Derivation

iNSCs were converted from ADFs as previously described 
[14] with slight modifications. Briefly, ADFs were plated 
in a density of 1.55 ×  104 cells/cm2 and one day later trans-
duced using the Cytotune 2.0 Sendai kit (Thermo Fisher 
Scientific) with a MOI of 3 for each viral preparation. 
After 24 h the viral medium was aspirated and the cells 
were supplemented with NIM medium and were main-
tained at 39 °C, 5%  CO2 for 14 days. The medium was 
changed every other day. On day 7 of the conversion pro-
cess the cells were harvested using Accutase (Sigma) and 
replated on a freshly coated GFR Matrigel 6well. From day 
14 onwards the cells were returned at the typical culturing 
conditions of 37 °C, 5% CO2. iNSC colonies started to 
appear around day 17 and once they reached a sufficient 
size, they were manually isolated and further expanded.

Neuronal Differentiation

iNSCs were differentiated following the protocol by Rein-
hardt et al. [31] with minor modifications. Briefly, iNSCs 
were plated on 15 μg/ml poly-L-ornithine (PLO, Sigma)/ 
1µg/ml Laminin (Sigma) coated plates. For the first two 
weeks of the differentiation the cells were cultured with 
1:1 mixture of DMEM/F12 to Neurobasal, 1 × GlutaMAX, 
1 × N2, 1 × B27 supplemented with Vitamin A, 20 ng/mL 
BDNF (Miltenyi), 20ng/mL GDNF (Miltenyi), 300 ng/mL 
cAMP (THP), 200 μM ascorbic acid (Sigma) and 2 μM 
DAPT (THP). The culture medium was switched for weeks 3 
and 4 of the differentiation to 1:1 mixture of DMEM/F12 to 
Neurobasal, 1 × GlutaMAX, 1 × N2, 1 × B27 supplemented 
with Vitamin A, 20 ng/mL BDNF (Miltenyi), 20 ng/mL 
GDNF (Miltenyi), 300 ng/mL cAMP (THP) and 200 μM 
ascorbic acid (Sigma). The medium was half changed every 
second day during the whole duration of the differentiation.

Astrocyte Differentiation

iNSCs were differentiated into immature astrocytes follow-
ing the previously described protocols from Appelt-Menzel 
et al. and Reinhardt et al. [31, 32]. Briefly, iNSCs were cul-
tured on GFR Matrigel (Corning)-coated plates for two days 
in FGF/ EGF medium (1:1 mixture of DMEM/F12 (Thermo 
Fisher Scientific) to Neurobasal (Thermo Fisher Scientific), 
2 mM L-Glutamine (Thermo Fisher Scientific), 1 × B27 
supplemented with Vitamin A (Thermo Fisher Scientific), 
1 × N2, 10 ng/mL bFGF (Thermo Fisher Scientific), 10 ng/
mL EGF (Peprotech). From day 3 onwards culture medium 
was switched to astrocyte differentiation medium (DMEM/
F12 (Thermo Fisher Scientific), 1 × GlutaMAX (Thermo 
Fisher Scientific), 1 × N2 (Thermo Fisher Scientific), 4% 
FBS (Thermo Fisher Scientific), 10 ng/mL CNTF (Thermo 
Fisher Scientific)) until day 16 of the differentiation. At con-
fluency, the cells were split using Accutase (Sigma).

Flow Cytometry

Cells were washed with cold 1 × PBS and then detached 
into a single cell suspension using Accutase (Sigma). The 
cell number was determined and at least 5 ×  105 cells were 
used per staining. In all following steps the cell prepara-
tions were protected from light. For each cellular marker the 
appropriate isotype control and an unstained sample were 
analyzed as well. After harvesting, the cells were stained 
with the viability dye eBioscience Fixable Viability Dye 
eFluor 780 (Thermo Fischer Scientific) in a 1:1000 dilution 
in cold 1 × PBS for 30 min at 4 °C. Subsequently, the cells 
were centrifuged at 300 × g for 3 min at 4 °C. The cell pellet 
was washed twice with cold 1 × PBS. For the cell surface 
marker staining each antibody was used in a 1:50 dilution 
in cold 1 × PBS and the staining was performed for 15 min 
at 4 °C. The cells were washed once with cold 1 × PBS and 
resuspended in 200 μl cold 1 × PBS. Finally, the cells were 
analyzed with the CytoFLEX flow cytometer (Beckman) and 
3 ×  105 cells were recorded per sample. The analysis was 
performed with the Kaluza software (Beckman). The anti-
bodies and isotype controls that were used are summarized 
in Table 1.

Immunofluorescence Stainings and Microscopy

The cells were seeded on  HNO3 treated and GFR matrigel 
(Corning®) or Geltrex (Thermo Fischer Scinetific) coated 
glass coverslips. Once at the right confluency the cells were 
fixed with 4% PFA (Sigma) for 15 min at room temperature 
(RT). The cells were washed three times with PBST, i.e., 
1 × PBS supplemented with 0.2% Triton X-100 (Sigma), 
for 5 min each. Subsequently, the cells were incubated in 
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blocking solution (PBST with 3% BSA (Applichem) for 1 h 
at RT. After the blocking step the primary antibody solution 
(primary antibody diluted in blocking buffer) was added and 
the cells were incubated overnight in the fridge. The next 
day the cells were washed three times with PBST for 5 min 
each and then the secondary antibody solution was added, 
i.e., secondary antibody diluted in PBST supplemented with 
1.5% BSA. The cells were incubated for 2.5 h at RT. The 
secondary antibody solution was removed and the cells were 
washed three times in PBST, for 5 min each. Finally, the 
nuclei were counterstained with DAPI solution (Thermo 
Fisher Scientific) for 5 min at RT. The cells were washed 
twice with PBST and once with PBS and were mounted on a 
glass slide using Aqua-Poly/Mount (PolyScience) or Prolong 
Antifade (Invitrogen) mounting medium. The antibodies that 
were used are summarized in Table 2. Immunofluorescence 
imaging was performed using the Leica DMi8 microscope 
and image processing was done in Fiji [33].

Bioinformatics Analysis

Library Preparation

Cells were harvested in a single cell suspension using 
accutase and the cell number and viability were defined with 

a Neubauer chamber. The viability of the cell suspension 
was > 95%. The library was prepared with the Chromium 
Controller (10 × GENOMICS), using the Chromium Next 
GEM Single Cell 3’ kit, v3.1 (10 × GENOMICS), following 
the manufacturer’s guidelines.

Data Processing

The 10 × Genomics Cell Ranger 6.1.1 tool (https:// www. 
10xge nomics. com/) was used to pre-process the raw sin-
gle-cell RNA sequencing data; reads were aligned to the 
GRCh38 human genome and quantified to construct a gene-
by-cell expression matrix. To exclude low-quality cells, 
barcodes expressing < 200 and > 8,000 genes were excluded 
from further analysis using Seurat (v4.3) [34]. Moreover, to 
ensure a high viability, cells expressing > 15% mitochondrial 
genes were removed. 1,659 over 1,751 cells passed the qual-
ity thresholds and were included in the downstream analysis.

Dimensionality Reduction, Cell Clustering 
and Differential Gene Expression Analysis

Downstream analysis was performed using Seurat (v4.3) 
[34]. Briefly, log-normalization, scaling, cell cycle phase 
assignment and regression, clustering and differentially 
expressed gene (DEG) analysis were implemented. In order 

Table 1  List of flow cytometry 
antibodies

Antibody Dilution Manufacturer

Anti-human CD184 (CXCR4) PE/ Cyanine5 1:50 BioLegend
Anti-human/mouse/rat PSA-NCAM PE 1:50 Miltenyi
Anti-human CD133/1 PE, REAfinity™ 1:50 Miltenyi
Isotype Control Antibody, mouse IgG1, PE/ Cyanine5 1:50 Invitrogen
Isotype Control Antibody, mouse IgM, PE 1:50 Miltenyi
Isotype Control Antibody, human IgG1, REAfinity™ 1:50 Miltenyi

Table 2  List of 
immunofluorescence antibodies

Antibody Dilution Manufacturer

Anti-NESTIN, mouse monoclonal IgG 1:500 R&D Systems
Anti-PAX6, rabbit polyclonal IgG 1:100 Biolegend
Anti-SOX1, goat polyclonal IgG 1:200 R&D Systems
Anti-MAP2, mouse monoclonal IgG 1:100 Sigma
Anti-TUBB3, rabbit monoclonal IgG 1:1000 Abcam
Anti-S100ß, rabbit monoclonal IgG 1:400 Merck
Anti-GFAP, guinea pig polyclonal IgG 1:500 Invitrogen
Donkey Anti-goat IgG Secondary antibody, Alexa Fluor 594 1:1000 Thermo Fisher Scientific
Donkey anti-mouse IgG Secondary antibody, Alexa Fluor 647 1:1000 Thermo Fisher Scientific
Donkey anti-rabbit IgG Secondary antibody, Alexa Fluor 568 1:1000 Thermo Fisher Scientific
Donkey anti-mouse IgG Secondary antibody, Alexa Fluor 594 1:1000 Thermo Fisher Scientific
Donkey anti-rabbit IgG Secondary antibody, Alexa Fluor 488 1:1000 Thermo Fisher Scientific
Donkey anti-goat IgG Secondary antibody, Alexa Fluor 488 1:1000 Thermo Fisher Scientific

https://www.10xgenomics.com/
https://www.10xgenomics.com/
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to reduce background noise, the log-normalized data were 
reduced to the first 2,000 most highly variable genes. After 
scaling, principal component analysis (PCA) was performed 
and the first 10 dimensions were selected. A resolution of 
0.2 was selected and the data were visualized with a uniform 
manifold approximation and projection (UMAP) for dimen-
sionality reduction. Differentially expressed genes of the 
resulting clusters were determined by applying the function 
FindVariableGenes, using an adjusted p-value < 0.05 and a 
log2FC > 1. Gene enrichment analysis over Gene Onthology 
(GO) terms and KEGG pathways of DEGs were generated 
by was performed using ShinyGo (v0.77) [24].

Cell Annotation

In order to annotate the iNSC dataset in an unbiased manner, 
SingleR (v1.8.1) was used employing several publicly avail-
able studies as reference for the cell type and developmental 
age annotations [35]. In detail, the transcriptomic atlases used 
as references were published from Mabbott et al. [28], Eze 
et al. [29] and Zeng et al. [30]. Data were transformed into the 
single-cell experiment format by the package SingleCellEx-
periment (v1.18.0) and each single-cell of the iNSC dataset 
was compared to every existing annotation of the reference 
atlases [36]. Subsequent visualization was performed using the 
packages pheatmap (v1.0.12) and dittoSeq (v1.6.0) [37, 38].

Integration of the iNSC scRNA Sequencing Data 
with Several Reference Atlases

Integrating the iNSC and fibroblast single-cell RNA sequenc-
ing data was performed using Seurat by reciprocal PCA. Both 
datasets were reduced to their common genes. The strength of 
the alignment, reflected by the parameter k.anchor, was set to 3 
and the first 30 principal components were considered for the 
clustering. The integration of the iNSC data and the human 
embryonic brain single-cell data of Eze et al. [29] was per-
formed using the bioinformatics tool scArches (v0.5.1) with 
the single-cell variational inference (scVI) in Python, according 
to the default settings [39, 40]. Before integration, the Seurat 
objects were transformed to anndata objects using the packages 
SeuratData (v0.2.2) and SeuratDisk (v0.0.0.9020) [41, 42].

Single‑Cell Trajectory Analysis

In order to perform single-cell trajectory analysis, the 
pipeline of the bioinformatics tool monocle3 (v1.3.1) was 
used on the annotated iNSC dataset [43–45]. The Seurat 
object of the annotated iNSC dataset was converted into the 
cell_data_set class. The root cells were defined as the cells 
belonging to the iNSC cluster.

Results

In vitro Converted iNSCs Uniformly Express Bona 
Fide NSC Markers

To generate iNSCs we employed a controlled short-term 
exposure of somatic cells to the OSKM factors, which are 
delivered by Sendai virus (SeV) constructs in combina-
tion with a chemically-defined neural induction medium 
(Fig. 1A) [14]. Deactivation of the extrinsic OSKM fac-
tors was achieved by exposure of the converting cells to 
39 °C for 14 days due to the temperature-sensitivity of 
SeV. The virus-associated RNA was not detectable after 
qPCR (Supp. Figure 1A–B). During the conversion, the 
cells transition from the elongated fibroblast morphology 
to a typical NSC-like morphology. This includes the for-
mation of compact colonies that can be maintained in vitro 
for multiple passages (Fig. 1B) and express typical NSC 
markers, like NESTIN and Paired Box 6 (PAX6), when 
imaged after immunofluorescence stainings (Fig. 1C). 
Flow cytometry analysis of NSC-related surface markers 
demonstrated that the cells uniformly express C-X-C motif 
chemokine receptor 4 (CXCR4), an important protein for 
NSC proliferation and migration [46]. Almost 100% of the 
cells express polysialylated-neural cell adhesion molecule 
(PSA-NCAM), a marker known to be highly enriched in 
NSCs and immature neurons [47, 48]. Additionally, 80% 
of the cells express CD133, also known as Prominin-1 
(PROM1), a glycoprotein typically expressed in NSC 
populations among other stem cell types [49] (Fig. 1D). 
Employing established in vitro differentiation paradigms, 
we show that converted NSCs maintain their neurogenic 
and gliogenic capacities, as judged by representative 
immunocytochemistry stainings with neuronal markers, 
Microtubule Associated Protein 2 (MAP2) and Tubulin 
Beta 3 Class III (TUBB3) (Fig. 1E), as well as astrocytic 
markers, like S100 Calcium Binding Protein B (S100β) 
and Glial Fibrillary Acidic Protein (GFAP) (Fig. 1F).

Single‑cell Transcriptomic Analysis Identifies 
a Homogenous iNSC Population

To confirm the successful and complete derivation of 
iNSCs from the parental fibroblasts, we first performed 
single-cell RNA sequencing (scRNA-seq) on both sepa-
rate cellular populations. After integration of the two 
datasets and visualization on a uniform manifold approxi-
mation and projection plot (UMAP), it is apparent that 
the two different cell types cluster distinctively without 
any overlap of cellular identity (Fig. 2A). Unbiased com-
parison of their transcriptomic profiles revealed that the 
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top differentially expressed genes (DEGs) of the iNSC 
cluster are NSC-related genes, like the neurofilament 
component Neurofilament Medium Chain (NEFM), the 

cytoskeleton gene Stathmin 2 (STMN2) and proliferation 
markers, like DNA Topoisomerase II Alpha (TOP2A), 
Centromere Protein F (CENPF), Marker of Proliferation 

Fig. 1  Induced neural stem cells (iNSCs) directly converted from 
human fibroblasts express bona fide NSC markers and maintain their 
neurogenic and gliogenic properties. A. Schematic representation of 
iNSC derivation. B. Phase contrast images of the parental dermal 
fibroblasts and the iNSCs derived thereof in culture. Scalebar: 200 
μm. C. Immunofluorescence staining of bona fide NSC markers, 
NESTIN depicted in red, PAX6 in green, and nuclei in blue. Scale-
bar: 50 μm. D. Flow cytometric analysis of NSC markers, CXCR4, 
PSA-NCAM and CD133. The percentage of each positive marker is 

indicated in each individual plot. The grey peak represents the appro-
priate isotype control and the green each staining. x axis: PE-Area 
fluorescence in logarithmic scale. E. Immunofluorescence staining of 
neurons derived from iNSCs after 30 days of neuronal differentiation, 
MAP2 depicted in red, TUBB3 in green, and nuclei in blue. Scale-
bar: 100 μm. F. Immunofluorescence staining of immature astrocytes 
derived from iNSCs after 16 days of astrocytic differentiation, S100β 
depicted in red, GFAP in green, and nuclei in blue. Scalebar: 50 μm
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Ki-67 (MKI67) and Assembly Factor for Spindle Micro-
tubules (ASPM) (Fig. 2B). Further investigation of the 
bona fide NSC markers, including NESTIN, SOX2, SOX1, 
PROM1 and PAX6 and fibroblast markers, Collagen Type 
I Alpha 1 Chain (COL1A1), Collagen Type V Alpha 1 
Chain (COL5A1), Fibulin 2 (FBLN2) and Thy-1 Cell Sur-
face Antigen (THY1), showed cell-type specific expres-
sion patterns (Fig. 2C), indicating a complete conversion 
resulting in a cellular population that exclusively expresses 
NSC markers.

Next, we asked whether iNSCs represent a homogene-
ous cell population rather than a mixture of committed neu-
ral precursors. To this end, we performed scRNA-seq and 
downstream analysis of 1,659 cells that successfully passed 
the quality control. Visualization of the data on a UMAP 
plot reveals four cellular clusters, which are separated based 
on the different cell cycle phases (Supp. Figure 2A, B, Supp. 
Figure 3). Indeed, regression of the cell-cycle related genes 
using the Seurat vignette “Cell-cycle Scoring and Regres-
sion” [50] resulted in a homogenous clustering on the 
UMAP plot (Supp. Figure 2C), a fact that is also reflected in 
the GO term analysis of the DEGs (Supp. Figure 4). Annota-
tion of the cell-cycle phase of the cells revealed a uniform 
clustering, confirming that the cell-cycle gene regression 
was successful (Supp. Figure 2D). Further analysis of the 
transcriptomic profiles of the cellular clusters revealed an 
enrichment of early neuronal markers in a subpopulation 
of cluster 1 (Supp. Figure 2E), which was also reflected on 
the GO terms of this cluster (Supp. Figure 3B). Analysis of 
the transcriptomic identities of these clusters revealed two 
different cellular populations, iNSCs and spontaneously dif-
ferentiated (S.D.) cells (Fig. 2D), with 83.66% of the total 
population being assigned to iNSCs and 16.34% being spon-
taneously differentiated cells. Investigation of bona fide 
human NSC markers revealed that the cells belonging to 
the iNSC cluster uniformly express a panel of NSC markers, 
including NESTIN (NES), SRY (Sex Determining Region Y)-
Box 2 (SOX2), SOX1, PROM1, and PAX6 (Fig. 2E), many of 
which were also shown to be expressed at a protein level, as 
determined by ICC and flow cytometry, respectively (Fig. 1). 
Notably, the spontaneously differentiated cells do not exhibit 
any expression of NSC markers (Fig. 2E). Instead, the cells 
of this cluster express early neuronal markers, like TUBB3, 
doublecortin (DCX) and MAP2, further confirming the 
occurrence of a minor side population that spontaneously 
differentiates toward an early neuronal cell fate (Fig. 2F). We 
did not detect expression of pluripotency markers, including 
POU5F1 (OCT4), MYC and KLF4, indicating that the cells 
are not in a pluripotent state. However, all iNSCs do express 
SOX2, a neural multipotency marker, which is essential for 
the NSC maintenance and proliferation (Fig. 2G) [51]. 
In addition, in order to assess the conversion success, we 
investigated the expression of markers related to the parental 

fibroblasts. The derived iNSCs do not maintain any expres-
sion remnants of fibroblast markers, e.g., COL1A1, COL5A1, 
FBLN2 and THY1, indicating a complete conversion distinct 
from the original cell type (Fig. 2H).

At the beginning of the mammalian development, NSCs 
are important for the generation of the organism’s nervous 
system, a task fulfilled with a great complexity in spatial 
and temporal coordination. In humans, primary neurulation 
starts in developmental week 3 (D.W. 3) with the neural 
plate formation, invagination, and the closure of the neural 
tube, which later gives rise to the brain and spinal cord [52, 
53]. At D.W. 5 the neural tube forms the three parts of the 
developing brain, forebrain, midbrain and hindbrain (Fig. 2I) 
[54]. In order to explore a putative spatial identity of the 
iNSCs, we analyzed the expression patterns of selected 
markers of the anterior/ posterior axis of the developing neu-
ral tube. Starting from the anterior forebrain and midbrain, 
iNSCs do not show expression of forebrain markers such as 
Orthodenticle Homeobox 1 (OTX1) or midbrain markers, 
like Engrailed Homeobox 1 (EN1), Engrailed Homeobox 2 
(EN2), PAX5 and PAX8. Moving more towards the posterior 
part of the neural tube, iNSCs were detected to express the 
hindbrain markers Gastrulation Brain Homeobox 2 (GBX2), 
Homeobox Protein A2 (HOXA2), Homeobox Protein B2 
(HOXB2), Homeobox Protein B3 (HOXB3) and Homeobox 
Protein B4 (HOXB4) (Fig. 2J). However, they do not express 
posterior hindbrain or spinal cord markers, like Homeobox 
Protein B7 and B8 (HOXB7, HOXB8), suggesting a spatial 
location of iNSCs at the anterior and middle parts of the 
hindbrain, at rhombomeres R2-R6 (Fig. 2I).

Taken together, our single-cell transcriptomic analyses 
reveal that the directly converted iNSCs consitute a homog-
enous stem cell population expressing established NSC 
markers and do not represent a heterogenous mixture of 
committed neural progenitors. Additionally, the iNSCs do 
not express any pluripotency-associated genes, but are multi-
potent as their physiological counterparts and are transcrip-
tomically distinct from their parental fibroblasts. Finally, 
the cells express hindbrain-associated markers, further sup-
porting the relevance of the in vitro population with in vivo 
developmental counterparts.

Pseudotime Trajectory Analysis Reveals Dynamics 
of Neurogenic Instructor Genes

Next, we focused on the gene networks that induce and 
maintain iNSC identity. Trajectory inference methods can 
offer valuable insights into the gene dynamics that gov-
ern a biological process [45]. In this respect, we employed 
the Monocle3 in silico pipeline in order to investigate the 
genes that play an important role in the maintenance of 
the iNSC identity or drive the commitment towards a neu-
ronal fate [45]. This analysis revealed that the pseudotime 



 Stem Cell Reviews and Reports

trajectory is initiated from the homogeneous iNSC cluster 
and progresses towards the differentiated neuronal subclus-
ter (Fig. 3A). DEG analysis of the genes that play a crucial 
role in the pseudotime trajectory revealed several genes 

that are important for NSC proliferation and maintenance 
of stemness and one gene that directs the spontaneous dif-
ferentiation of a small fraction of cells towards a neuronal 
commitment. High Mobility Group Nucleosomal Binding 
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Domain 2 (HMGN2), Hes Family BHLH Transcription Fac-
tor 4 (HES4) and Hes Family BHLH Transcription Factor 
5 (HES5) [55–57], genes that are known to be important 
neuroepithelial markers in early mouse embryonic develop-
ment [58], were stably expressed in the iNSC population and 
were diminished in the differentiated cells (Fig. 3B). Moreo-
ver, genes involved in DNA replication, like the Replication 
Protein A2 (RPA2) [59], were among the identified DEGs, 
confirming the high proliferation status of the NSC popula-
tion. RPA2 is highly expressed in the NSC cluster and down-
regulated in the differentiating neuronal cluster (Fig. 3B), 
indicating the transition towards a post-mitotic cell fate. 
Conversely, Fibronectin type III domain-containing protein 
5 (FNDC5) was the only gene identified among the top 6 
DEGs that plays an important role in the iNSC neuronal dif-
ferentiation (Fig. 3B). Finally, Enolase 1 (ENO1) was identi-
fied among the DEGs, a gene that encodes a protein involved 
in the glycolytic cycle (Fig. 3B). ENO1 is enriched in NSCs 
and downregulated in the neuronal subcluster (Fig. 3B), an 
expected observation since neurons energetically rely on 
oxidative phosphorylation instead of glycolysis [60]. Fur-
ther analysis of the gene dynamics between the two cellular 

populations showed that different genes play an important 
role in different stages. More specifically, investigation of 
the dynamics of gene expression in the two different cell 
types showed that most of the genes follow the same trajec-
tory, exhibiting a stable expression in the iNSC cluster, with 
the exception of FNDC5, which is enriched at the spontane-
ously differentiated subfraction of cells (Fig. 3D) [61, 62].

Recent progress in NGS technologies allows the access to 
large, publicly available transcriptomic datasets from various 
human tissue-derived and embryonic specimens [63–65]. 
Such transcriptomic atlases can be employed as tools for 
benchmarking in vitro derived cellular populations, such 
as the iNSCs, with in vivo counterparts. In this regard, we 
employed the SingleR bioinformatics tool [35] in order to 
extract reference labels/signatures from three different tran-
scriptomic atlases, generated by sequencing various human 
primary tissues [28] or human embryonic samples of vari-
ous developmental stages [29, 30, 66]. Briefly, the dataset 
published from Mabbott et al. comprises an expression atlas 
consisting of microarray data from various primary tissues, 
including embryonic stem cells (ESCs), iPSCs, neuroepi-
thelial cells and neurons [28]. The single cell transcriptomic 
atlas from Eze et al. is generated from embryonic whole 
brain specimens, ranging from D.W. 4 to 8 [29]. Lastly, the 
atlas published from Zeng et al. is comprised from scRNA-
seq data from embryonic brain samples, spanning from D.W. 
3–12 [30]. As shown in the pipeline schematic depicted in 
Fig. 3C, we used the reference signatures to annotate our 
iNSC transcriptomic data using the cell type or developmen-
tal age annotations before proceeding with the analysis and 
visualization of the annotated iNSC data.

Investigation of the gene dynamics in correlation to the 
in vivo developmental age annotations extracted from 2 
separate published embryonic atlases, led to the observa-
tion that the NSC-related genes are expressed in the early 
D.W. 5 cellular cluster, while FNDC5 plays a role in the 
later developmental stages, which correlates with the physi-
ological beginning of embryonic neurogenesis (Fig. 4D-F) 
[29, 30, 67]. Taken together, pseudotime trajectory analysis 
revealed genes that play an important role in induction and 
maintenance of iNSC stemness and further corroborated the 
commitment of a small subfraction of cells to a neuronal 
state.

iNSCs are Transcriptomically Similar 
to Neuroepithelial Embryonic Cells from Early 
Neurodevelopmental Stages

Next, we investigated to which extent the in vitro derived 
and stabilized iNSCs do correlate to an equivalent found 
during in vivo human development. During neurulation, the 
neuroepithelium (NE) undergoes a particular transforma-
tion as it gives rise to neurons through a multi-step process 

Fig. 2  Transcriptomic profiling of iNSCs confirms that the gener-
ated cells are multipotent, express bona fide NSC markers and do not 
express markers of the parental fibroblasts. A. UMAP plot generated 
after the integration of iNSC and fibroblast single-cell RNA sequenc-
ing  (scRNA-seq) data. Clustering based on their cellular identity, 
i.e., the originating fibroblasts or the derived iNSCs. B. Dotplot of 
the top 6 DEGs after the comparison of the iNSC versus fibroblast 
scRNA-seq data, showing an enrichment of NSC related genes, like 
the neurofilament component NEFM, the cytoskeleton gene STMN2 
and proliferation markers, like TOP2A, CENPF, mKI67 and ASPM 
that are not present in the parental cell type. C. Dotplot of repre-
sentative fibroblast and NSC markers generated from the integrated 
fibroblast/ iNSC data, depicting the clear distinction of the transcrip-
tomic profiles of the originating and derived cell types. D. UMAP 
plot generated from iNSC scRNA-seq data based on the cellular 
identity. E. Dotplot of representative bona fide NSC markers, NES-
TIN, SOX2, SOX1, PROM1, and PAX6. F. Dotplot of representative 
neuronal markers, TUBB3, DCX and MAP2, showing expression of 
neuronal markers only at the spontaneously differentiating (s.d.) cel-
lular cluster. The percentage of cells that are expressing each marker 
is indicated by the size of the dot, whereas the average expression 
is indicated with the color gradient. G. Ridge plots of pluripotency 
markers, SOX2, POU5F1 (OCT3/4), KLF4 and cMYC, indicating the 
sole expression of the multipotency marker SOX2 and the absence 
of expression of the other three. H. Feature plots of representative 
fibroblast markers, COL1A1, COL5A1, FBLN2 and THY1, showing 
absence of expression indicating the successful conversion of the 
iNSCs from fibroblasts. SOX2 is depicted as a representative positive 
control. I. Schematic representation of the anterior/ posterior axis of 
the human neural tube. J. Heatmap of representative markers of the 
anterior/ posterior axis of the human neural tube, OTX1, EN1, EN2, 
PAX5, PAX8, GBX2, HOXB2, HOXB3, HOXB4, SFRP2, HOXB7, 
HOXB8. All plots are generated from the non-regressed scRNA-seq 
data. Abbreviations: hFs, human fibroblasts; S.D., spontaneously dif-
ferentiating cells; DEGs, differentially expressed genes; FMB, fore-
brain/ midbrain boundary; MHB, midbrain/ hindbrain boundary; R, 
rhombomere; A, anterior; P, posterior

◂
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involving radial glial cells (RG) and intermediate progenitor 
cells (IPC). RG cells serve as neural progenitors, providing 
structural support and guiding neuronal migration, while 

IPCs, derived from RGs, undergo further differentiation to 
generate a diverse population of neurons, contributing to the 
formation of the developing nervous system. Here, we asked 

Fig. 3  Trajectory analysis reveals a highly homogeneous NSC popu-
lation and points out genes that are significant for the neuroepithelial/
neuronal cell fate. A. UMAP plot generated from iNSC scRNA-seq 
data based on pseudotime trajectory analysis B. Top 6 DEGs that play 
an important role in the pseudotime trajectory. C. Schematic of the 
employed bioinformatics workflow, using the in silico tool SingleR 
for extracting transcriptomic signatures from the reference datasets 

and annotation of our  iNSC transcriptomic data. D–F. Top 6 DEGs 
that play an important role in the pseudotime trajectory, annotated by 
cell type annotations (D), and by the age range of the Eze et al. refer-
ence dataset [13] (E) and the age of the Zeng et  al. reference data-
set (F) [30]. Abbreviations: S.D., spontaneously differentiating cells; 
D.W., developmental week



Stem Cell Reviews and Reports 

to which extent the directly converted iNSCs mirror one of 
those physiological stages.

The analysis of the cell type annotations from both the 
Mabbott et al., as well as the Eze et al. reference atlases 
uniformly attributes the iNSC cluster to a neuroepithelial 
cell type (Fig. 4A–E), with 93% of the cells being classi-
fied as neuroepithelial cells based on the Mabbott dataset 

(Supp. Figure 5A) and 84% based on the Eze dataset (Supp. 
Figure 5B). As anticipated, the small subset of the sponta-
neously differentiating cells (Fig. 2D) is indeed labeled as 
neuronal cells (Fig. 4A, C, Supp. Figure 5).

When comparing the iNSC transcriptomic profiles to 
the developmental stages found during embryonic develop-
ment (Eze et al.), the iNSCs are annotated as cells correlated 

Fig. 4  Comparative transcriptomic analysis of iNSCs and published 
transcriptomic datasets suggests a transcriptomic similarity of the 
converted iNSCs with  human in  vivo embryonic neuroepithelial 
cells during early neurodevelopment. A. UMAP plot generated from 
iNSC scRNA-seq data annotated with reference cell type labels. The 
reference cell type labels were extracted by the publication of Mab-
bot et al. [12] with the SingleR in silico tool [19] and then annotated 
onto the iNSC UMAP plot. B. Heatmap of the SingleR predicted cell 
type annotations from the iNSC UMAP clusters based on the Mab-
bott et  al. labels. C. UMAP plot generated from iNSC scRNA-seq 
data annotated by reference cell type labels extracted with SingleR 
from the embryonic brain atlas publication of Eze et al. [13]. D. Heat-
map exhibiting the cell composition of each Seurat cluster after the 

Eze et al. SingleR cell type annotation. E. Barplot exhibiting the cell 
composition of each Seurat cluster after the Eze et  al. SingleR cell 
type annotation. F. Heatmap exhibiting the developmental age of 
each Seurat cluster after the Eze et al. SingleR cell type annotation. 
G. Barpot exhibiting the developmental age of each Seurat cluster 
after the Eze et  al. SingleR age annotation. H. Heatmap exhibiting 
the developmental age of each Seurat cluster after the Zeng et al. Sin-
gleR age annotation [30]. I. Barpot exhibiting the developmental age 
of each Seurat cluster after the Zeng et  al. SingleR age annotation. 
J. Pie chart exhibiting the fraction (%) of cells that belong to each 
developmental age based on the Zeng et al. SingleR age annotation. 
Abbreviations: S.D., spontaneously differentiating cells; D.W., devel-
opmental week
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with embryonic samples of D.W. 5, while the neuronal sub-
population is correlated with later developmental stages of 
D.W. 7–8 (Fig. 4F, G). Comparing the iNSCs to the atlas 
published by Zeng et al., which offers even greater resolu-
tion of the age of the specimens (3–12 D.W.), iNSCs are 
consistently transcriptomically similar to cells of D.W. 5 
(Fig. 4H, I). The neuronal subcluster is as well annotated 
as D.W. 5, with a small fraction, 1,21%, being annotated as 
D.W. 6 (Fig. 4l).

In conclusion, the comparison of the in vitro derived 
iNSCs with embryonic transcriptomic reference atlases 
indicate that iNSCs are similar to human embryonic neu-
roepithelial cells present at developmental stage of D.W. 5.

Discussion

Human iNSCs directly converted from somatic cells hold 
great promise for neurodevelopmental studies and a source 
for cell replacement therapies. Further progress in iNSC 
research critically depends on their comprehensive tran-
scriptomic profiling and comparison to physiologic coun-
terparts. Recently, embryonic scRNA-seq studies shed light 
into human brain development, revealing a great cellular 
complexity that was previously unknown [29, 30]. Despite 
the immense importance of these transcriptomic atlases, it 
remains crucial to establish in vitro platforms, as readily 
accessible models for studying human brain development 
and disease. Even though iPSCs are widely used to this end, 
they lack the physiological relevance to a developmental 
counterpart. Our study demonstrates that iNSCs represent an 
appropriate in vitro proxy for this purpose. By transcriptomic 
analyses at single cell level, we show that iNSCs represent 
a highly homogeneous population that uniformly expresses 
bona fide NSC markers. Furthermore, cellular benchmarking 
indicates that iNSCs are a multipotent, self-renewing stem 
cell population that in contrast to iPSCs does not exhibit 
pluripotency marker expression. Additional transcriptomic 
profiling revealed that the NSC conversion process is com-
plete and successful, leading to a pure NSC population that 
is distinct from the original fibroblast cell type. Finally, the 
cells maintain their neurogenic and gliogenic capacities, 
differentiating into neurons and astrocytes in vitro. Tran-
scriptomic profiling of several anterior/ posterior markers 
of the developing human neural tube revealed an expression 
of anterior and middle hindbrain markers, mainly expressed 
at rhombomeres R2-R6. This observation is in accordance 
with the patterning factors used for the iNSC maintenance, 
including factors for WNT activation, morphogens that are 
known to cause caudalization of the neural tube [68, 69].

Pseudotime trajectory analysis further elucidated 
the homogeneity of the main highly proliferative iNSC 

population and outlined the commitment of a small fraction 
of cells towards a small subpopulation of early differentiat-
ing neurons, rendering iNSCs a valuable system for mod-
eling early neurogenesis. Several genes were identified as 
important factors for the maintenance of iNSC stemness, 
e.g., HES4 and HES5, genes that are known to be important 
for the generation of the neuroepithelium during the early 
mouse development, but their role is not yet understood in 
humans [55, 56]. Conversely, FNDC5 was identified as a 
driver towards the neuronal commitment, an important fac-
tor in neuronal differentiation in mice and human embryonic 
tissues [61, 62]. However, the exact mechanism of FNDC5 
biological function in human brain development is not fully 
elucidated.

Finally, we employed state-of-the-art in silico pipelines 
in order to extract transcriptomic signatures of different cell 
types present in the in vivo developing embryonic human 
brain. Subsequently, we compared these signatures to the 
in vitro derived NSCs and investigated whether these cells 
have transcriptomically similar cellular and developmen-
tal identities to the embryonic counterparts. Intriguingly, 
iNSCs are indeed transcriptomically similar to embryonic 
neuroepithelial cells of D.W. 5, with the subcluster of spon-
taneously differentiating cells being annotated as neuronal 
cells of either D.W. 4–8 (Eze et al. atlas) [29], or D.W. 5–6, 
based on the Zeng et al. reference dataset [30], emphasiz-
ing the potential of the model for the investigation of early 
neurogenesis.

Conclusions

In summary, our data demonstrates that iNSCs represent 
a monoclonally expandable multipotent population of stem 
cells reflecting developmental age of 5 weeks of embryonic 
development. They represent a suitable, potentially autolo-
gous cellular population for studying early events of human 
brain development, as well as modeling pathoneurological 
phenotypes.

Abbreviations A: Anterior; hF: Human fibroblast; CNS: Central nerv-
ous system; D.W.: Developmental week; DEG: Differentially expressed 
gene; FMB : Forebrain/ midbrain boundary; iN:  Induced neuron; 
iNSC: Induced neural stem cell; iPSC: Induced pluripotent stem cell; 
MHB: Midbrain/ hindbrain boundary; NIM: Neural induction medium; 
NSC: Neural stem cell; P: Posterior; R: Rhombomere; S.D.: Spontane-
ously differentiating cells; SeV: Sendai virus

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12015- 024- 10698-3.

Acknowledgements We thank Marta Suarez Cubero for the excel-
lent technical assistance and the whole Edenhofer group for valuable 
discussions.

https://doi.org/10.1007/s12015-024-10698-3


Stem Cell Reviews and Reports 

Author Contributions A.S, K.G and F.E. performed the experimental 
design. A.S., L. D.G. and E.M.K. performed wet-lab experiments. F.F., 
A.S., M.P. and M.T. performed the in silico bioinformatics analyses. 
K.G., L.A., F.F. and F.E. provided consultation on the study. A.S. and 
F.E. wrote the manuscript. F.E. directed the study.

Funding Open access funding provided by University of Innsbruck and 
Medical University of Innsbruck. A.S. was supported by the EC H2020 
Marie Skłodowska-Curie and the University of Innsbruck COFUND 
doctoral training program ARDRE and F.E. by the Austrian Science 
Fund (FWF) (Special Research Program F7804-B). F.F. was supported 
by the Austrian Science Fund (FWF) (no. T 974-B30 and FG 2500-B) 
and by the Oesterreichische Nationalbank (OeNB) (no. 18496). This 
research was partly funded by WINGS FOR LIFE  Spinal Cord 
Research Foundation (WFL-AT-02/21 Proj. 242) to F.E.

Data Availability The datasets used and/or analyzed during the cur-
rent study are available from the corresponding author on reasonable 
request.

Code Availability The code used for the analysis during the current 
study will be available from the corresponding author on reasonable 
request.

Declarations 

Ethics Approval The human fibroblast (hF) that were used for cellular 
reprogramming were obtained from commercially available sources 
(ATCC). Reprogramming experiments were performed under ethi-
cal approval of the ethics committee of the Medical University of 
Innsbruck (Reprogramming fibroblasts into neurons to analyze cel-
lular aspects of mild cognitive impairment and Alzheimer's Disease; 
Approval number EK Nr: 1053/2018; April 19, 2019).

Consent to Participate Not applicable.

Consent for Publication All the authors approved the final version of 
the manuscript and consent for its publication.

Competing Interests The authors declare that they have no competing 
interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Cattaneo, E., & McKay, R. (1990). Proliferation and differen-
tiation of neuronal stem cells regulated by nerve growth factor. 
Nature, 347(6295), 762–765. https:// doi. org/ 10. 1038/ 34776 2a0

 2. Stemple, D. L., & Anderson, D. J. (1992). Isolation of a stem cell 
for neurons and glia from the mammalian neural crest. Cell, 71(6), 
973–985. https:// doi. org/ 10. 1016/ 0092- 8674(92) 90393-Q

 3. Temple, S. (1989). Division and differentiation of isolated CNS 
blast cells in microculture. Nature, 340(6233), 471–473. https:// 
doi. org/ 10. 1038/ 34047 1a0

 4. Navarro Negredo, P., Yeo, R. W., & Brunet, A. (2020). Aging and 
rejuvenation of neural stem cells and their niches. Cell Stem Cell, 
27(2), 202–223. https:// doi. org/ 10. 1016/J. STEM. 2020. 07. 002

 5. Urbán, N., Blomfield, I. M., & Guillemot, F. (2019). Quiescence 
of adult mammalian neural stem cells: a highly regulated rest. 
Neuron, 104(5), 834–848. https:// doi. org/ 10. 1016/J. NEURON. 
2019. 09. 026

 6. Willis, C. M., Nicaise, A. M., Krzak, G., Ionescu, R. B., Pappa, V., 
D’Angelo, A., Agarwal, R., Repollés-de-Dalmau, M., Peruzzotti-
Jametti, L., & Pluchino, S. (2022). Soluble factors influencing 
the neural stem cell niche in brain physiology, inflammation, and 
aging. Experimental Neurology, 355, 114124.   https:// doi. org/ 10. 
1016/J. EXPNE UROL. 2022. 114124

 7. Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., 
Tomoda, K., & Yamanaka, S. (2007). Induction of pluripotent 
stem cells from adult human fibroblasts by defined factors. Cell, 
131(5), 861–872. https:// doi. org/ 10. 1016/j. cell. 2007. 11. 019

 8. Takahashi, K., & Yamanaka, S. (2006). Induction of pluripotent 
stem cells from mouse embryonic and adult fibroblast cultures by 
defined factors. Cell, 126(4), 663–676. https:// doi. org/ 10. 1016/j. 
cell. 2006. 07. 024

 9. Guenther, M. G., Frampton, G. M., Soldner, F., Hockemeyer, D., 
Mitalipova, M., Jaenisch, R., & Young, R. A. (2010). Chromatin 
Structure and Gene Expression Programs of Human Embryonic 
and Induced Pluripotent Stem Cells. Cell Stem Cell, 249–257. 
https:// doi. org/ 10. 1016/j. stem. 2010. 06. 015

 10. Marro, S., Pang, Z. P., Yang, N., Tsai, M.-C., Qu, K., Chang, H. 
Y., … Wernig, M. (2011). direct lineage conversion of terminally 
differentiated hepatocytes to functional neurons. Cell Stem Cell, 
374–382. https:// doi. org/ 10. 1016/j. stem. 2011. 09. 002

 11. Pang, Z. P., Yang, N., Vierbuchen, T., Ostermeier, A., Fuentes, 
D. R., Yang, T. Q., … Wernig, M. (2011). Induction of human 
neuronal cells by defined transcription factors. Nature, 476(7359), 
220–223. https:// doi. org/ 10. 1038/ natur e10202

 12. Mertens, J., Reid, D., Lau, S., Kim, Y., & Gage, F. H. (2018). 
Aging in a dish: IPSC-derived and directly induced neurons for 
studying brain aging and age-related neurodegenerative diseases. 
Annual Review of Genetics, 52, 271–293. https:// doi. org/ 10. 1146/ 
annur ev- genet- 120417- 031534

 13. Traxler, L., Edenhofer, F., & Mertens, J. (2019). Next-generation 
disease modeling with direct conversion: A new path to old neu-
rons. FEBS Letters. https:// doi. org/ 10. 1002/ 1873- 3468. 13678

 14. Meyer, S., Wörsdörfer, P., Günther, K., Thier, M., & Edenhofer, 
F. (2015). Derivation of adult human fibroblasts and their direct 
conversion into expandable neural progenitor cells. Journal of 
Visualized Experiments, (101). https:// doi. org/ 10. 3791/ 52831

 15. Thier, M., Wörsdörfer, P., Lakes, Y. B., Gorris, R., Herms, S., 
Opitz, T., … Edenhofer, F. (2012). Direct conversion of fibro-
blasts into stably expandable neural stem cells. Cell Stem Cell, 
10, 473–479. https:// doi. org/ 10. 1016/j. stem. 2012. 03. 003

 16. Thier, M. C., Hommerding, O., Panten, J., Pinna, R., García-
González, D., Berger, T., … Trumpp, A. (2019). Identification of 
embryonic neural plate border stem cells and their generation by 
direct reprogramming from adult human blood cells. Cell Stem Cell, 
24(1), 166–182.e13. https:// doi. org/ 10. 1016/j. stem. 2018. 11. 015

 17. Han, D. W., Tapia, N., Hermann, A., Hemmer, K., Hö Ing, S., Araú 
Zo-Bravo, M. J., … Schö Ler, H. R. (2012). Direct reprogramming 
of fibroblasts into neural stem cells by defined factors. Cell Stem 
Cell, 465–472. https:// doi. org/ 10. 1016/j. stem. 2012. 02. 021

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/347762a0
https://doi.org/10.1016/0092-8674(92)90393-Q
https://doi.org/10.1038/340471a0
https://doi.org/10.1038/340471a0
https://doi.org/10.1016/J.STEM.2020.07.002
https://doi.org/10.1016/J.NEURON.2019.09.026
https://doi.org/10.1016/J.NEURON.2019.09.026
https://doi.org/10.1016/J.EXPNEUROL.2022.114124
https://doi.org/10.1016/J.EXPNEUROL.2022.114124
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.stem.2010.06.015
https://doi.org/10.1016/j.stem.2011.09.002
https://doi.org/10.1038/nature10202
https://doi.org/10.1146/annurev-genet-120417-031534
https://doi.org/10.1146/annurev-genet-120417-031534
https://doi.org/10.1002/1873-3468.13678
https://doi.org/10.3791/52831
https://doi.org/10.1016/j.stem.2012.03.003
https://doi.org/10.1016/j.stem.2018.11.015
https://doi.org/10.1016/j.stem.2012.02.021


 Stem Cell Reviews and Reports

 18. Zarei-Kheirabadi, M., Hesaraki, M., Kiani, S., & Baharvand, H. 
(2019). In vivo conversion of rat astrocytes into neuronal cells 
through neural stem cells in injured spinal cord with a single zinc-
finger transcription factor. Stem Cell Research and Therapy, 10(1), 
1–19. https:// doi. org/ 10. 1186/ S13287- 019- 1448-X/ FIGUR ES/ 11

 19. Yaqubi, M., Mohammadnia, A., & Fallahi, H. (2015). Predicting 
involvement of polycomb repressive complex 2 in direct conver-
sion of mouse fibroblasts into induced neural stem cells. Stem 
Cell Research and Therapy, 6(1), 1–13. https:// doi. org/ 10. 1186/ 
S13287- 015- 0045-X/ TABLES/3

 20. Gao, M., Yao, H., Dong, Q., Zhang, H., Yang, Z., Yang, Y., … 
Xu, R. (2016). Tumourigenicity and immunogenicity of induced 
neural stem cell grafts versus induced pluripotent stem cell grafts 
in syngeneic mouse brain. Scientific Reports, 6(1), 1–13. https:// 
doi. org/ 10. 1038/ srep2 9955

 21. Sullivan, G. M., Knutsen, A. K., Peruzzotti-Jametti, L., Korotcov, 
A., Bosomtwi, A., Dardzinski, B. J., … Armstrong, R. C. (2020). 
Transplantation of induced neural stem cells (iNSCs) into chroni-
cally demyelinated corpus callosum ameliorates motor deficits. 
Acta Neuropathologica Communications, 8(1), 1–23. https:// doi. 
org/ 10. 1186/ S40478- 020- 00960-3/ FIGUR ES/6

 22. Peruzzotti-Jametti, L., Bernstock, J. D., Vicario, N., Costa, A. 
S. H., Kwok, C. K., Leonardi, T., … Pluchino, S. (2018). Mac-
rophage-derived extracellular succinate licenses neural stem cells 
to suppress chronic neuroinflammation. Cell stem cell, 22(3), 
355–368.e13. https:// doi. org/ 10. 1016/J. STEM. 2018. 01. 020

 23. Liu, S., Liu, B., Li, Q., Zheng, T., Liu, B., Li, M., & Chen, Z. 
(2024). Transplantation of fibrin-thrombin encapsulated human 
induced neural stem cells promotes functional recovery of spinal 
cord injury rats through modulation of the microenvironment. 
Neural Regeneration Research, 19(2), 440. https:// doi. org/ 10. 
4103/ 1673- 5374. 379049

 24. Brown, C., McKee, C., Halassy, S., Kojan, S., Feinstein, D. L., & 
Chaudhry, G. R. (2021). Neural stem cells derived from primitive 
mesenchymal stem cells reversed disease symptoms and promoted 
neurogenesis in an experimental autoimmune encephalomyelitis 
mouse model of multiple sclerosis. Stem Cell Research and Ther-
apy, 12(1), 1–21. https:// doi. org/ 10. 1186/ S13287- 021- 02563-8/ 
FIGUR ES/9

 25. Mercer-Smith, A. R., Buckley, A., Valdivia, A., Jiang, W., Thang, 
M., Bell, N., … Hingtgen, S. D. (2022). Next-generation tumor-
homing induced neural stem cells as an adjuvant to radiation for 
the treatment of metastatic lung cancer. Stem Cell Reviews and 
Reports, 18(7), 2474–2493. https:// doi. org/ 10. 1007/ S12015- 022- 
10375-3/ FIGUR ES/5

 26. Kim, W. K., & Kang, B. J. (2023). Transplantation of heat-shock 
preconditioned neural stem/progenitor cells combined with RGD-
functionalised hydrogel promotes spinal cord functional recovery 
in a rat hemi-transection model. Stem Cell Reviews and Reports, 1, 
1–18. https:// doi. org/ 10. 1007/ S12015- 023- 10637-8/ FIGUR ES/7

 27. Campos, H. C., Ribeiro, D. E., Hashiguchi, D., Hukuda, D. Y., 
Gimenes, C., Romariz, S. A. A., … Longo, B. M. (2022). Distinct 
effects of the hippocampal transplantation of neural and mesen-
chymal stem cells in a transgenic model of alzheimer’s disease. 
Stem Cell Reviews and Reports, 18(2), 781–791. https:// doi. org/ 
10. 1007/ S12015- 021- 10321-9/ FIGUR ES/4

 28. Mabbott, N. A., Baillie, J. K., Brown, H., Freeman, T. C., & 
Hume, D. A. (2013). An expression atlas of human primary cells: 
Inference of gene function from coexpression networks. BMC 
Genomics, 14(1), 1–13. https:// doi. org/ 10. 1186/ 1471- 2164- 14- 
632/ FIGUR ES/4

 29. Eze, U. C., Bhaduri, A., Haeussler, M., Nowakowski, T. J., & 
Kriegstein, A. R. (2021). Single-cell atlas of early human brain 
development highlights heterogeneity of human neuroepithelial 
cells and early radial glia. Nature Neuroscience, 24(4), 584–594. 
https:// doi. org/ 10. 1038/ s41593- 020- 00794-1

 30. Zeng, B., Liu, Z., Lu, Y., Zhong, S., Qin, S., Huang, L., … Wang, 
X. (2023). The single-cell and spatial transcriptional landscape of 
human gastrulation and early brain development. Cell Stem Cell, 
30(6), 851–866.e7. https:// doi. org/ 10. 1016/j. stem. 2023. 04. 016

 31. Reinhardt, P., Glatza, M., Hemmer, K., Tsytsyura, Y., & Thiel, C. 
S. (2013). Derivation and expansion using only small molecules 
of human neural progenitors for neurodegenerative disease mod-
eling. PLoS ONE, 8(3), 59252. https:// doi. org/ 10. 1371/ journ al. 
pone. 00592 52

 32. Appelt-Menzel, A., Cubukova, A., Günther, K., Edenhofer, F., 
Piontek, J., Krause, G., … Metzger, M. (2017). Establishment of a 
human blood-brain barrier co-culture model mimicking the neuro-
vascular unit using induced pluri- and multipotent stem cells. Stem 
Cell Reports, 8(4), 894–906. https:// doi. org/ 10. 1016/J. STEMCR. 
2017. 02. 021

 33. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Lon-
gair, M., Pietzsch, T., … Cardona, A. (2012). Fiji: an open-source 
platform for biological-image analysis. Nature Methods, 9(7), 
676–682. https:// doi. org/ 10. 1038/ nmeth. 2019

 34. Hao, Y., Hao, S., Andersen-Nissen, E., Mauck, W. M., Zheng, S., 
Butler, A., … Satija, R. (2021). Integrated analysis of multimodal 
single-cell data. Cell, 184(13), 3573–3587.e29. https:// doi. org/ 10. 
1016/j. cell. 2021. 04. 048

 35. Aran, D., Looney, A. P., Liu, L., Wu, E., Fong, V., Hsu, A., … 
Bhattacharya, M. (2019). Reference-based analysis of lung sin-
gle-cell sequencing reveals a transitional profibrotic macrophage. 
Nature Immunology, 20(2), 163–172. https:// doi. org/ 10. 1038/ 
s41590- 018- 0276-y

 36. Amezquita, R. A., Lun, A. T. L., Becht, E., Carey, V. J., Carpp, L. 
N., Geistlinger, L., … Hicks, S. C. (2019). Orchestrating single-
cell analysis with Bioconductor. Nature Methods, 17(2), 137–145. 
https:// doi. org/ 10. 1038/ s41592- 019- 0654-x

 37. Bunis, D. G., Andrews, J., Fragiadakis, G. K., Burt, T. D., & 
Sirota, M. (2021). dittoSeq: Universal user-friendly single-cell 
and bulk RNA sequencing visualization toolkit. Bioinformatics, 
36(22–23), 5535–5536. https:// doi. org/ 10. 1093/ BIOIN FORMA 
TICS/ BTAA1 011

 38. Kolde, R. (2019). pheatmap: Pretty heatmaps. R package version 
1.0.12. https:// CRAN.R- proje ct. org/ packa ge= pheat map

 39. Lotfollahi, M., Naghipourfar, M., Luecken, M. D., Khajavi, 
M., Büttner, M., Wagenstetter, M., … Theis, F. J. (2021). Map-
ping single-cell data to reference atlases by transfer learning. 
Nature Biotechnology, 40(1), 121–130. https:// doi. org/ 10. 1038/ 
s41587- 021- 01001-7

 40. Lopez, R., Regier, J., Cole, M. B., Jordan, M. I., & Yosef, N. 
(2018). Deep generative modeling for single-cell transcriptom-
ics. Nature Methods, 15(12), 1053–1058. https:// doi. org/ 10. 1038/ 
s41592- 018- 0229-2

 41. Satija, R., Hoffman, P., & Butler, A. (2019). SeuratData: Install 
and manage seurat datasets. http:// www. satij alab. org/ seurat, 
https:// github. com/ satij alab/ seurat- data

 42. Hoffman, P. (2022). SeuratDisk: Interfaces for HDF5-based sin-
gle cell file formats. https:// mojav eazure. github. io/ seurat- disk/, 
https:// github. com/ mojav eazure/ seurat- disk

 43. Trapnell, C., Cacchiarelli, D., Grimsby, J., Pokharel, P., Li, S., 
Morse, M., … Rinn, J. L. (2014). The dynamics and regulators 
of cell fate decisions are revealed by pseudotemporal ordering of 
single cells. Nature Biotechnology, 32. https:// doi. org/ 10. 1038/ 
nbt. 2859

 44. Qiu, X., Mao, Q., Tang, Y., Wang, L., Chawla, R., Pliner, H. A., & 
Trapnell, C. (2017). Reversed graph embedding resolves complex 
single-cell trajectories. Nature Methods, 14, 979–982. https:// doi. 
org/ 10. 1038/ nmeth. 4402

 45. Cao, J., Spielmann, M., Qiu, X., Huang, X., Ibrahim, D. M., 
Hill, A. J., … Shendure, J. (2019). The single-cell transcriptional 

https://doi.org/10.1186/S13287-019-1448-X/FIGURES/11
https://doi.org/10.1186/S13287-015-0045-X/TABLES/3
https://doi.org/10.1186/S13287-015-0045-X/TABLES/3
https://doi.org/10.1038/srep29955
https://doi.org/10.1038/srep29955
https://doi.org/10.1186/S40478-020-00960-3/FIGURES/6
https://doi.org/10.1186/S40478-020-00960-3/FIGURES/6
https://doi.org/10.1016/J.STEM.2018.01.020
https://doi.org/10.4103/1673-5374.379049
https://doi.org/10.4103/1673-5374.379049
https://doi.org/10.1186/S13287-021-02563-8/FIGURES/9
https://doi.org/10.1186/S13287-021-02563-8/FIGURES/9
https://doi.org/10.1007/S12015-022-10375-3/FIGURES/5
https://doi.org/10.1007/S12015-022-10375-3/FIGURES/5
https://doi.org/10.1007/S12015-023-10637-8/FIGURES/7
https://doi.org/10.1007/S12015-021-10321-9/FIGURES/4
https://doi.org/10.1007/S12015-021-10321-9/FIGURES/4
https://doi.org/10.1186/1471-2164-14-632/FIGURES/4
https://doi.org/10.1186/1471-2164-14-632/FIGURES/4
https://doi.org/10.1038/s41593-020-00794-1
https://doi.org/10.1016/j.stem.2023.04.016
https://doi.org/10.1371/journal.pone.0059252
https://doi.org/10.1371/journal.pone.0059252
https://doi.org/10.1016/J.STEMCR.2017.02.021
https://doi.org/10.1016/J.STEMCR.2017.02.021
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41592-019-0654-x
https://doi.org/10.1093/BIOINFORMATICS/BTAA1011
https://doi.org/10.1093/BIOINFORMATICS/BTAA1011
https://CRAN.R-project.org/package=pheatmap
https://doi.org/10.1038/s41587-021-01001-7
https://doi.org/10.1038/s41587-021-01001-7
https://doi.org/10.1038/s41592-018-0229-2
https://doi.org/10.1038/s41592-018-0229-2
http://www.satijalab.org/seurat
https://github.com/satijalab/seurat-data
https://mojaveazure.github.io/seurat-disk/
https://github.com/mojaveazure/seurat-disk
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nmeth.4402
https://doi.org/10.1038/nmeth.4402


Stem Cell Reviews and Reports 

landscape of mammalian organogenesis. Nature, 566(7745), 
496–502. https:// doi. org/ 10. 1038/ s41586- 019- 0969-x

 46. Tran, P. B., Ren, D., Veldhouse, T. J., & Miller, R. J. (2004). 
Chemokine receptors are expressed widely by embryonic and 
adult neural progenitor cells. Journal of Neuroscience Research, 
76(1), 20–34. https:// doi. org/ 10. 1002/ JNR. 20001

 47. Quartu, M., Serra, M. P., Boi, M., Ibba, V., Melis, T., & Del 
Fiacco, M. (2008). Polysialylated-neural cell adhesion molecule 
(PSA-NCAM) in the human trigeminal ganglion and brainstem at 
prenatal and adult ages. BMC Neuroscience, 9(1), 1–13. https:// 
doi. org/ 10. 1186/ 1471- 2202-9- 108/ TABLES/1

 48. Kim, D. S., Lee, D. R., Kim, H. S., Yoo, J. E., Jung, S. J., Lim, 
B. Y., … Kim, D. W. (2012). Highly pure and expandable PSA-
NCAM-positive neural precursors from human ESC and iPSC-
derived neural rosettes. PloS one, 7(7). https:// doi. org/ 10. 1371/ 
JOURN AL. PONE. 00397 15

 49. Coskun, V., Wu, H., Blanchi, B., Tsao, S., Kim, K., Zhao, J., … 
Sun, Y. E. (2008). CD133+ neural stem cells in the ependyma 
of mammalian postnatal forebrain. Proceedings of the National 
Academy of Sciences of the United States of America, 105(3), 
1026–1031. https:// doi. org/ 10. 1073/ PNAS. 07100 00105/ SUPPL_ 
FILE/ 10000 FIG11. PDF

 50. Nestorowa, S., Hamey, F. K., Pijuan Sala, B., Diamanti, E., Shep-
herd, M., Laurenti, E., … Göttgens, B. (2016). A single-cell 
resolution map of mouse hematopoietic stem and progenitor cell 
differentiation. Blood, 128(8), e20–e31. https:// doi. org/ 10. 1182/ 
BLOOD- 2016- 05- 716480

 51. Thiel, G. (2013). How Sox2 maintains neural stem cell identity. 
The Biochemical Journal, 450, 1–2. https:// doi. org/ 10. 1042/ BJ201 
30176

 52. Araya García, C. A. (2017). Formation of neural tube. Reference 
Module in Biomedical Sciences. https:// doi. org/ 10. 1016/ B978-0- 
12- 801238- 3. 11055-4

 53. Barresi, M.J.F., & Gilbert, S. F. (2020). Neural tube formation and 
patterning. In Developmental Biology (12th ed., pp. 566–594). 
Sinauer Associates.

 54. Barresi, M.J.F., & Gilbert, S. F. (2020). Brain growth. In Developmen-
tal Biology (12th ed., pp. 595–621). Sinauer Associates.

 55. Kageyama, R., Ohtsuka, T., & Kobayashi, T. (2007). The Hes gene fam-
ily: Repressors and oscillators that orchestrate embryogenesis. Develop-
ment, 134(7), 1243–1251. https:// doi. org/ 10. 1242/ DEV. 000786

 56. Hitoshi, S., Ishino, Y., Kumar, A., Jasmine, S., Tanaka, K. F., 
Kondo, T., … Ikenaka, K. (2011). Mammalian Gcm genes induce 
Hes5 expression by active DNA demethylation and induce neural 
stem cells. Nature Neuroscience, 14(8), 957–964. https:// doi. org/ 
10. 1038/ nn. 2875

 57. Garza-Manero, S., Sindi, A. A. A., Mohan, G., Rehbini, O., 
Jeantet, V. H. M., Bailo, M., … West, K. L. (2019). Maintenance 
of active chromatin states by HMGN2 is required for stem cell 
identity in a pluripotent stem cell model. Epigenetics and Chro-
matin, 12(1), 1–18. https:// doi. org/ 10. 1186/ S13072- 019- 0320-7/ 
FIGUR ES/8

 58. Ohtsuka, T., Ishibashi, M., GéRaldGradwohl, G., Nakanishi, 
S., Ois Guillemot, F., & Kageyama, R. (1999). Hes1 and Hes5 
as Notch effectors in mammalian neuronal differentiation. The 
EMBO Journal, 18(8), 2196–2207.

 59. Zou, Y., Liu, Y., Wu, X., & Shell, S. M. (2006). Functions of 
human replication protein A (RPA): From DNA replication to 
DNA damage and stress responses. Journal of Cellular Physiol-
ogy, 208(2), 267–273. https:// doi. org/ 10. 1002/ JCP. 20622

 60. Huppertz, I., Perez-Perri, J. I., Mantas, P., Sekaran, T., Schwarzl, 
T., Russo, F., … Hentze, M. W. (2022). Riboregulation of Enolase 
1 activity controls glycolysis and embryonic stem cell differentia-
tion. Molecular Cell, 82(14), 2666–2680.e11. https:// doi. org/ 10. 
1016/J. MOLCEL. 2022. 05. 019

 61. Forouzanfar, M., Rabiee, F., Ghaedi, K., Beheshti, S., Tanhaei, S., 
Shoaraye Nejati, A., … Nasr-Esfahani, M. H. (2015). Fndc5 over-
expression facilitated neural differentiation of mouse embryonic 
stem cells. Cell Biology International, 39(5), 629–637. https:// doi. 
org/ 10. 1002/ CBIN. 10427

 62. Ahmadi Ghahrizjani, F., Ghaedi, K., Salamian, A., Tanhaei, S., 
Shoaraye Nejati, A., Salehi, H., … Nasr-Esfahani, M. H. (2015). 
Enhanced expression of FNDC5 in human embryonic stem cell-
derived neural cells along with relevant embryonic neural tissues. 
Gene, 557(2), 123–129. https:// doi. org/ 10. 1016/J. GENE. 2014. 12. 
010

 63. Quake, S. R. (2022). A decade of molecular cell atlases. Trends 
in Genetics, 38(8), 805–810. https:// doi. org/ 10. 1016/j. tig. 2022. 
01. 004

 64 Piwecka, M., Rajewsky, N., & Rybak-Wolf, A. (2023). Single-
cell and spatial transcriptomics: deciphering brain complexity in 
health and disease. Nature Reviews Neurology, 19(6), 346–362. 
https:// doi. org/ 10. 1038/ s41582- 023- 00809-y

 65. Behjati, S., Lindsay, S., Teichmann, S. A., & Haniffa, M. (2018). 
Mapping human development at single-cell resolution. Develop-
ment (Cambridge), 145(3). https:// doi. org/ 10. 1242/ DEV. 152561/ 
19231

 66. Fan, X., Fu, Y., Zhou, X., Sun, L., Yang, M., Wang, M., … Tang, 
F. (2020). Single-cell transcriptome analysis reveals cell lineage 
specification in temporal-spatial patterns in human cortical devel-
opment. Sci. Adv, 6.

 67. Budday, S., Steinmann, P., & Kuhl, E. (2015). Physical biology 
of human brain development. Frontiers in Cellular Neuroscience, 
9(JULY), 149317. https:// doi. org/ 10. 3389/ FNCEL. 2015. 00257/ 
BIBTEX

 68 Mulligan, K. A., & Cheyette, B. N. R. (2012). Wnt signaling in 
vertebrate neural development and function. Journal of Neuro-
immune Pharmacology, 7(4), 774–787. https:// doi. org/ 10. 1007/ 
S11481- 012- 9404-X

 69. Rifes, P., Isaksson, M., Rathore, G. S., Aldrin-Kirk, P., Møller, 
O. K., Barzaghi, G., … Kirkeby, A. (2020). Modeling neural tube 
development by differentiation of human embryonic stem cells in 
a microfluidic WNT gradient. Nature Biotechnology 2020 38:11, 
38(11), 1265–1273. https:// doi. org/ 10. 1038/ s41587- 020- 0525-0

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41586-019-0969-x
https://doi.org/10.1002/JNR.20001
https://doi.org/10.1186/1471-2202-9-108/TABLES/1
https://doi.org/10.1186/1471-2202-9-108/TABLES/1
https://doi.org/10.1371/JOURNAL.PONE.0039715
https://doi.org/10.1371/JOURNAL.PONE.0039715
https://doi.org/10.1073/PNAS.0710000105/SUPPL_FILE/10000FIG11.PDF
https://doi.org/10.1073/PNAS.0710000105/SUPPL_FILE/10000FIG11.PDF
https://doi.org/10.1182/BLOOD-2016-05-716480
https://doi.org/10.1182/BLOOD-2016-05-716480
https://doi.org/10.1042/BJ20130176
https://doi.org/10.1042/BJ20130176
https://doi.org/10.1016/B978-0-12-801238-3.11055-4
https://doi.org/10.1016/B978-0-12-801238-3.11055-4
https://doi.org/10.1242/DEV.000786
https://doi.org/10.1038/nn.2875
https://doi.org/10.1038/nn.2875
https://doi.org/10.1186/S13072-019-0320-7/FIGURES/8
https://doi.org/10.1186/S13072-019-0320-7/FIGURES/8
https://doi.org/10.1002/JCP.20622
https://doi.org/10.1016/J.MOLCEL.2022.05.019
https://doi.org/10.1016/J.MOLCEL.2022.05.019
https://doi.org/10.1002/CBIN.10427
https://doi.org/10.1002/CBIN.10427
https://doi.org/10.1016/J.GENE.2014.12.010
https://doi.org/10.1016/J.GENE.2014.12.010
https://doi.org/10.1016/j.tig.2022.01.004
https://doi.org/10.1016/j.tig.2022.01.004
https://doi.org/10.1038/s41582-023-00809-y
https://doi.org/10.1242/DEV.152561/19231
https://doi.org/10.1242/DEV.152561/19231
https://doi.org/10.3389/FNCEL.2015.00257/BIBTEX
https://doi.org/10.3389/FNCEL.2015.00257/BIBTEX
https://doi.org/10.1007/S11481-012-9404-X
https://doi.org/10.1007/S11481-012-9404-X
https://doi.org/10.1038/s41587-020-0525-0

	Single-cell Profiling of Reprogrammed Human Neural Stem Cells Unveils High Similarity to Neural Progenitors in the Developing Central Nervous System
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and Methods
	Cell Culture
	Neural Stem Cell Derivation
	Neuronal Differentiation
	Astrocyte Differentiation
	Flow Cytometry
	Immunofluorescence Stainings and Microscopy

	Bioinformatics Analysis
	Library Preparation
	Data Processing
	Dimensionality Reduction, Cell Clustering and Differential Gene Expression Analysis
	Cell Annotation
	Integration of the iNSC scRNA Sequencing Data with Several Reference Atlases
	Single-Cell Trajectory Analysis

	Results
	In vitro Converted iNSCs Uniformly Express Bona Fide NSC Markers
	Single-cell Transcriptomic Analysis Identifies a Homogenous iNSC Population
	Pseudotime Trajectory Analysis Reveals Dynamics of Neurogenic Instructor Genes
	iNSCs are Transcriptomically Similar to Neuroepithelial Embryonic Cells from Early Neurodevelopmental Stages

	Discussion
	Conclusions
	Acknowledgements 
	References


