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Transcription factors belonging to the basic helix-loop-helix (bHLH) family are
key regulators of cell fate specification and differentiation during development.
Their dysregulation is implicated not only in developmental abnormalities but also
in various adult diseases and cancers. Recently, the abilities of bHLH factors have
been exploited in reprogramming strategies for cell replacement therapy. One
such factor is NEUROD1, which has been associated with the reprogramming of
the epigenetic landscape and potentially possessing pioneer factor abilities,
initiating neuronal developmental programs, and enforcing pancreatic
endocrine differentiation. The review aims to consolidate current knowledge
on NEUROD1’s multifaceted roles and mechanistic pathways in human and
mouse cell differentiation and reprogramming, exploring NEUROD1 roles in
guiding the development and reprogramming of neuroendocrine cell lineages.
The review focuses on NEUROD1’s molecular mechanisms, its interactions with
other transcription factors, its role as a pioneer factor in chromatin remodeling,
and its potential in cell reprogramming. We also show a differential potential of
NEUROD1 in differentiation of neurons and pancreatic endocrine cells,
highlighting its therapeutic potential and the necessity for further research to
fully understand and utilize its capabilities.
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1 Introduction

The differentiation of specialized cells during development involves complex molecular
and cellular processes. Comprehending these differentiation processes is key to
understanding cellular function in both normal and diseased states. Moreover, it helps
to devise novel strategies to manipulate and reprogram cells for therapeutic applications.
Transcription factors have instructive role for the generation of functionally differentiated
cells from pluripotent progenitors via sequential fate temporal and spatial restriction steps.
The combinations of transcription factors define differentiation cell lineages, differentiation
stages, as well as lineage reprogramming and developmental transdifferentiation.

NEUROD1 (Neurogenic differentiation factor 1) is a transcription factor that plays
crucial roles in both the nervous system and the pancreas. Initially characterized for its
ability to convert nonneural ectodermal cells into neurons in Xenopus embryos (Lee et al.,
1995). Nervous system development is a multi-step process that generates a multitude of cell
types. Studies in all major model organisms, Caenorhabditis elegans, Drosophila
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melanogaster, and mice demonstrated that NEUROD1 and its
homologs are critical regulators of neuronal progenitor cell
differentiation and neuronal specification (Bertrand et al., 2002;
Hallam et al., 2000; Gao et al., 2009; Liu et al., 2000a; Miyata et al.,
1999). Initially characterized for its involvement in neuronal
differentiation, NEUROD1 has since been identified as a key
regulator in pancreatic endocrine development and function (Gu
et al., 2010; Romer et al., 2019; Bohuslavova et al., 2023; Naya et al.,
1997). This review aims to provide an integrated perspective on
diverse roles of NEUROD1, focusing on its contributions to
neuroendocrine development, and associated disorders in
humans and mouse models. Our review is organized into four
thematic areas: a) NEUROD1 in neuronal development; b)
NEUROD1 in differentiation of pancreatic endocrine cells; c)
therapeutic potential of NEUROD1 as a reprogramming factor;
and d) the role of NEUROD1 in neuroendocrine tumorigenesis.
We integrate the current state of knowledge into a broader context of
biological function and clinical applications.

1.1 bHLH transcription factors

The basic helix-loop-helix (bHLH) superfamily of transcription
factors is characterized by two distinct domains, the basic domain at
the amino-terminal end, which binds the transcription factor to
DNA to a short CANNTG motif known as Ephrussi-Box (E-box),
and the HLH domain at the carboxy-terminal end, which facilitates
interactions with other protein subunits to form homo- and hetero-
dimeric complexes (Jones, 2004). The functional and evolutionary
classification of animal bHLH proteins into six groups, A through F,
is based on criteria such as E-box binding, sequence comparisons,
tissue distribution, phylogenetic relationships, and the presence/
absence of additional domains (Atchley and Fitch, 1997; Ledent and
Vervoort, 2001). Group B proteins are found in plants, yeast, and
animals, whereas the other groups (A, C, D, E, and F) are found only
in animals. Majority of bHLH proteins are members of A or B
groups, characterized by their ability to bind to core E-box
consensus sequences through a distinctive pattern of amino acids
at positions 5, 8, and 13, known as the 5-8-13 E-box configuration.
Group A includes several tissue-specific bHLH proteins, such as
MyoD, Achaete-Scute, Twist, and also ubiquitously distributed E12/
Daughterless-type bHLH proteins. Group C represents a separate
lineage derived from Group B, distinguished by its lack of a
consistent amino acid configuration at sites 5, 8, 13 and its
possession of a pair of PAS domains, which are signaling
modules (Crews and Fan, 1999). Groups D and F represent
proteins diverged at the basic region of the bHLH domain.
Group D proteins do not bind DNA; instead, they act as
dominant-negative regulators by forming dimers with other
bHLH proteins, thereby inhibiting their DNA binding activity.
Group F comprises the so-called COE proteins (collier/olfactory-
1/early B-cell factor), which contain a unique COE domain
important for both dimerization and DNA binding. The HLH
motifs of this group are highly divergent from those found in
other bHLH proteins. Members of the bHLH superfamily
regulate an abundance of biological processes and developmental
pathways, such as cell lineage determination, differentiation,
response to environment, cell cycle and proliferation (Murre, 2019).

BHLH factors bind DNA as either homodimers or heterodimers,
with their partner selection critically influencing their binding
properties, impacting their spatial and temporal regulatory
function (see reviews (Murre, 2019; de Martin et al., 2021).
Unlike other bHLH groups, group D factors lack a DNA-binding
domain and form inactive heterodimers with other bHLH proteins,
acting as negative regulators. Additionally, bHLH factors bind other
cofactors for an effective repression or activation of transcription of
their target genes. Particularly, different combinatorial interactions
of bHLH and other transcription factors expressed in different
locations and/or times influence the context-dependent bHLH
specific target gene regulation. For example, the spatiotemporal
control of neurogenesis and gliogenesis in the developing ventral
spinal cord is performed in collaboration of bHLH factors OLIG2,
NEUROG1-3, and ASCL1 with NKX2.2, and PAX6 (Sugimori et al.,
2007). Different combinations of transcription factors have an
ability to either inhibit or enhance the activity of the proneural
bHLH NEUROGs and ASCL1. OLIG2 suppresses the neurogenic
activity of NEUROG2 and enhances ASCL1-dependent
oligodendrogenesis, whereas PAX6 or NKX2.2 interactions
promote proneurogenic regulation of ASCL1 (Sugimori et al., 2007).

Additionally, bHLH factors interact with chromatin remodelers,
histone modifiers, and enzymes regulating DNA methylation,
altering the epigenome landscape. For example, the catalytic
subunit BRG1 of the chromatin remodelling complex SWI/SNF
interacts with proneural bHLH proteins such as NEUROG1 and
NEUROD1 during neurogenesis (Seo et al., 2005). The lineage-
specific bHLH transcription factors bind closed chromatin and
recruit chromatin remodelers (Wapinski et al., 2013). The
regulatory complexities of three key bHLH factors—ASCL1, a
regulator of neural lineage differentiation; ASCL2, crucial for the
development of lineages like trophectoderm, T-helper cells, and
intestinal stem cells; and MYOD1, a master regulator of skeletal
muscle differentiation—were explored in a study using embryonic
stem cells engineered to ectopically express each bHLH factor. This
study revealed that transgenic expression of these bHLH factors
induced significant changes in histone modifications and enabled
their binding previously inaccessible (closed) chromatin sites,
underscoring their roles in chromatin remodeling and lineage-
specific gene regulation (Casey et al., 2018). The ability to bind
inaccessible chromatin is known as “pioneering,” and factors,
termed as “pioneer factors”, can access their target genes in silent
highly packed chromatin. Pioneer factors initiate the recruitment of
other regulatory proteins and activate gene transcription to induce
cell fate changes in development and cell reprogramming (Iwafuchi-
Doi and Zaret, 2016).

1.2 NEUROD1 as a proneural bHLH factor
in neurons

Proneural bHLH factors are important regulators in neuronal
specification, differentiation, neural cell fate, and self-renewal
(Imayoshi and Kageyama, 2014; Fritzsch et al., 2015; Baker and
Brown, 2018; Dennis et al., 2019). Neural-specific bHLH factors are
subdivided into the achaete-scute complex (AS-C) and atonal gene
families based on their homology to Drosophila genes (Dennis et al.,
2019). The AS-C family is represented by achaete-scute like bHLH
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gene family (Ascl1-Ascl5) in the mouse. The distantly related areNscl
family genes (Nhlh1/Nscl1, Nhlh2/Nscl2). The atonal family is
represented by multiple bHLH genes, including members of the
Neurogenin (Neurog1, Neurog2, Neurog3), Atonal (Atoh1/Math1,
Atoh7/Math5), Olig (Olig1, Olig2, Olig3, Bhlhe22/Bhlhb5), and
Neurod (Neurod1, Neurod2/Ndrf, Neurod6/Math2,
Neurod4/Math3).

One of the earliest discovered proneural bHLH transcription
factors is Neuronal differentiation 1 (NEUROD1), identified due to
its ability to convert epidermal cell fate into neuronal cell fate (Lee
et al., 1995). During embryonal development, NEUROD1 is
expressed in all areas of the brain, spinal cord, peripheral ganglia,
sense organs, and endocrine pancreas that expresses the bHLH
factors, Neurogenins 1, 2, and/or 3 [NEUROG1, 2, and 3 (Sommer
et al., 1996)]. Recent studies employing systematic or tissue-specific
deletions of the Neurod1 gene have revealed a consistent pattern of
neurological abnormalities alongside a severe neonatal diabetes
phenotype (Bohuslavova et al., 2021; Naya et al., 1997; Romer
et al., 2019; Bohuslavova et al., 2023). Neurod1 deletions disrupt
neurogenesis within the central nervous system, impacting the
differentiation of key neuronal populations, including cerebellar
granule cells, dentate gyrus cells, and newborn neurons derived from
neural stem cells in the adult hippocampus and olfactory bulb
(Hevner et al., 2006; Miyata et al., 1999; Schwab et al., 2000; Liu
et al., 2000a; Gao et al., 2009; Pan et al., 2009). Additionally,
NEUROD1 is required for the survival and differentiation of
newborn neurons in the adult hippocampus subgranular and
subventricular zones, as well as their maturation and integration
into the neuronal circuitry (Gao et al., 2009).

Despite the widespread expression of NEUROD1 in the
peripheral nervous system of mice, substantial defects in
neurogenesis have been only reported in the development of
sensory neurons of vestibular and spiral ganglia in Neurod1 gene
deletion mutants (Liu M et al., 2000; Kim et al., 2001; Jahan et al.,
2010; Macova et al., 2019; Filova et al., 2022; Pyott et al., 2024).
NEUROD1 is essential for the initiation of neurogenesis,
delamination of neuroblasts, and survival of early neurons in the
inner ear (Filova et al., 2022). In contrast, in the olfactory epithelium,
the elimination of NEUROD1 does not affect initial olfactory
sensory neuron differentiation but it compromises the production
and survival of mature neurons of the olfactory epithelium (Packard
et al., 2011). In the retina of mice deficient in the Neurod1 gene, the
progressive degeneration of rod and cone photoreceptors occurs,
and amacrine cell differentiation is delayed (Morrow et al., 1999;
Pennesi et al., 2003). This limited effect of NEUROD1 elimination
may be attributed to functional redundancy with other bHLH
factors involved in neuronal differentiation, such as NEUROD2,
NEUROD4, NSCL1/NHLH1, and NEUROG2 (Vermeiren
et al., 2020).

Although NEUROD1 is an essential mediator of neuronal fate
specification and neuronal differentiation, its direct targets during
neurogenesis remain largely unknown. To uncover
NEUROD1 targets and regulatory networks of neurogenesis,
NEUROD1 was induced ectopically in pluripotent mouse ES cells
(Pataskar et al., 2016). This study demonstrated that
NEUROD1 overrides the pluripotent state and promotes
neurogenesis by direct binding to promoters and enhancers of
neuronal developmental genes. Identified target sites were tested

by performing Chromatin Immunoprecipitation (ChIP) assay in the
mouse E13.5 cortex. Both experiments established that
NEUROD1 binds regulatory elements of neuronal developmental
genes, including Pou3f2, Insm1, Nhlh1, Atoh1, Neurod4, or Nhlh2
(Pataskar et al., 2016).

1.3 NEUROD1 role in the developing pancreas

The pancreas has two essential functions in the body: endocrine,
which involves the production of hormones that regulate glucose
metabolism, and exocrine, which involves the production of
digestive enzymes (Karpińska and Czauderna, 2022). The
endocrine component of the pancreas consists of the islets of
Langerhans, small sparse spherical cell clusters. These clusters
contain five hormone-producing cell types: α cells secreting
glucagon, β cells secreting insulin, γ cells producing pancreatic
polypeptide, δ cells secreting somatostatin, and ε cells producing
ghrelin. Dysfunction of pancreatic endocrine cells, particularly the
failure of β cells to produce insulin, results in diabetes mellitus. The
incidence of diabetes is increasing worldwide, necessitating the
development of innovative therapies to either compensate for
decreased insulin levels or replace dysfunctional β cells.
NEUROD1 plays a critical role in the functional development of
the endocrine pancreas, as Neurod1 gene deletions are postnatally
lethal within a few days after birth due to severe diabetes
(Bohuslavova et al., 2021; Naya et al., 1997; Romer et al., 2019;
Bohuslavova et al., 2023). Mutations in the NEUROD1 gene in
humans are linked to type 2 diabetes (Malecki et al., 1999) and a
subtype of maturity-onset diabetes of the young (MODY6) (Malecki
et al., 1999; Rubio-Cabezas et al., 2010; Horikawa and Enya, 2019).
In mice, NEUROD1 becomes detectable in the endocrine cells of the
developing pancreas as early as E9.5 (Naya et al., 1997; Chu et al.,
2001; Bohuslavova et al., 2021). While it eventually diminishes from
most of the endocrine subtypes (Itkin-Ansari et al., 2005),
NEUROD1 remains actively expressed postnatally in mature β
cells, most notably to function as a crucial transcription factor
ensuring β-cell maturity (Gu et al., 2010; Bohuslavova et al.,
2023) and physiological response of insulin gene to glycemic
levels (Naya, Stellrecht, and Tsai, 1995; Romer et al., 2019;
Bohuslavova et al., 2021). The postnatally lethal phenotype of
severe hyperglycemia was linked to massive decrease of β cells
and insulin expression between E14.5 and E17.5 (Naya et al.,
1997). The expression of other endocrine peptides in the
Neurod1-deficient pancreas, namely, glucagon, somatostatin,
and pancreatic polypeptide, was reduced as well.
Correspondingly, significant changes in the molecular
identities of endocrine β-, α-, and PP-cell subpopulations were
identified in Neurod1 deletion mutant (Bohuslavova et al., 2023).
Histological analyses revealed that deletion of the Neurod1 gene
led to a significant reduction in β-cell mass and notable
alterations in islet morphology. The endocrine-cell loss was at
first attributed to apoptosis (Naya et al., 1997), and later to
decreased proliferation rate (Romer et al., 2019; Bohuslavova
et al., 2021), or to combination of both (Dudek et al., 2021). The
loss of endocrine cells occurs in cases where the Neurod1 gene is
deleted during the embryonic developmental phase but not in
mature β cells (Gu et al., 2010).
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NEUROD1 is a vital part of a complex gene regulatory network
driving pancreatic endocrine differentiation. The double-knockout
Nkx2.2;Neurod1 studies showed that these two transcription factors
co-orchestrate the basal balance in endocrine cells specification
(Chao et al., 2007; Mastracci et al., 2013). NEUROD1 reportedly
favors β cell-fate, while overabundant NKX2.2 tips the scales more
towards α-, PP-, and ε-cell-fate prior E15.5, until
NEUROD1 prevails and triggers massive β-cell expansion (Chao
et al., 2007). The study in differentiated human ESC-β cells with the
disruption of the NEUROD1 gene demonstrated reduced expression
of essential β-cell transcription factors, including MAFA, NKX6-1,
PDX1, INSM1, NKX2-2, ISL1, PAX6, and RFX6 (Romer et al.,
2019). These data suggest that NEUROD1 is essential for regulating
the β-cell transcription factor network in humans (Romer et al.,
2019). Overall, this situates NEUROD1 as a potent factor, which is
required for endocrine differentiation as well as for the function of
specialized mature β cells.

1.4 NEUROD1-induced cell-reprogramming

NEUROD1 binds regulatory elements of neuronal genes in
closed heterochromatin and promotes epigenetic changes at its
target sites to induce neuronal differentiation (Pataskar et al.,
2016). Binding of NEUROD1 is associated with the loss of the

repressive histone mark, trimethylation of lysine 27 on histone H3
(H3K27me3), a specific post-translational modification of the
histone protein H3. This is accompanied by the gain of the active
mark, acetylation of lysine 27 on histone H3 (H3K27ac) (Pataskar
et al., 2016). This study demonstrated that NEUROD1 enhances the
neurogenic potential of uncommitted cells, and that the induction of
neuronal fate genes is maintained via epigenetic memory despite a
transient NEUROD1 expression. Moreover, the deletion of the
Neurod1 gene in the developing pancreas was associated with
significant changes in the endocrine cell epigenetic landscape,
altering the H3K27me3 histone modification pattern in promoter
regions (Bohuslavova et al., 2023). NEUROD1’s regulatory function
in neurogenesis is further highlighted by its ability to bind target
sites in heterochromatin, remodel chromatin, and initiate the
conversion of heterochromatin to euchromatin, establishing its
role as a pioneer factor (Pataskar et al., 2016). Together, the
NEUROD1-induced changes in the epigenetic landscape at its
target sites represent persistent changes and a sustained
commitment of cells to NEUROD1-induced gene expression
programs. This ability to drive cell-fate commitment makes
NEUROD1 a compelling target for therapeutic cell programming.
NEUROD1 has been utilized in reprogramming cocktails or as a
single factor in experiments aimed at generating neuronal
phenotypes or insulin-producing β cells (Figure 1). Key findings
from various in vivo and in vitro reprogramming experiments

FIGURE 1
Overview of cell-reprogramming experiments with a delivery ofNeurod1. UsingNeurod1 as a part of reprogramming cocktails or as a single factor in
the reprogramming experiments of different cell types towards neuronal or β-cell-like phenotypes. See Table 1.
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utilizing NEUROD1 to induce transdifferentiation across different
cell types, are summarized in Table 1.

For example, ectopic expression of NEUROD1, in combination
with POU3F2, ASCL1, and MYT1L induced in vitro
transdifferentiation of both human fetal and postnatal fibroblasts
into functional induced neuronal cells (Pang et al., 2011). Similarly,
NEUROD1, as a part of another reprogramming cocktail containing
ASCL1, ISL1, BRN2, HB9, LHX3, MYTL1, and NEUROG2,
reprogrammed mouse and human fibroblasts into motoneurons
(Son et al., 2011). Additionally, non-neural cells can be
reprogrammed into neuronal cells through the ectopic expression
of NEUROD1 in combination with other factors using expression
viral vectors, as demonstrated in various studies. For example, the
combination of ASCL1 and NEUROD1 successfully reprogrammed
spiral ganglion non-neuronal cells (Noda et al., 2018) and cochlear
non-sensory epithelial cells into neuronal phenotypes (Nishimura
et al., 2014). Furthermore, adipose-derived stem cells were
reprogrammed into neurons using a combination of transcription
factors including BRN2, ASCL1, BAM, and NEUROD1 (Petersen
et al., 2015). Pathbreaking research demonstrated that
NEUROD1 can act as a single reprogramming driver, which
could induce in vivo conversion of reactive glial cells into

functional neurons in the adult mouse cortex when infected with
retrovirus encoding the Neurod1 gene (Guo et al., 2014). During the
last decade, ectopic expression of NEUROD1 using viral constructs
carrying the Neurod1 gene has been shown in vivo and in vitro
experiments to promote neuronal fate and induce differentiation of
neurons from astrocytes, retinal glial cells, and microglia (Brulet
et al., 2017; Guo et al., 2014; Xu et al., 2023; Matsuda et al., 2019).
However, recent studies have raised concerns about these findings,
suggesting that some of the observed effects could be attributed to
experimental artifacts, viral leakages, and insufficient lineage-tracing
(Wang L. L. et al., 2021; Rao et al., 2021; Wang and Zhang, 2022).
Nevertheless, there is ample evidence supporting the neurogenic
activity of NEUROD1 in endogenous neural stem cells, glioblastoma
and astrocyte cell cultures, and embryonic stem cells (Pataskar et al.,
2016; Wang et al., 2021b; Guo et al., 2014). Altogether, these cell-
reprogramming experiments suggest that NEUROD1 can initiate
cell-fate changes and induce neurogenesis, underscoring the
importance of timing and cell context for the ultimate outcome.

The development of cell therapy for insulin-dependent diabetes
focuses on generating immuno-compatible insulin-producing cells
capable of physiological glycemic regulation. Recent studies have
explored reprogramming various cell types into insulin-producing

TABLE 1 Overview of cell reprogramming studies involving Neurod1.

Starting cell
type

Target cell
fate

Reprogramming factor
or factors

Delivery
methods

Species and context References

Primary hepatocytes Endocrine cells Neurod1 DNA via AAV Mouse; in vitro culture Yatoh et al. (2007)

H4IIE Rat Liver Cell
Line

Beta-like cells Neurod1 or Neurod1+INS DNA via RV Rat; in vitro culture Ren et al. (2016)

Stromal cell lines Endocrine islets Neurod1, Pdx1, and Ngn3 DNA plasmid via
lipofectamine

Human cell line; transplanted into the
kidney parenchyma

Zhao et al. (2008)

Mesenchymal stem cells Insulin-
producing cells

Neurod1, Pdx1, and Mafa DNA via AAV Mouse; cells transplanted into mice with
STZ-induced diabetes

Guo et al. (2012)

Pancreatic acinar cells
and cell lines

Insulin-
producing cells

Neurod1, Pdx1, and Insm1 DNA via AAV Mouse; in vitro culture Zhang et al.
(2012)

Pancreatic duct cells Insulin-
producing cells

Neurod1, Pdx1, and Insm1 DNA via AAV Human; in vitro culture Zhang et al.
(2010)

Reactive astrocytes Neurons Neurod1 DNA via RV Mouse; in vivo the cortex of stab-injured or
Alzheimer’s disease (AD) model mice

Guo et al. (2014)

Astrocytes Neurons Neurod1 DNA via RV Human; in vitro culture Guo et al. (2014)

Pluripotent mouse ES
cells

Neurons Neurod1 DNA via LV Mouse; in vitro culture Pataskar et al.
(2016)

Embryo brain Neurons Neurod1 DNA electro-
poration

Mouse; embryo brain Pataskar et al.
(2016)

Human fetal and
postnatal fibroblasts

Neurons Neurod1 + Pou3f2, Ascl1, Myt1l DNA via LV Human; in vitro culture Pang et al. (2011)

Microglia Induced
neurons

Neurod1 DNA via LV Mouse; in vivo mouse brain Matsuda et al.
(2019)

Mixed glial cell culture Neurons Neurod1 DNA via LV Mouse; in vitro culture Matsuda et al.
(2019)

Astrocytes in vivo Neurons Neurod1 DNA via AAV Mouse; in vivo the brain (cortex, striatum) Brulet et al. (2017)

Müller glial cells in the
retina

Retinal neurons Neurod1 DNA via AAV Mouse; in vivo the eye Xu et al. (2023)

AAV, adeno-associated viral delivery; LV, lentiviral delivery; RV, retroviral delivery; STZ, streptozotocin.
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endocrine cells by using viral expression constructs encoding the
Neurod1 gene in combination with other key regulatory factors.
These reprogramming efforts have targeted different progenitor and
somatic cell types: hepatocytes transfected with viral vectors
encoding the Neurod1 gene (Yatoh et al., 2007; Ren et al., 2016);
mesenchymal stem cells reprogrammed with viral vectors encoding
gene combinations of Pdx1,Neurod1, and Ins (Gerace et al., 2019) or
Pdx1, Neurod1, and Mafa (Guo et al., 2012); marrow-derived
stromal cell lines (Zhao et al., 2008; Li et al., 2017) targeted with
viral vectors encoding Pdx1, Neurod1, and Neurog3; and both
pancreatic acinar cells (Zhang et al., 2012) and pancreatic ductal
cells (Zhang et al., 2010) were reprogrammed using viral vectors
encoding Pdx1, Neurod1, and Insm1 genes. Despite the variety of
successful reprogramming protocols, the ability of NEUROD1 to
induce the generation of endocrine insulin-producing cells is
relatively limited compared to its more robust efficacy in
promoting neuronal phenotypes. This limitation indicates that
while NEUROD1 plays a significant role in neural
reprogramming, its use for generating insulin-producing cells
may require additional factors or conditions to achieve
optimal results.

While the search for the optimal solution for patient-tailored
gene therapy is an ongoing challenge, the molecular mechanism
behind the cell-fate reprogramming process and the role of
NEUROD1 in it remains yet to be fully understood. Further
research is necessary to define the most effective conditions to
achieve desired cell types, such as the most effective combination
of reprogramming factors, the most amenable cell types (somatic
cells, induced pluripotent stem cells (iPSC) or embryonic stem cells
(ESC), and in vivo or in vitro applications using gene
therapy vectors.

1.5 NEUROD1-driven cell-fate determining
mechanisms

To elucidate the current knowledge of NEUROD1-driven cell
fate acquisition, we revisited several recent studies, namely, in ESCs
(Pataskar et al., 2016; Singh et al., 2022), iPSC (Choi et al., 2020;
Zhang et al., 2018), mature microglia (Matsuda et al., 2019), and
developing pancreatic endocrine cells (Bohuslavova et al., 2023),
which inspected the molecular mechanisms behind this
phenomenon.

In murine ESCs, ectopic NEUROD1 expression initiated a 48-h
neurogenetic differentiation process in vitro accompanied by
massive gene expression changes. This included the
downregulation of pluripotent markers, such as OCT4, NANOG,
and KLF4 (but not SOX2), and the sustained upregulation of
neuronal markers such as Tuj1 (Pataskar et al., 2016).
Importantly, this differentiation process occurred despite the
presence of pluripotency-promoting growth factors, such as
leukemia inhibitory factor (LIF), in the culture medium, without
the need for additional external neuronal development signals,
demonstrating a strong effect of NEUROD1 in driving cell fate.
NEUROD1 promoted epigenetic changes at its target sites, initiating
neuronal differentiation by inducing the loss of the repressive mark
H3K27me3 and the acquisition of the active chromatin mark
H3K27ac (Pataskar et al., 2016). NEUROD1 binding correlated

with chromatin remodeling and increased promoter accessibility.
NEUROD1 bound its target promoter sites despite their
heterochromatic state and triggered their remodeling to
euchromatin, as marked by increased levels of H3K27ac.
Additionally, NEUROD1 displaced TBX3 from its target sites to
induce neuronal gene expression, counteracting the role of TBX3 in
promoting mesoendoderm lineage and suppressing neuronal fate.
Similarly, NEUROD1 displaced UTF1, a key factor in maintaining
the pluripotent state. Similar results were obtained in vivo by a short
transient event of NEUROD1-expression, which induced a long-
term neurogenetic effect in terms of gene expression, differentiation,
and chromatin state of produced induced neuronal cells (Pataskar
et al., 2016) (Figure 2). A follow-up study focused on genome-wide
time-lapse propagation of the histone modification H3K27ac related
to NEUROD1 binding in this process (Singh et al., 2022). While
NEUROD1 initiated a significant euchromatization, only a half of
the related genes was eventually activated. The selective
upregulation was attributed to TCF12, which functioned as a
stage-specific coregulator in the NEUROD1 expressing sub-pool
of developing neurons. NEUROD1 and TCF12 physically interact
with each other, and together mediate time-specific activation of
several neural migratory genes. This phenomenon confirms that
spatiotemporal events during differentiation are strictly regulated in
a cell-type specific manner by other transcription factors and
coregulators (Singh et al., 2022). Concordantly with this idea, a
recent study clearly demonstrated that NEUROD1 can co-
dependently operate even with other pioneering factors, namely,
FOXG1 during neurogenesis (Akol et al., 2023).

Next two studies inspected the chromatin remodeling and its
related accessibility change during the differentiation of human
iPSC into neuronal cells (Choi et al., 2020; Zhang et al., 2018).
Firstly, changes of chromatin state during induced neuronal cell
differentiation are tightly linked to the binding of transcription
factors, namely, NEUROD1 and NEUROG2, which are master-
regulators in iPSC-to-neuronal cell induction (Zhang et al., 2018).
This phenomenon was attributed to yet unknown epigenetically

FIGURE 2
NEUROD1 reprograms chromatin to induce the neuronal
program. NEUROD1 targets its target sites in heterochromatin,
followed by the replacement of inactive H3K27me3 by active H3K27ac
histone mark and increased chromatin accessibility, resulting in
the induction of neuronal fate program (Pataskar et al., 2016).
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control mechanism. Interestingly, NEUROD1 targeted itself at the
promoter region, indicating a possible self-regulation during
neuronal differentiation (Zhang et al., 2018). Secondly, Choi et al.
(2020) analyzed which DNA regions are modified during induced iPSC
differentiation into neuronal progenitors. Using Assay for Transposase-
Accessible Chromatin sequencing (ATAC-seq), they demonstrated that
the extensive chromatin accessibility changes occurred predominantly
in neuronal progenitor cell enhancer regions. These DNA accessibility
changes corresponded with histone modification changes. Elevated
levels of trimethylation of histone H3 at lysine 4 (H3K4me3, active
histone marker) andH3K27ac (active histonemarker) and a lower level
of H3K27me3 (repressive histone marker) correlated with accessible
chromatin regions of ATAC peaks in neuronal progenitor cells.
NEUROD1 was identified as the main determinant in this process,
initiating chromatin opening and allowing DNA access to plethora of
other factors participating in the differentiation of neural progenitors
(Choi et al., 2020).

Another mechanistic insight into NEUROD1-induced cell
reprogramming was presented in a study on microglia-to-neuron
conversion (Matsuda et al., 2019). In this study, NEUROD1 was
introduced by lentiviral vector both in vitro into microglia and in
vivo into the adult mouse brain. Focusing initially on DNA
methylation, the study found that NEUROD1 preferentially
binds to unmethylated CpG-rich regions. Despite this
preference, there were no differences between upregulated
neural genes and unchanged genes, indicating that this
epigenetic modification affects NEUROD1 binding but not its
reprogramming activity. In contrast, histone modifications
significantly impacted NEUROD1 activity. The study identified
an enrichment of bivalent domains—marked by both activating
(H3K4me3) and repressive (H3K27me3) histone marks—at
NEUROD1 binding sites of regulatory elements of target
proneural genes (Matsuda et al., 2019). Bivalent domains
allow for rapid gene expression changes, due to the
simultaneous presence of activation and repression marks, a
mechanism crucial for embryonic development (Voigt et al.,
2013; Harikumar and Meshorer, 2015). Subsequently, as
neuronal reprogramming progressed, these NEUROD1-bound
bivalent domains transitioned to a monovalent H3K4me3 state.
This transition represents a reprograming mechanism by which
cells may acquire and maintain neuronal identity (Matsuda et al.,
2019). Interestingly, NEUROD1 was observed to bind its own
endogenous regulatory element, suggesting a potential self-
regulatory loop. Moreover, NEUROD1 also bound to the
promoter region of the Jmjd3 gene, upregulating its
expression. JMJD3 demethylase removes repressive
H3K27me3 from bivalent domains, leading to locally opened
chromatin states. An additional mechanism of NEUROD1-
mediated neuronal reprograming involved the induction of the
expression of transcription factors such as SCRT1 and MEIS2,
which repress the microglial program, helping to facilitate
microglia-to-neuron conversion. Overall,
NEUROD1 selectively targeted proneural genes and activated
their expression through chromatin remodeling, resulting in
transdifferentiation into neuron-like cells (Matsuda et al.,
2019). This discovery was subjected to an intense debate and
series of follow-up studies (Matsuda-Ito et al., 2022; Irie et al.,
2023; Rao and Peng, 2022; Rao et al., 2021), while eventually the

results included lineage tracing and demonstrated that
NEUROD1 can reprogram isolated murine microglia in vitro.

A recent study using the mouse model of Neurod1 deletion
demonstrated the altered chromatin landscape in the developing
endocrine pancreas (Bohuslavova et al., 2023). Neurod1 gene
deficiency changed H3K27me3 profile in bivalent domains of
promoters of genes essential for endocrine development.
Notably, identified peaks were in the proximity of NEUROD1-
binding sites. The deletion of the Neurod1 gene disrupted the
gene regulatory network and chromatin landscape, eventually
compromising endocrine differentiation and the molecular
identity of endocrine cells in the mouse model (Bohuslavova
et al., 2023). Additionally, an enrichment of open chromatin in
the enhancer regions of the NEUROD1 gene and in regions
regulated by NEUROD1 was identified in human pancreatic
islets from diabetic donors compared non-diabetic controls
(Bysani et al., 2019). Correspondingly, the expression levels of
the NEUROD1 mRNA were increased in diabetic islets of donors
(Bysani et al., 2019). These findings suggest that epigenetic
mechanisms regulate the NEUROD1 gene expression and its
ability to bind to target genes in human diabetic islets, aiming
to improve insufficient insulin secretion, a hallmark of diabetes.
These conclusions raise the question of whether
NEUROD1 itself, alone or in coordination with other factors,
directly affects the chromatin structure of diabetic islets, or if
changes in the open chromatin landscape associated with
NEUROD1 expression and function are indirect.

1.6 NEUROD1 role in neuroendocrine
tumorigenesis

Understanding cell-fate determination is important not only
for development but also for cancer research, influencing both
the etiology and treatment of cancer. Neuroendocrine neoplasms
represent a heterogenous group of tumors originating from
widely distributed cells of the neuroendocrine system,
expressing neuronal differentiation markers, and presenting a
broad spectrum of symptoms based on the secreted peptide
hormones (Bertrand et al., 2002). These tumors can emerge
either de novo or because of therapeutic pressure (Oser et al.,
2015). The primary tumors most frequently occur in the lungs
(bronchial carcinoids), intestine, prostate, and pancreas.
Characteristics and therapeutic management of
neuroendocrine tumors largely depend on the location of the
primary tumor and the degree of differentiation and
dissemination. Several studies have reported that upregulation
of NEUROD1 contributes to the malignant progression of
neuroendocrine tumors in the prostate (Cejas et al., 2021),
lungs (Huang et al., 2018; Ireland et al., 2020; Llabata et al.,
2021; Pongor et al., 2022), and the brain (Lewis et al., 2022). For
instance, NEUROD1 promotes tumor cell survival and metastasis
in aggressive neuroendocrine lung and prostate tumors by
facilitating the transformation of epithelial cells to neuronal-
like cells (Cindolo et al., 2007; Pongor et al., 2022). Increased
NEUROD1 expression in patient-derived xenograft (PDX)
models and human clinical samples correlates with enhanced
migration of neuroendocrine small cell lung and prostate cancer
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cells (Ikematsu et al., 2020; Cejas et al., 2021). In a mouse model,
upregulation of NEUROD1 led to the differentiation of
neuroendocrine medulloblastoma cells, resulting in reduced
proliferation and decreased stemness and tumorigenic
potential of these cells (Cheng et al., 2020). This aligns with
NEUROD1’s developmental role in differentiating cerebellar
granule neuron precursors, where its deletion disrupts
differentiation and prolongs precursor cell proliferation
(Miyata et al., 1999). Furthermore, overexpression of
NEUROD1 in non-endocrine lung cancer cell lines activates a
neuroendocrine program, underscoring NEUROD1’s role in
inducing a neuroendocrine phenotype (Neptune et al., 2008).
Differentiation therapy, which reprograms tumor cells to
differentiate, thereby limiting their proliferation and
subsequent tumor growth, presents a promising, less toxic,
and more targeted approach to cancer treatment. This therapy
can be achieved through various combinations of transcription
factors, microRNAs, and alternations in the epigenetic
landscapes (Gong et al., 2019; Chakraborty et al., 2023).
Recent molecular analyses of clinical tissue samples
demonstrated that NEUROD1 drives epigenetic
reprogramming, leading to genetically and epigenetically
diverse sub-populations within the same tumor (Cejas et al.,
2021). The intra- and inter-patient heterogeneity presents
significant challenges for effective clinical treatment,
highlighting the necessity for novel therapeutic strategies. As
understanding of the epigenetic basis of neuroendocrine tumors grows,
therapies targeting these mechanisms are under investigation (Davies
et al., 2020; Barazeghi et al., 2021). The epigenetic drugs currently
approved for cancer therapy are targeting i) DNAmethylation by DNA
methyltransferases inhibitors and ii) histone acetylation by histone
deacetylases inhibitors (Yang et al., 2010; Graca et al., 2016; Ma
et al., 2020). While directly targeting transcription factors like
NEUROD1, which mediate transcriptional and epigenetic changes,
remains challenging, an interesting study showed that a small
molecular inhibitor targeting the transcription factor
ONECUT2—whose expression is linked to poor clinical
outcomes—effectively reduced tumor volume and proliferation in a
mouse model (Rotinen et al., 2018). Designing effective combinatorial
therapeutic strategies will require deeper insights into neuroendocrine
tumor biology and a better understanding of individual patient
phenotypes to target key factors in specific tumor subpopulations.

2 Conclusion and future perspectives

We have reviewed only a part of the recent studies
demonstrating the involvement of NEUROD1 in embryonic
neuronal and endocrine development as well as in
pathological cancer progression. NEUROD1 is able to mediate
extensive reorganization of chromatin modifications (H3K4me1,
H3K4me3, H3K27ac, H3K27me3) at its target sites, which are
often located at enhancers and promoters, across a cohort of cell
types in various stages of differentiation. These changes result in
the forming of euchromatin and subsequently alter the
expression of genes targeted by NEUROD1. Moreover,
NEUROD1 may putatively establish self-propagating loop
directly or together with other chromatin modifiers. Besides

gene activation, differentiation process is also accompanied by
gene downregulation, e.g., stemness genes. Based on the current
state of knowledge, no study provided evidence that
NEUROD1 would bind to cis-regulatory elements of genes
that are switched off during the process. Hence, it is more
likely that NEUROD1 may affect those genes indirectly.
NEUROD1 is a potent pioneering factor capable of chromatin
remodeling initiation, cooperation with other distinctly involved
factors, and launch of impactful upregulation in gene
expression leading to specific cell-fate commitment,
neuronal and endocrine cell phenotypes. The ability of
NEUROD1 to drive cell-fate commitment makes it a
compelling target for therapeutical cell-programming both in
situ and in vitro. Our review underscores the critical roles of
timing and cell context in determining cell fate outcomes.
The potential clinical applications of NEUROD1-based
therapies will depend on continued research in several key
areas: understanding the cell-type-specific mechanisms of
NEUROD1 regulatory activity; characterizing the target
genes and epigenetic modification governed by NEUROD1 in
specific cell types; and developing technologies for efficient, cell-
type-specific targeting of DNA- and small-molecule-based
therapeutics.

Author contributions

GP: Visualization, Writing–original draft, Writing–review and
editing. OS: Writing–original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The
corresponding author of this paper have received funding from
the CSF (22-11516S and 23-05963S to GP), by the CAS (RVO:
86652036 to GP).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Cell and Developmental Biology frontiersin.org08

Pavlinkova and Smolik 10.3389/fcell.2024.1435546

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1435546


References

Akol, I., Izzo, A., Gather, F., Strack, S., Heidrich, S., hAilín, D. Ó., et al. (2023).
Multimodal epigenetic changes and altered NEUROD1 chromatin binding in the mouse
hippocampus underlie FOXG1 syndrome. Proc. Natl. Acad. Sci. 120 (2), e2122467120.
doi:10.1073/pnas.2122467120

Atchley, W. R., and Fitch, W. M. (1997). A natural classification of the basic helix-
loop-helix class of transcription factors. Proc. Natl. Acad. Sci. U. S. A. 94 (10),
5172–5176. doi:10.1073/pnas.94.10.5172

Baker, N. E., and Brown, N. L. (2018). All in the family: proneural bHLH genes and
neuronal diversity. Development 145 (9), dev159426. doi:10.1242/dev.159426

Barazeghi, E., Hellman, P., Norlén, O., Westin, G., and Stålberg, P. (2021).
EZH2 presents a therapeutic target for neuroendocrine tumors of the small
intestine. Sci. Rep. 11 (1), 22733. doi:10.1038/s41598-021-02181-7

Bertrand, N., Castro, D. S., and Guillemot, F. (2002). Proneural genes and the
specification of neural cell types. Nat. Rev. Neurosci. 3 (7), 517–530. doi:10.1038/nrn874

Bohuslavova, R., Fabriciova, V., Smolik, O., Lebron-Mora, L., Abaffy, P., Benesova, S.,
et al. (2023). NEUROD1 reinforces endocrine cell fate acquisition in pancreatic
development. Nat. Commun. 14 (1), 5554. doi:10.1038/s41467-023-41306-6

Bohuslavova, R., Smolik, O., Malfatti, J., Berkova, Z., Novakova, Z., Saudek, F., et al.
(2021). NEUROD1 is required for the early α and β endocrine differentiation in the
pancreas. Int. J. Mol. Sci. 22 (13), 6713. doi:10.3390/ijms22136713

Brulet, R., Matsuda, T., Zhang, L., Miranda, C., Giacca, M., Kaspar, B. K., et al. (2017).
NEUROD1 instructs neuronal conversion in non-reactive astrocytes. Stem Cell. Rep. 8
(6), 1506–1515. doi:10.1016/j.stemcr.2017.04.013

Bysani, M., Agren, R., Davegårdh, C., Volkov, P., Rönn, T., Unneberg, P., et al. (2019).
ATAC-seq reveals alterations in open chromatin in pancreatic islets from subjects with
type 2 diabetes. Sci. Rep. 9, 7785. doi:10.1038/s41598-019-44076-8

Casey, B. H., Kollipara, R. K., Pozo, K., and Johnson, J. E. (2018). Intrinsic DNA
binding properties demonstrated for lineage-specifying basic helix-loop-helix
transcription factors. Genome Res. 28 (4), 484–496. doi:10.1101/gr.224360.117

Cejas, P., Xie, Y., Font-Tello, A., Lim, K., Syamala, S., Qiu, X., et al. (2021). Subtype
heterogeneity and epigenetic convergence in neuroendocrine prostate cancer. Nat.
Commun. 12 (1), 5775. doi:10.1038/s41467-021-26042-z

Chakraborty, G., Gupta, K., and Kyprianou, N. (2023). Epigenetic mechanisms
underlying subtype heterogeneity and tumor recurrence in prostate cancer. Nat.
Commun. 14 (1), 567. doi:10.1038/s41467-023-36253-1

Chao, C. S., Loomis, Z. L., Lee, J. E., and Sussel, L. (2007). Genetic identification of a
novel NeuroD1 function in the early differentiation of islet alpha, PP and epsilon cells.
Dev. Biol. 312 (2), 523–532. doi:10.1016/j.ydbio.2007.09.057

Cheng, Y., Liao, S., Xu, G., Hu, J., Guo, D., Du, F., et al. (2020). NeuroD1 dictates
tumor cell differentiation in medulloblastoma. Cell. Rep. 31 (12), 107782. doi:10.1016/j.
celrep.2020.107782

Choi, W.-Y., Hwang, J.-H., Cho, A.-Na, Lee, A. J., Jung, I., Cho, S.-W., et al. (2020).
NEUROD1 intrinsically initiates differentiation of induced pluripotent stem cells into
neural progenitor cells.Mol. Cells 43 (12), 1011–1022. doi:10.14348/molcells.2020.0207

Chu, K., Nemoz-Gaillard, E., and Tsai, M. J. (2001). BETA2 and pancreatic islet
development. Recent Prog. Hormone Res. 56, 23–46. doi:10.1210/rp.56.1.23

Cindolo, L., Franco, R., Cantile, M., Schiavo, G., Liguori, G., Chiodini, P., et al. (2007).
NeuroD1 expression in human prostate cancer: can it contribute to neuroendocrine
differentiation comprehension? Eur. Urol. 52 (5), 1365–1373. doi:10.1016/j.eururo.
2006.11.030

Crews, S. T., and Fan, C. M. (1999). Remembrance of things PAS: regulation of
development by bHLH-PAS proteins. Curr. Opin. Genet. Dev. 9 (5), 580–587. doi:10.
1016/s0959-437x(99)00003-9

Davies, A., Zoubeidi, A., and Selth, L. A. (2020). The epigenetic and transcriptional
landscape of neuroendocrine prostate cancer. Endocr. Relat. Cancer 27 (2), R35–R50.
doi:10.1530/ERC-19-0420

de Martin, X., Sodaei, R., and Santpere, G. (2021). Mechanisms of binding specificity
among bHLH transcription factors. Int. J. Mol. Sci. 22 (17), 9150. doi:10.3390/
ijms22179150

Dennis, D. J., Han, S., and Schuurmans, C. (2019). bHLH transcription factors in
neural development, disease, and reprogramming. Brain Res. 1705, 48–65. doi:10.1016/
j.brainres.2018.03.013

Dudek, K. D., Osipovich, A. B., Cartailler, J.-P., Gu, G., and Magnuson, M. A. (2021).
Insm1, Neurod1, and Pax6 promote murine pancreatic endocrine cell development
through overlapping yet distinct RNA transcription and splicing programs. G3 Genes|
Genomes|Genetics 11 (11), jkab303. doi:10.1093/g3journal/jkab303

Filova, I., Bohuslavova, R., Tavakoli, M., Yamoah, E. N., Fritzsch, B., and Pavlinkova,
G. (2022). Early deletion of Neurod1 alters neuronal lineage potential and diminishes
neurogenesis in the inner ear. Front. Cell. Dev. Biol. 10, 845461. doi:10.3389/fcell.2022.
845461

Fritzsch, B., Jahan, I., Pan, N., and Elliott, K. L. (2015). Evolving gene regulatory
networks into cellular networks guiding adaptive behavior: an outline how single cells

could have evolved into a centralized neurosensory system. Cell. Tissue Res. 359 (1),
295–313. doi:10.1007/s00441-014-2043-1

Gao, Z., Ure, K., Ables, J. L., Lagace, D. C., Nave, K. A., Goebbels, S., et al. (2009).
Neurod1 is essential for the survival and maturation of adult-born neurons. Nat.
Neurosci. 12 (9), 1090–1092. doi:10.1038/nn.2385

Gerace, D., Martiniello-Wilks, R., Habib, R., Ren, B., Nassif, N. T., O’Brien, B. A., et al.
(2019). Ex vivo expansion of murine MSC impairs transcription factor-induced
differentiation into pancreatic β-cells. Stem Cells Int. 2019, 1–15. doi:10.1155/2019/
1395301

Gong, L., Yan, Q., Zhang, Y., Fang, X., Liu, B., and Guan, X. (2019). Cancer cell
reprogramming: a promising therapy converting malignancy to benignity. Cancer
Commun. (Lond) 39 (1), 48. doi:10.1186/s40880-019-0393-5

Graca, I., Pereira-Silva, E., Henrique, R., Packham, G., Crabb, S. J., and Jeronimo, C.
(2016). Epigenetic modulators as therapeutic targets in prostate cancer. Clin. Epigenetics
8, 98. doi:10.1186/s13148-016-0264-8

Gu, C., Stein, G. H., Pan, N., Goebbels, S., Hörnberg, H., Nave, K.-A., et al. (2010).
Pancreatic beta cells require NeuroD to achieve and maintain functional maturity. Cell.
Metab. 11 (4), 298–310. doi:10.1016/j.cmet.2010.03.006

Guo, Q. S., Zhu, M. Y., Wang, L., Fan, X. J., Lu, Y. H., Wang, Z. W., et al. (2012).
Combined transfection of the three transcriptional factors, PDX-1, NeuroD1, and
MafA, causes differentiation of bone marrow mesenchymal stem cells into insulin-
producing cells. Exp. Diabetes Res. 2012, 672013. doi:10.1155/2012/672013

Guo, Z., Zhang, L., Wu, Z., Chen, Y., Wang, F., and Chen, G. (2014). In vivo direct
reprogramming of reactive glial cells into functional neurons after brain injury and in an
Alzheimer’s disease model. Cell. Stem Cell. 14 (2), 188–202. doi:10.1016/j.stem.2013.
12.001

Hallam, S., Singer, E., Waring, D., and Jin, Y. (2000). The C. elegansNeuroD homolog
cnd-1 functions in multiple aspects of motor neuron fate specification.Development 127
(19), 4239–4252. doi:10.1242/dev.127.19.4239

Harikumar, A., and Meshorer, E. (2015). Chromatin remodeling and bivalent histone
modifications in embryonic stem cells. EMBO Rep. 16 (12), 1609–1619. doi:10.15252/
embr.201541011

Hevner, R. F., Hodge, R. D., Daza, R. A., and Englund, C. (2006). Transcription
factors in glutamatergic neurogenesis: conserved programs in neocortex,
cerebellum, and adult hippocampus. Neurosci. Res. 55 (3), 223–233. doi:10.
1016/j.neures.2006.03.004

Horikawa, Y., and Enya, M. (2019). Genetic dissection and clinical features of
MODY6 (NEUROD1-MODY). Curr. Diab Rep. 19 (3), 12. doi:10.1007/s11892-019-
1130-9

Huang, Y.-H., Klingbeil, O., He, X.-Y., Wu, X. S., Arun, G., Lu, B., et al. (2018).
POU2F3 is a master regulator of a tuft cell-like variant of small cell lung cancer. Genes.
& Dev. 32 (13-14), 915–928. doi:10.1101/gad.314815.118

Ikematsu, Y., Tanaka, K., Toyokawa, G., Ijichi, K., Ando, N., Yoneshima, Y., et al.
(2020). NEUROD1 is highly expressed in extensive-disease small cell lung cancer and
promotes tumor cell migration. Lung Cancer 146, 97–104. doi:10.1016/j.lungcan.2020.
05.012

Imayoshi, I., and Kageyama, R. (2014). bHLH factors in self-renewal, multipotency,
and fate choice of neural progenitor cells. Neuron 82 (1), 9–23. doi:10.1016/j.neuron.
2014.03.018

Ireland, A. S., Micinski, A. M., Kastner, D. W., Guo, B., Wait, S. J., Spainhower, K. B.,
et al. (2020). MYC drives temporal evolution of small cell lung cancer subtypes by
reprogramming neuroendocrine fate. Cancer Cell. 38 (1), 60–78. doi:10.1016/j.ccell.
2020.05.001

Irie, T., MatsudaIto-Ito, K., Matsuda, T., Masuda, T., Prinz, M., Isobe, N., et al. (2023).
Lineage tracing identifies in vitro microglia-to-neuron conversion by
NeuroD1 expression. Genes. Cells. 28 (7), gtc.13033. doi:10.1111/gtc.13033

Itkin-Ansari, P., Marcora, E., Geron, I., Tyrberg, B., Demeterco, C., Hao, E., et al.
(2005). NeuroD1 in the endocrine pancreas: localization and dual function as an
activator and repressor. Dev. Dyn. 233 (3), 946–953. doi:10.1002/dvdy.20443

Iwafuchi-Doi, M., and Zaret, K. S. (2016). Cell fate control by pioneer transcription
factors. Development 143 (11), 1833–1837. doi:10.1242/dev.133900

Jahan, I., Pan, N., Kersigo, J., and Fritzsch, B. (2010). Neurod1 suppresses hair cell
differentiation in ear ganglia and regulates hair cell subtype development in the cochlea.
PloS one 5 (7), e11661. doi:10.1371/journal.pone.0011661

Jones, S. (2004). An overview of the basic helix-loop-helix proteins. Genome Biol. 5
(6), 226. doi:10.1186/gb-2004-5-6-226

Karpińska, M., and Czauderna, M. (2022). Pancreas-its functions, disorders, and
physiological impact on the mammals’ organism. Front. Physiol. 13, 807632. doi:10.
3389/fphys.2022.807632

Kim, W.-Y., Fritzsch, B., Serls, A., Bakel, L. A., Huang, E. J., Reichardt, L. F., et al.
(2001). NeuroD-null mice are deaf due to a severe loss of the inner ear sensory
neurons during development. Development 128 (3), 417–426. doi:10.1242/dev.128.
3.417

Frontiers in Cell and Developmental Biology frontiersin.org09

Pavlinkova and Smolik 10.3389/fcell.2024.1435546

https://doi.org/10.1073/pnas.2122467120
https://doi.org/10.1073/pnas.94.10.5172
https://doi.org/10.1242/dev.159426
https://doi.org/10.1038/s41598-021-02181-7
https://doi.org/10.1038/nrn874
https://doi.org/10.1038/s41467-023-41306-6
https://doi.org/10.3390/ijms22136713
https://doi.org/10.1016/j.stemcr.2017.04.013
https://doi.org/10.1038/s41598-019-44076-8
https://doi.org/10.1101/gr.224360.117
https://doi.org/10.1038/s41467-021-26042-z
https://doi.org/10.1038/s41467-023-36253-1
https://doi.org/10.1016/j.ydbio.2007.09.057
https://doi.org/10.1016/j.celrep.2020.107782
https://doi.org/10.1016/j.celrep.2020.107782
https://doi.org/10.14348/molcells.2020.0207
https://doi.org/10.1210/rp.56.1.23
https://doi.org/10.1016/j.eururo.2006.11.030
https://doi.org/10.1016/j.eururo.2006.11.030
https://doi.org/10.1016/s0959-437x(99)00003-9
https://doi.org/10.1016/s0959-437x(99)00003-9
https://doi.org/10.1530/ERC-19-0420
https://doi.org/10.3390/ijms22179150
https://doi.org/10.3390/ijms22179150
https://doi.org/10.1016/j.brainres.2018.03.013
https://doi.org/10.1016/j.brainres.2018.03.013
https://doi.org/10.1093/g3journal/jkab303
https://doi.org/10.3389/fcell.2022.845461
https://doi.org/10.3389/fcell.2022.845461
https://doi.org/10.1007/s00441-014-2043-1
https://doi.org/10.1038/nn.2385
https://doi.org/10.1155/2019/1395301
https://doi.org/10.1155/2019/1395301
https://doi.org/10.1186/s40880-019-0393-5
https://doi.org/10.1186/s13148-016-0264-8
https://doi.org/10.1016/j.cmet.2010.03.006
https://doi.org/10.1155/2012/672013
https://doi.org/10.1016/j.stem.2013.12.001
https://doi.org/10.1016/j.stem.2013.12.001
https://doi.org/10.1242/dev.127.19.4239
https://doi.org/10.15252/embr.201541011
https://doi.org/10.15252/embr.201541011
https://doi.org/10.1016/j.neures.2006.03.004
https://doi.org/10.1016/j.neures.2006.03.004
https://doi.org/10.1007/s11892-019-1130-9
https://doi.org/10.1007/s11892-019-1130-9
https://doi.org/10.1101/gad.314815.118
https://doi.org/10.1016/j.lungcan.2020.05.012
https://doi.org/10.1016/j.lungcan.2020.05.012
https://doi.org/10.1016/j.neuron.2014.03.018
https://doi.org/10.1016/j.neuron.2014.03.018
https://doi.org/10.1016/j.ccell.2020.05.001
https://doi.org/10.1016/j.ccell.2020.05.001
https://doi.org/10.1111/gtc.13033
https://doi.org/10.1002/dvdy.20443
https://doi.org/10.1242/dev.133900
https://doi.org/10.1371/journal.pone.0011661
https://doi.org/10.1186/gb-2004-5-6-226
https://doi.org/10.3389/fphys.2022.807632
https://doi.org/10.3389/fphys.2022.807632
https://doi.org/10.1242/dev.128.3.417
https://doi.org/10.1242/dev.128.3.417
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1435546


Ledent, V., and Vervoort, M. (2001). The basic helix-loop-helix protein family:
comparative genomics and phylogenetic analysis. Genome Res. 11 (5), 754–770. doi:10.
1101/gr.177001

Lee, J. E., Hollenberg, S. M., Snider, L., Turner, D. L., Lipnick, N., and Weintraub, H.
(1995). Conversion of Xenopus ectoderm into neurons by NeuroD, a basic helix-loop-
helix protein. Science 268 (5212), 836–844. doi:10.1126/science.7754368

Lewis, N. A., Klein, R. H., Kelly, C., Yee, J., and Knoepfler, P. S. (2022). Histone
H3.3 K27M chromatin functions implicate a network of neurodevelopmental factors
including ASCL1 and NEUROD1 in DIPG. Epigenetics Chromatin 15 (1), 18. doi:10.
1186/s13072-022-00447-6

Li, H.-Tu, Jiang, F.-Xu, Shi, P., Zhang, T., Liu, X.-Yu, Lin, X.-W., et al. (2017). In vitro
reprogramming of rat bmMSCs into pancreatic endocrine-like cells. Vitro Cell. Dev.
Biol. - Animal 53 (2), 157–166. doi:10.1007/s11626-016-0087-0

Liu, M., Pereira, F. A., Price, S. D., Chu, M.-jin, Shope, C., Himes, D., et al. (2000b).
Essential role of BETA2/NeuroD1 in development of the vestibular and auditory
systems. Genes. & Dev. 14 (22), 2839–2854. doi:10.1101/gad.840500

Liu, M., Pleasure, S. J., Collins, A. E., Noebels, J. L., Naya, F. J., Tsai, M. J., et al. (2000a).
Loss of BETA2/NeuroD leads to malformation of the dentate gyrus and epilepsy. Proc.
Natl. Acad. Sci. U. S. A. 97 (2), 865–870. doi:10.1073/pnas.97.2.865

Llabata, P., Torres-Diz, M., Gomez, A., Tomas-Daza, L., Romero, O. A., Grego-Bessa,
J., et al. (2021). MAXmutant small-cell lung cancers exhibit impaired activities ofMGA-
dependent noncanonical polycomb repressive complex. Proc. Natl. Acad. Sci. 118 (37),
e2024824118. doi:10.1073/pnas.2024824118

Ma, A., Stratikopoulos, E., Park, K. S., Wei, J., Martin, T. C., Yang, X., et al. (2020).
Discovery of a first-in-class EZH2 selective degrader. Nat. Chem. Biol. 16 (2), 214–222.
doi:10.1038/s41589-019-0421-4

Macova, I., Pysanenko, K., Chumak, T., Dvorakova, M., Bohuslavova, R., Syka, J., et al.
(2019). Neurod1 is essential for the primary tonotopic organization and related auditory
information processing in the midbrain. J. Neurosci. 39 (6), 984–1004. doi:10.1523/
JNEUROSCI.2557-18.2018

Malecki, M. T., Jhala, U. S., Antonellis, A., Fields, L., Doria, A., Orban, T., et al. (1999).
Mutations in NEUROD1 are associated with the development of type 2 diabetes
mellitus. Nat. Genet. 23 (3), 323–328. doi:10.1038/15500

Mastracci, T. L., Anderson, K. R., Papizan, J. B., and Sussel, L. (2013). Regulation of
Neurod1 contributes to the lineage potential of Neurogenin3+ endocrine precursor cells
in the pancreas. PLOS Genet. 9 (2), e1003278. doi:10.1371/journal.pgen.1003278

Matsuda, T., Irie, T., Katsurabayashi, S., Hayashi, Y., Nagai, T., Hamazaki, N., et al. (2019).
Pioneer factor NeuroD1 rearranges transcriptional and epigenetic profiles to execute
microglia-neuron conversion. Neuron 101 (3), 472–485. doi:10.1016/j.neuron.2018.12.010

Matsuda-Ito, K., Matsuda, T., and Nakashima, K. (2022). Expression level of the
reprogramming factor NeuroD1 is critical for neuronal conversion efficiency from
different cell types. Sci. Rep. 12 (1), 17980. doi:10.1038/s41598-022-22802-z

Miyata, T., Maeda, T., and Lee, J. E. (1999). NeuroD is required for differentiation of
the granule cells in the cerebellum and hippocampus. Genes. Dev. 13 (13), 1647–1652.
doi:10.1101/gad.13.13.1647

Morrow, E. M., Furukawa, T., Lee, J. E., and Cepko, C. L. (1999). NeuroD regulates
multiple functions in the developing neural retina in rodent. Development 126 (1),
23–36. doi:10.1242/dev.126.1.23

Murre, C. (2019). Helix-loop-helix proteins and the advent of cellular diversity:
30 years of discovery. Genes. Dev. 33 (1-2), 6–25. doi:10.1101/gad.320663.118

Naya, F. J., Huang, H. P., Qiu, Y., Mutoh, H., DeMayo, F. J., Leiter, A. B., et al. (1997).
Diabetes, defective pancreatic morphogenesis, and abnormal enteroendocrine
differentiation in BETA2/neuroD-deficient mice. Genes. Dev. 11 (18), 2323–2334.
doi:10.1101/gad.11.18.2323

Naya, F. J., Stellrecht, C. M., and Tsai, M. J. (1995). Tissue-specific regulation of the
insulin gene by a novel basic helix-loop-helix transcription factor. Genes. & Dev. 9 (8),
1009–1019. doi:10.1101/gad.9.8.1009

Neptune, E. R., Podowski, M., Calvi, C., Cho, J. H., Garcia, J. G., Tuder, R., et al.
(2008). Targeted disruption of NeuroD, a proneural basic helix-loop-helix factor,
impairs distal lung formation and neuroendocrine morphology in the neonatal lung.
J. Biol. Chem. 283 (30), 21160–21169. doi:10.1074/jbc.M708692200

Nishimura, K., Weichert, R. M., Liu, W., Davis, R. L., and Dabdoub, A. (2014).
Generation of induced neurons by direct reprogramming in the mammalian cochlea.
Neuroscience 275, 125–135. doi:10.1016/j.neuroscience.2014.05.067

Noda, T., Meas, S. J., Nogami, J., Amemiya, Y., Uchi, R., Ohkawa, Y., et al. (2018).
Direct reprogramming of spiral ganglion non-neuronal cells into neurons: toward
ameliorating sensorineural hearing loss by gene therapy. Front. Cell. Dev. Biol. 6, 16.
doi:10.3389/fcell.2018.00016

Oser, M. G., Niederst, M. J., Sequist, L. V., and Engelman, J. A. (2015).
Transformation from non-small-cell lung cancer to small-cell lung cancer:
molecular drivers and cells of origin. Lancet Oncol. 16 (4), e165–e172. doi:10.1016/
S1470-2045(14)71180-5

Packard, A., Giel-Moloney, M., Leiter, A., and Schwob, J. E. (2011). Progenitor cell
capacity of NeuroD1-expressing globose basal cells in the mouse olfactory epithelium.
J. Comp. Neurol. 519 (17), 3580–3596. doi:10.1002/cne.22726

Pan, N., Jahan, I., Lee, J. E., and Fritzsch, B. (2009). Defects in the cerebella of
conditional Neurod1 null mice correlate with effective Tg(Atoh1-cre) recombination
and granule cell requirements for Neurod1 for differentiation. Cell. Tissue Res. 337 (3),
407–428. doi:10.1007/s00441-009-0826-6

Pang, Z. P., Yang, N., Vierbuchen, T., Ostermeier, A., Fuentes, D. R., Yang, T. Q., et al.
(2011). Induction of human neuronal cells by defined transcription factors. Nature 476
(7359), 220–223. doi:10.1038/nature10202

Pataskar, A., Jung, J., Smialowski, P., Noack, F., Calegari, F., Straub, T., et al. (2016).
NeuroD1 reprograms chromatin and transcription factor landscapes to induce the
neuronal program. EMBO J. 35 (1), 24–45. doi:10.15252/embj.201591206

Pennesi, M. E., Cho, J. H., Yang, Z., Wu, S. H., Zhang, J., Wu, S. M., et al. (2003).
BETA2/NeuroD1 null mice: a new model for transcription factor-dependent
photoreceptor degeneration. J. Neurosci. 23 (2), 453–461. doi:10.1523/JNEUROSCI.
23-02-00453.2003

Petersen, G. F., Hilbert, B. J., Trope, G. D., Kalle, W. H. J., and Strappe, P. M. (2015).
Direct conversion of equine adipose-derived stem cells into induced neuronal cells is
enhanced in three-dimensional culture. Cell. Reprogr. 17 (6), 419–426. doi:10.1089/cell.
2015.0046

Pongor, L. S., Tlemsani, C., Elloumi, F., Arakawa, Y., Jo, U., Gross, J. M., et al. (2022).
Integrative epigenomic analyses of small cell lung cancer cells demonstrates the clinical
translational relevance of gene body methylation. iScience 25 (11), 105338. doi:10.1016/
j.isci.2022.105338

Pyott, S. J., Pavlinkova, G., Yamoah, E. N., and Fritzsch, B. (2024). Harmony in the
molecular orchestra of hearing: developmental mechanisms from the ear to the brain.
Annu. Rev. Neurosci. 47. doi:10.1146/annurev-neuro-081423-093942

Rao, Y., Du, S., Yang, B., Wang, Y., Li, Y., Li, R., et al. (2021). NeuroD1 induces
microglial apoptosis and cannot induce microglia-to-neuron cross-lineage
reprogramming. Neuron 109 (24), 4094–4108 e5. doi:10.1016/j.neuron.2021.11.008

Rao, Y., and Peng, Bo (2022). Failure of observing NeuroD1-induced microglia-to-
neuron conversion in vitro is not attributed to the low NeuroD1 expression level. Mol.
Brain 15 (1), 31. doi:10.1186/s13041-022-00912-z

Ren, B., Tao, C., Swan, M. A., Joachim, N., Martiniello-Wilks, R., Nassif, N. T., et al.
(2016). Pancreatic transdifferentiation and glucose-regulated production of human
insulin in the H4IIE rat liver cell line. Int. J. Mol. Sci. 17 (4), 534. doi:10.3390/
ijms17040534

Romer, A. I., Singer, R. A., Sui, L., Egli, D., and Sussel, L. (2019). Murine perinatal β-
cell proliferation and the differentiation of human stem cell-derived insulin-expressing
cells require NEUROD1. Diabetes 68 (12), 2259–2271. doi:10.2337/db19-0117

Rotinen, M., You, S., Yang, J., Coetzee, S. G., Reis-Sobreiro, M., Huang, W.-C., et al.
(2018). ONECUT2 is a targetable master regulator of lethal prostate cancer that
suppresses the androgen axis. Nat. Med. 24 (12), 1887–1898. doi:10.1038/s41591-
018-0241-1

Rubio-Cabezas, O., Minton, J. A. L., Kantor, I., Williams, D., Ellard, S., and Hattersley,
A. T. (2010). Homozygous mutations in NEUROD1 are responsible for a novel
syndrome of permanent neonatal diabetes and neurological abnormalities. Diabetes
59 (9), 2326–2331. doi:10.2337/db10-0011

Schwab, M. H., Bartholomae, A., Heimrich, B., Feldmeyer, D., Druffel-Augustin, S.,
Goebbels, S., et al. (2000). Neuronal basic helix-loop-helix proteins (NEX and BETA2/
Neuro D) regulate terminal granule cell differentiation in the hippocampus. J. Neurosci.
20 (10), 3714–3724. doi:10.1523/JNEUROSCI.20-10-03714.2000

Seo, S., Richardson, G. A., and Kroll, K. L. (2005). The SWI/SNF chromatin
remodeling protein Brg1 is required for vertebrate neurogenesis and mediates
transactivation of Ngn and NeuroD. Development 132 (1), 105–115. doi:10.1242/
dev.01548

Singh, A., Mahesh, A., Noack, F., Cardoso De Toledo, B., Calegari, F., and Tiwari, V.
K. (2022). Tcf12 and NeuroD1 cooperatively drive neuronal migration during cortical
development. Development 149 (3), dev200250. doi:10.1242/dev.200250

Sommer, L., Ma, Q., and Anderson, D. J. (1996). neurogenins, a novel family of
atonal-related bHLH transcription factors, are putative mammalian neuronal
determination genes that reveal progenitor cell heterogeneity in the developing CNS
and PNS. Mol. Cell. Neurosci. 8 (4), 221–241. doi:10.1006/mcne.1996.0060

Son, E. Y., Ichida, J. K., Wainger, B. J., Toma, J. S., Rafuse, V. F., Woolf, C. J., et al.
(2011). Conversion of mouse and human fibroblasts into functional spinal motor
neurons. Cell. Stem Cell. 9 (3), 205–218. doi:10.1016/j.stem.2011.07.014

Sugimori, M., Nagao, M., Bertrand, N., Parras, C. M., Guillemot, F., and Nakafuku, M.
(2007). Combinatorial actions of patterning and HLH transcription factors in the
spatiotemporal control of neurogenesis and gliogenesis in the developing spinal cord.
Development 134 (8), 1617–1629. doi:10.1242/dev.001255

Vermeiren, S., Bellefroid, E. J., and Desiderio, S. (2020). Vertebrate sensory ganglia:
common and divergent features of the transcriptional programs generating their
functional specialization. Front. Cell. Dev. Biol. 8, 587699. doi:10.3389/fcell.2020.587699

Voigt, P., Tee, W. W., and Reinberg, D. (2013). A double take on bivalent promoters.
Genes. Dev. 27 (12), 1318–1338. doi:10.1101/gad.219626.113

Wang, L. L., Serrano, C., Zhong, X., Ma, S., Zou, Y., and Zhang, C. L. (2021a).
Revisiting astrocyte to neuron conversion with lineage tracing in vivo. Cell. 184 (21),
5465–5481 e16. doi:10.1016/j.cell.2021.09.005

Frontiers in Cell and Developmental Biology frontiersin.org10

Pavlinkova and Smolik 10.3389/fcell.2024.1435546

https://doi.org/10.1101/gr.177001
https://doi.org/10.1101/gr.177001
https://doi.org/10.1126/science.7754368
https://doi.org/10.1186/s13072-022-00447-6
https://doi.org/10.1186/s13072-022-00447-6
https://doi.org/10.1007/s11626-016-0087-0
https://doi.org/10.1101/gad.840500
https://doi.org/10.1073/pnas.97.2.865
https://doi.org/10.1073/pnas.2024824118
https://doi.org/10.1038/s41589-019-0421-4
https://doi.org/10.1523/JNEUROSCI.2557-18.2018
https://doi.org/10.1523/JNEUROSCI.2557-18.2018
https://doi.org/10.1038/15500
https://doi.org/10.1371/journal.pgen.1003278
https://doi.org/10.1016/j.neuron.2018.12.010
https://doi.org/10.1038/s41598-022-22802-z
https://doi.org/10.1101/gad.13.13.1647
https://doi.org/10.1242/dev.126.1.23
https://doi.org/10.1101/gad.320663.118
https://doi.org/10.1101/gad.11.18.2323
https://doi.org/10.1101/gad.9.8.1009
https://doi.org/10.1074/jbc.M708692200
https://doi.org/10.1016/j.neuroscience.2014.05.067
https://doi.org/10.3389/fcell.2018.00016
https://doi.org/10.1016/S1470-2045(14)71180-5
https://doi.org/10.1016/S1470-2045(14)71180-5
https://doi.org/10.1002/cne.22726
https://doi.org/10.1007/s00441-009-0826-6
https://doi.org/10.1038/nature10202
https://doi.org/10.15252/embj.201591206
https://doi.org/10.1523/JNEUROSCI.23-02-00453.2003
https://doi.org/10.1523/JNEUROSCI.23-02-00453.2003
https://doi.org/10.1089/cell.2015.0046
https://doi.org/10.1089/cell.2015.0046
https://doi.org/10.1016/j.isci.2022.105338
https://doi.org/10.1016/j.isci.2022.105338
https://doi.org/10.1146/annurev-neuro-081423-093942
https://doi.org/10.1016/j.neuron.2021.11.008
https://doi.org/10.1186/s13041-022-00912-z
https://doi.org/10.3390/ijms17040534
https://doi.org/10.3390/ijms17040534
https://doi.org/10.2337/db19-0117
https://doi.org/10.1038/s41591-018-0241-1
https://doi.org/10.1038/s41591-018-0241-1
https://doi.org/10.2337/db10-0011
https://doi.org/10.1523/JNEUROSCI.20-10-03714.2000
https://doi.org/10.1242/dev.01548
https://doi.org/10.1242/dev.01548
https://doi.org/10.1242/dev.200250
https://doi.org/10.1006/mcne.1996.0060
https://doi.org/10.1016/j.stem.2011.07.014
https://doi.org/10.1242/dev.001255
https://doi.org/10.3389/fcell.2020.587699
https://doi.org/10.1101/gad.219626.113
https://doi.org/10.1016/j.cell.2021.09.005
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1435546


Wang, L.-L., and Zhang, C.-Li (2022). In vivo glia-to-neuron conversion: pitfalls and
solutions. Dev. Neurobiol. 82 (5), 367–374. doi:10.1002/dneu.22880

Wang, X., Pei, Z., Hossain, A., Bai, Y., and Chen, G. (2021b). Transcription factor-based
gene therapy to treat glioblastoma through direct neuronal conversion. Cancer Biol. Med. 18
(3), 860–874. doi:10.20892/j.issn.2095-3941.2020.0499

Wapinski, O. L., Vierbuchen, T., Qu, K., Lee, Q. Y., Chanda, S., Fuentes, D. R., et al.
(2013). Hierarchical mechanisms for direct reprogramming of fibroblasts to neurons.
Cell. 155 (3), 621–635. doi:10.1016/j.cell.2013.09.028

Xu, D., Zhong, L. T., Cheng, H. Y., Wang, Z. Q., Chen, X. M., Feng, A. Y., et al. (2023).
Overexpressing NeuroD1 reprograms Muller cells into various types of retinal neurons.
Neural Regen. Res. 18 (5), 1124–1131. doi:10.4103/1673-5374.355818

Yang, X., Lay, F., Han, H., and Jones, P. A. (2010). Targeting DNA methylation
for epigenetic therapy. Trends Pharmacol. Sci. 31 (11), 536–546. doi:10.1016/j.tips.
2010.08.001

Yatoh, S., Akashi, T., Chan, P. P., Kaneto, H., Sharma, A., Bonner-Weir, S., et al.
(2007). NeuroD and reaggregation induce beta-cell specific gene expression in

cultured hepatocytes. Diabetes/Metabolism Res. Rev. 23 (3), 239–249. doi:10.1002/
dmrr.678

Zhang, S., Moy, W., Zhang, H., Leites, C., McGowan, H., Shi, J., et al. (2018).
Open chromatin dynamics reveals stage-specific transcriptional networks in
hiPSC-based neurodevelopmental model. Stem Cell. Res. 29, 88–98. doi:10.
1016/j.scr.2018.03.014

Zhang, T., Saunee, N. A., Breslin, M. B., Song, K., and Lan, M. S. (2012). Functional
role of an islet transcription factor, INSM1/IA-1, on pancreatic acinar cell trans-
differentiation. J. Cell. Physiol. 227 (6), 2470–2479. doi:10.1002/jcp.22982

Zhang, T., Wang, H., Saunee, N. A., Breslin, M. B., and Lan, M. S. (2010).
Insulinoma-associated antigen-1 zinc-finger transcription factor promotes
pancreatic duct cell trans-differentiation. Endocrinology 151 (5), 2030–2039.
doi:10.1210/en.2009-1224

Zhao, M., Amiel, S. A., Ajami, S., Jiang, J., Mohamed, R., Heaton, N., et al. (2008).
Amelioration of streptozotocin-induced diabetes in mice with cells derived from
human marrow stromal cells. PLoS ONE 3 (7), e2666. doi:10.1371/journal.
pone.0002666

Frontiers in Cell and Developmental Biology frontiersin.org11

Pavlinkova and Smolik 10.3389/fcell.2024.1435546

https://doi.org/10.1002/dneu.22880
https://doi.org/10.20892/j.issn.2095-3941.2020.0499
https://doi.org/10.1016/j.cell.2013.09.028
https://doi.org/10.4103/1673-5374.355818
https://doi.org/10.1016/j.tips.2010.08.001
https://doi.org/10.1016/j.tips.2010.08.001
https://doi.org/10.1002/dmrr.678
https://doi.org/10.1002/dmrr.678
https://doi.org/10.1016/j.scr.2018.03.014
https://doi.org/10.1016/j.scr.2018.03.014
https://doi.org/10.1002/jcp.22982
https://doi.org/10.1210/en.2009-1224
https://doi.org/10.1371/journal.pone.0002666
https://doi.org/10.1371/journal.pone.0002666
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1435546

	NEUROD1: transcriptional and epigenetic regulator of human and mouse neuronal and endocrine cell lineage programs
	1 Introduction
	1.1 bHLH transcription factors
	1.2 NEUROD1 as a proneural bHLH factor in neurons
	1.3 NEUROD1 role in the developing pancreas
	1.4 NEUROD1-induced cell-reprogramming
	1.5 NEUROD1-driven cell-fate determining mechanisms
	1.6 NEUROD1 role in neuroendocrine tumorigenesis

	2 Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


