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SUMMARY

Directed neuronal differentiation of human pluripotent stem cells
(hPSCs), neural progenitors, or fibroblasts using transcription fac-
tors has allowed for the rapid and highly reproducible differentia-
tion of mature and functional neurons. Exogenous expression of
the transcription factor Neurogenin-2 (NGN2) has been widely
used to generate different populations of neurons, which have
been used in neurodevelopment studies, disease modeling, drug
screening, and neuronal replacement therapies. Could NGN2 be
a “one-glove-fits-all” approach for neuronal differentiations? This
review summarizes the cellular roles of NGN2 and describes the ap-
plications and limitations of using NGN2 for the rapid and directed
differentiation of neurons.

INTRODUCTION

Understanding the complex molecular mechanisms regu-
lating neurogenesis at the cellular level is integral to
providing insights into the processes that govern normal
development and, conversely, are distrupted in neurological
diseases. Much of our understanding of neurodevelopment
and neurodegeneration has been from studies in rodents
and established cell lines; however, such approaches are
limited due to inherent differences between rodent and hu-
man genomes and neuronal subtypes. Thus, the ability to
compare and translate findings from animal studies to hu-
mans is impaired (Hodge et al., 2019). Due to the ethical
and technical difficulties associated with gaining access to
human brain tissue and the limited availability of post-
mortem samples, human pluripotent stem cells (hPSCs)
have become an alternative approach to study neurons
in vitro. Human embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) are widely used to generate
different types of neurons in vitro by mimicking the devel-
opmental processes that occur in vivo in a controlled
manner (Chambers et al., 2009). Two main methods exist
to generate neurons from hPSCs. The first approach mimics
the stepwise processes of neurogenesis through timely
addition of extrinsic factors, usually cocktails of small
molecule inhibitors and growth factors, to direct cells

through different progenitor states and toward distinct
cell lineages (Chambers et al., 2009; Denham and Dottori,
2011; Mica et al., 2013). The second approach utilizes the
induced expression of lineage-specifying transcription fac-
tors to directly and rapidly differentiate cells to a specific
fate, often bypassing the progenitor stage (Blanchard
et al., 2015; Chen et al., 2020; Fernandopulle et al., 2018;
Zhang et al., 2013).

The use of extrinsic factors only has been widely used in
the differentiation of hPSCs into different neuronal classes,
including cortical (Denham and Dottori, 2011), dopami-
nergic (Yan et al., 2005; Zhang et al., 2014), serotonergic
(Luetal., 2016), GABAergic (Lin et al., 2015), motor (Amor-
osoetal., 2013; Karumbayaram et al., 2009), and peripheral
sensory neurons (Abu-Bonsrah et al., 2019; Alshawaf et al.,
2018). Recent studies have also utilized combinations of
extrinsic factors to generate 3D organoids including cere-
bral (Lancaster et al., 2013; Pasca et al., 2015; Qian et al.,
2016; Velasco et al., 2019), dorsal root ganglion (Mazzara
et al., 2020), and motor neuron organoids (Faustino Mar-
tins et al., 2020; Kawada et al., 2017). However, extrinsic-
based differentiation protocols are limited by low repro-
ducibility and yields, with inductions often being costly
and time consuming to achieve mature, functional neu-
rons. In contrast, induced expression of transcription fac-
tors can rapidly generate functional neurons from progen-
itors, stem cells, and fibroblasts at timescales significantly
faster than by extrinsic-factor-mediated differentiation
(Blanchard et al., 2015; Busskamp et al., 2014; Ho et al.,
2016). Forced overexpression of relevant transcription fac-
tors is performed using plasmids, viruses, synthetic mRNA,
or CRISPR technologies to obtain constitutive or inducible
expression. While methods of transfecting and trans-
ducing cells can cause genetic modifications to the cell
genome, these approaches provide a fast and robust

method to generate various functional neurons.
A master regulator of neurogenesis, Neurogenin-2

(NGN2), has been widely used to rapidly differentiate a
vast range of functional neurons from hPSCs, neural pro-
genitors, glial cells, or fibroblasts with high reproducibility.
NGN2 overexpression alone, in combination with other
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transcription factors, or in the presence of small molecules
has been used to generate populations of glutamatergic
neurons (Fernandopulle et al.,, 2018; Ho et al., 2016;
Nehme et al.,, 2018; Zhang et al., 2013), motor neurons
(Fernandopulle et al., 2018; Garone et al., 2019; Goparaju
et al., 2017; Hester et al., 2011; Liu et al., 2013; Mazzoni
et al., 2013; Son et al., 2011), peripheral sensory neurons
(Blanchard et al., 2015; Hulme et al., 2020; Nickolls et al.,
2020; Schrenk-Siemens et al., 2015), dopaminergic neu-
rons (Liu et al., 2012; Park et al., 2008; Xue et al., 2019),
and serotonergic neurons (Vadodaria et al., 2016). The
rapid generation of induced neurons (iNs) has allowed for
applications in neurodevelopmental and disease modeling,
high-throughput drug screening, and neuron replacement
therapies.

EXTRINSIC-FACTOR-MEDIATED
DIFFERENTIATION: SLOW AND STEADY

Protocols for the differentiation of hPSCs commonly
attempt to recapitulate events in embryonic development.
Initially, protocols involved the generation of embryoid
bodies (EBs), which are 3D aggregates relying on sponta-
neous differentiation and cell patterning of the three pri-
mary germ layers (Itskovitz-Eldor et al., 2000); however, EB
formation is inefficient and has a limited ability to derive
specific cell populations (Dang et al., 2002). Modeling em-
bryonic developmental processes with hPSC-derived EBs
uncovered relevant signaling pathways that could be
manipulated to better direct cellular differentiation using
exogenous growth factors, cytokines, and small molecule in-
hibitors (Schuldiner et al., 2000). In recapitulating the devel-
opmental path of neurogenesis, differentiation methods
first rely on the differentiation of hPSCs to neural progenitor
cells (NPCs) and then subsequent specification of neuronal
subtypes. For example, dual SMAD inhibition using
SB431542 (a Lefty/Activin/TGF- signaling inhibitor) and
noggin or LDN193189 (BMP pathway inhibitors) drives
the generation of a highly enriched NPC population (Cham-
bersetal., 2009; Lietal., 2011). Furthermore, the application
of recombinant Sonic-hedgehog (SHH) and the agonists
purmorphamine (PUR) and smoothened agonist (SAG)
have been demonstrated in ventralization, while the use of
BMP and canonical WNT pathway modulators such as dor-
somorphin, LDN193189, CHIR99021, and XAV939 are uti-
lized for dorsalization (Imaizumi et al., 2015; Qi et al.,
2017). Small molecules have also been used to generate neu-
ral crest cells at high efficiency through the timely activation
of WNT signaling using the GSK3p inhibitor, CHIR99021
(Denham et al., 2015; Lee et al., 2010). Optimization of
the precise concentrations, timing, and combinations of
these growth factors and small molecules have led to defined

protocols for the generation of specific neuronal subpopula-
tions. In recent years, extrinsic-factor differentiation proto-
cols have been essential in the generation of specific tis-
sue-like organoids including the maturation of cerebral
(Lancaster et al., 2013; Salick et al., 2017; Velasco et al.,
2019), midbrain (Jo et al., 2016), vestibular-tissue-like (Mat-
tei et al., 2019), dorsal root ganglia (DRG) (Mazzara et al.,
2020), and neuromuscular organoids (Faustino Martins
et al., 2020; Kawada et al., 2017). Extrinsic-factor-based dif-
ferentiation protocols are valuable in organoid maturation,
as they mimic the developmental cues that occur in the spe-
cific tissue development in vivo and enable for complex het-
erogeneity of progenitors, mature cells, and supporting cell
types.

More recently, cell culture protocols have been devel-
oped that allow for greater control over cell differentiation,
with defined, stepwise culture methods to induce neuronal
cell fate. Despite these advances, it is critical to note that
none of the examined morphogens or growth factor cock-
tails exclusively directs differentiation to only one cell
type, but rather alters the relative proportions of specific
cell types (as reviewed by Cohen and Melton, 2011). A
multi-site study of the reproducibility of neuronal differen-
tiation with identical iPSC lines used across five distinct
laboratories showed high variability in cell populations
via single-cell transcriptomics (Volpato et al., 2018). In
addition, hPSC lines are demonstrated to respond differ-
ently to the same neuronal differentiation protocols (Wu
et al., 2007). Extrinsic-factor-based neuronal differentia-
tions are also limited by multi-step processes that are
time consuming and result in functionally variable neu-
rons (Johnson et al.,, 2007). The inherent limitations of
extrinsic-factor-based differentiations have led to a shift to-
ward transcription-factor-driven differentiation methods,
owing to their ability to specifically target relevant genes
involved in neuronal development for the rapid and repro-
ducible generation of specific neuronal subtypes.

DIFFERENTIATION BY FORCED EXPRESSION OF
NGN2

NGN2: A key regulator of neurogenesis

The neurogenin (NGN) family, comprising NGN1, NGN2,
and NGN3, is a class of proneural basic-helix-loop-helix
(bHLH) transcription factors that bind to DNA in heterodi-
meric complexes to activate gene transcription (as reviewed
in Bertrand et al., 2002; Ma et al., 1996; Sommer et al.,
1996). The NGN family is expressed throughout the devel-
oping nervous system in a region- and cellular-context-spe-
cific manner. The NGN family have major roles in the
commitment of progenitors to neurons by (1) inhibiting glial
fate (Nieto et al., 2001; Sun et al., 2001), (2) inducing a
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cascade of pan-neuronal genes, (3) promoting cell cycle exit
(Farah et al., 2000), (4) promoting neuronal migration (Ge
et al., 2006; Seo et al., 2007), and (5) promoting the expres-
sion of neuron subtype-specific genes. While all NGNs are
important throughout development, NGN2 has been
heavily utilized for its ability to rapidly induce neuronal
differentiation. The role of NGN2 and its use in neuronal dif-
ferentiation approaches is the primary focus of this review.
NGN2 is transiently expressed in multiple NPC types and
is downregulated during the final differentiation stages to
promote proneural pathways and subtype specification.
NGN2 has been described to regulate differentiation of glu-
tamatergic (Bel-Vialar et al., 2007; Roybon et al., 2009; Scar-
digli et al., 2003), motor (Lee et al., 2009; Lee and Pfaff,
2003; Mizuguchi et al., 2001; Parras et al., 2002; Scardigli
et al., 2001), sensory (Ma et al., 1999; Perez et al., 1999;
Sommer et al., 1996; Zirlinger et al., 2002), and dopami-
nergic neurons (Andersson et al.,, 2006a, 2006b; Kele
et al., 2006) and inhibit the generation of GABAergic neu-
rons (Fode et al., 2000; Jo et al., 2007; Schuurmans et al.,
2004), astrocytes (Sun et al., 2019a), and oligodendrocytes
(Jiang et al., 2020) through the activation or inhibition of
various transcription factors and pathways (Figure 1).
Post-translational modifications and the presence of mor-
phogens and cofactors can affect the role NGN2 plays dur-
ing neuronal differentiation, depending on the cellular
context (Hand et al., 2005; Hindley et al., 2012; Lo et al.,
2002; Ma et al., 2008; Parras et al., 2002). For example, dur-
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(purple pathway). NGN2 plays a role in the
waves of sensory neurogenesis, in turn
activating the genes required for differen-
tiation of specific peripheral sensory neuron
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MASH1, a transcription factor required
for GABAergic neuron generation (gray
pathway). WNT signaling activates NGN2,
which represses the differentiation of as-
trocytes and oligodendrocytes by the
downregulation of astrocyte genes and
OLIG2, respectively (cream pathway).

ing the development of motor neurons, NGN2 is phos-
phorylated on two serine residues that enables the interac-
tion of NGN2 with a combination of transcription factors,
which results in the activation of motor neuron gene cas-
cades (Ma et al., 2008). Tyrosine residue 241 of NGN2 is
selectively phosphorylated within cortical progenitors dur-
ing cortex development, and this phosphorylation allows
NGN2 to drive the radial migration and dendritic
morphology of pyramidal neurons (Hand et al.,, 2005).
The phosphorylation of tyrosine 241 does not alter the pro-
neural activity of NGN2 and instead allows NGN2 to oper-
ate in a regional and subtype-specific manner (Hand et al.,
2005). Additionally, the role of NGN2 can be altered by the
expression of different cofactors. For example, the expres-
sion of NGN1 or NGN2 in the presence of low concentra-
tions of BMP2 is sufficient for the formation of sensory neu-
rons during differentiation of neural tube cultures, whereas
the same cultures incubated in the presence of high BMP2
concentrations acquire an autonomic neuronal fate (Lo
et al., 2002). Thus, the cellular context is critical for the
function and specification of neurons by NGN2.

While there are multiple bHLH transcription factors,
NGN2 has received particular attention for its use in
in vitro differentiation of fibroblasts, hPSCs, and progeni-
tors into a range of neurons including glutamatergic, dopa-
minergic, serotonergic, motor, and sensory neurons. Pub-
lished protocols using the overexpression of NGN2 in the
generation of specific neuronal subtypes are summarized
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Table 1. Current protocols of neuronal differentiation using NGN2 overexpression

Transcription NGN2 Time to
factors used and induction functional Developmental Growth factors
Neuronal subtype Source/species method of delivery duration neurons patterning and co-culture Reference
Bipolar neurons Human ESCs and iPSCs  Ngn2 and Ngn1 via 1-4 days 4 days for NA Co-cultured with rat (Busskamp et al.,
lentiviral gene single action astrocytes 2014)
delivery potentials,
14 days for
action
potentials
trains
Glutamatergic Human ESC and iPSCs ~ Ngn2 via lentiviral Entire duration 2 weeks NA BDNF (Zhang et al., 2013)
excitatory neurons gene delivery
Mouse ESCs Transient Ngn2 Entire duration 7 days NA NA (Thoma et al., 2012)
expression and clonal
transgenic line
NPCs derived from Ngn2 or NGN2 via 2 days-3 weeks 2 weeks SB431542 and NA (Ho et al., 2016)
human iPSCs lentiviral gene LDN193189
delivery
Human iPSCs NGNZ transgenic line 72 h 2 weeks NA BDNF, NT-3 co- (Fernandopulle et al.,
(i® neurons) cultured with primary  2018)
mouse astrocytes (also
recommend using
astrocyte conditioned
media)
Human ESCs and iPSCs  Ngn2 via lentiviral Entire duration 2-3 weeks SB431542, XAV939, Co-cultured with (Nehme et al., 2018)
gene delivery and LDN193189 mouse primary cortical
glial cells
Human ESCs or ESC- NGN2 alone or in 4 days or 28 days SB431542, Co-cultured with (Ang et al., 2020)
derived anterior and addition to one of the for single- LDN193189 and mouse glia for long
posterior NPCs following: EMX1, cell RNA CHIR99021 term cultures
EMX2, 0TX1, OTX2, sequencing
EOMES (TBR2), LHX2, 14 days
or FOXG1
Dopaminergic Human fibroblasts NGN2, ASCL1, SOX2, Transient 20 days SHH, FGF8 NA (Liu et al., 2012)

neuron-like

NURR1, PITX3 via
lentiviral gene
delivery

(Continued on next page)
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Table 1. Continued

Transcription NGN2 Time to
factors used and induction functional Developmental Growth factors
Neuronal subtype Source/species method of delivery duration neurons patterning and co-culture Reference
Midbrain Human iPSCs NGN2, ATOH1 via Multiple mRNA 20-49 days SHH, FGF8b, BDNF, GDNF, TGFb-3, (Xue et al., 2019)
dopaminergic synthetic mRNA transfections: and DAPT cAMP, ascorbic acid,
neurons delivery ATOH1 for 3 days, and DAPT
NGN2 for 1 day
Dopaminergic Mouse ESC-derived Ngn2, Nurr1 via 3-10 days 9-16 + days bFGF, EGF NA (Park et al., 2008)
neuron NPCs retroviral gene
delivery
Serotonergic Human dermal NGN2, ASCL1, NKX2.2,  3-4 weeks 6 weeks Dibutyryl cyclic-AMP,  GDNF, BDNF, dibutyryl (Vadodaria et al.,
neurons fibroblasts FEV, GATA2, LMX1B via noggin, LDN193189, cyclic-AMP co-culture  2016)
lentiviral gene A83-1, CHIR99021, with primary rodent
delivery SB431542, forskolin astrocytes for
electrophysiological
analyses
Motor neurons Human ESC and NGN2 NGN1, NGN3, 2-4 transient 7-10 days Forskolin, SB431542, BDNF, GDNF, NT-3 (Goparaju et al., 2017)
iPSCs ND1, ND2 via synthetic transfections dorsomorphin,
mRNA delivery retinoic acid
Human ESC and NGN2, ISL1, LHX3 via  Transduce day 21 days Retinoic acid, Retinoic acid, SHH (Hester et al., 2011)
iPSC-derived NPCs adenoviral gene forskolin, SHH
delivery 0and 4
Spinal motor Mouse ESC- Ngn2, Isl1, Lhx3 via 2 days 7-11 day NA Co-culture with mouse (Mazzoni et al., 2013)
neurons derived EBs inducible transgenic astrocytes 7-10 days
line
Mouse and human Ngn2, Ascl1, Bm2, Undefined 21 + days NA GDNF, BDNF, CNTF (Son et al., 2011)
fibroblasts Mytl1, Lhx3, Hb9, Isl1
via retroviral
transduction
Human iPSCs Ngn2, Isl1, Lhx3 5 days 13 days DAPT, SU5402 BDNF, GDNF, L- (Garone et al., 2019)
inducible line via a ascorbic acid
piggyBac transposon
vector
Cranial motor Mouse ESCs-derived Ngn2, Isl1, Phox2a via 2 days 11 days NA Co-culture with mouse  (Mazzoni et al., 2013)
neurons EBs inducible transgenic astrocytes 7-10 days
line
Human iPSCs Ngn2, Isl1, Phox2a 5 days 13 days DAPT, SU5402 BDNF, GDNF, L- (Garone et al., 2019)

inducible line via a
piggyBac transposon
vector

ascorbic acid

(Continued on next page)
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Table 1. Continued

Transcription NGN2 Time to
factors used and induction functional Developmental Growth factors
Neuronal subtype Source/species method of delivery duration neurons patterning and co-culture Reference
Lower motor Human iPSCs NGN2, ISL1, LHX3 72 h 14 + days NA Optional co-culture of  (Fernandopulle et al.,
neurons inducible transgenic astrocytes 2018)
line
Cholinergic motor Human fetal lung NGN2 (+Sox11 2-35 days 50 days Dorsomorphin and Co-cultured with (Liu et al., 2013)
neurons fibroblasts or human for skin forskolin C2C12 murine
postnatal and adult fibroblasts) myoblast line
skin fibroblasts using retroviral
gene delivery
Mixed population of Human and mouse Ngn2 and BRN3A or 8 days 14-22 days NA BDNF, GDNF, NGF (Blanchard et al.,
sensory neurons fibroblasts Ngn1 and BRN3A via 2015)
lentiviral transduction
Mixed population of Human ESC neural NGN2 via lentiviral 4 days 32 days SB431524, BDNF, GDNF, NT-3, (Hulme et al., 2020)
sensory neurons crest progenitors transduction CHIR99021, BMP2, bNGF, Y-27632
FGF2
Cold-sensing Human iPSCs or iPSC- ~ NGNZ2 and BRN3A via 14 days 20 days Y-27632, bFGF, EGF, BDNF, GDNF, NT-3, (Nickolls et al., 2020)
mechanoreceptors derived neural crest an inducible line SB431524 bNGF, Y-27632
cells
Mechanoreceptors Human iPSC-derived NGN2 and BRN3A via 1 day 20 days Y-27632, bFGF, EGF, BDNF, GDNF, NT-3, (Nickolls et al., 2020)
neural crest cells an inducible line SB431524 bNGF Retinoic acid
Human ESC and iPSC NGN2 via lentiviral 1 day 21- 30 days FGF, EGF BDNF, GDNF, NT-3, (Schrenk-Siemens

neural crest
progenitors

transduction

bNGF Retinoic acid

et al., 2015)
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in Table 1. However, since the generation of neurons relies
on complex interactions of intrinsic and extrinsic factors in
a region- and cellular-context-dependent manner, care
must be taken when using a differentiation protocol to
generate the desired neuronal type. To differentiate hPSCs
into a specific type of neuron, it is critical to first under-
stand how the neuron develops in vivo so that the best com-
bination of transcription factors, small molecules, growth
factors, and co-cultures can be used to generate the
neuronal subtype. It is imperative to profile the generated
neurons both transcriptionally and functionally to confirm
the neuronal type identity. The section below provides a
background to the role of NGN2 during the development
of specific neuronal lineages and summarizes current ef-
forts of how NGN2 can be used alone, or in combination
with other transcription factors, to generate particular
neuronal subtypes.

The role of NGN2 in the generation of glutamatergic
neurons
NGN2 and the cortical cascade
NGN?2 is a key regulator of the transcription factor cascade
required for corticogenesis. NGN2 expression is directly
regulated by PAX6, a transcription factor essential for
cortical progenitor differentiation. PAX6 directly binds to
the E1 enhancer element of Ngn2 in the ventral spinal
cord and dorsal telencephalon of mice and increases
expression of the proneural gene (Scardigli et al., 2003).
NGN2 also negatively regulates PAX6, decreasing its
expression to allow for neuronal differentiation (Bel-Vialar
et al., 2007). The decrease in PAX6 and upregulation of
NGN?2 activates other transcription factors required for
the specification and differentiation of cortical neurons,
including NEUROD1 and TBR1/2 (Roybon et al., 2009).
NGN?2 activation in precursor cells also promotes cell cycle
exit by reducing the expression of cell cycle regulators
including CCND1, CCNE1/2, and CCNA2 (Lacomme
et al., 2012). NGN2 also plays a role in the developing cor-
tex by regulating dorsal and ventral specification (Fode
et al., 2000). Early born cortical neurons lose expression
of dorsal-specific markers with NGN2 loss and express
markers specific for the ventral-telencephalon (Fode et al.,
2000). Furthermore, NGN2 overexpression induces the
ectopic expression of cortical genes in the ventral-telen-
cephalon to promote cortical neuronal identity (Mattar
et al., 2008). In Ngn2 alone and dual Ngnl and Ngn2 mu-
tants, cortical-specific genes Math2, Nscll, NeuroD1/2,
Tbr1/2, Slc17a7 (encodes VGlutl), and Sic17a6 (encodes
VGlut2) were downregulated, indicating the role NGN2
plays in activating transcription factors responsible for
cortical neuron generation (Schuurmans et al., 2004).
There are conflicting reports on whether NGN2 and
NGN1 have redundant roles in cortical development.
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Schuurmans et al. (2004) showed that in early cortical
development, Ngnl and Ngn2 have redundant roles in
the specification of glutamatergic phenotypes in neocor-
tical projection neurons and the specification of deep-layer
neurons. Conversely, NGN2 has been shown to be
involved in the positive regulation of NGN1 and negative
regulation of MASH1 (encoded by Ascl1) in cortical progen-
itors, with the opposite effect not being true (Fode et al.,
2000). Ngn2 has also been described to be the most impor-
tant gene in the NGN family in cortical neurogenesis, as
only Ngn2 mutants presented distinct defects in cerebral
cortex development (Fode et al., 2000; Nieto et al., 2001).
In addition, genes specific to cortical and glutamatergic
phenotypes are not activated in Ngn2 mutants or Ngn2
and Ascl1 double mutants, indicating that NGN2 plays an
essential role for cortical neuron development indepen-
dent of MASH1 (Schuurmans et al., 2004). Together, these
studies describe a feedback system of gene regulation gov-
erned by NGN2 to promote glutamatergic cortical neuron
development through the induction of transcription fac-
tors that favor cortical neuron differentiation such as
NEUROD1 and TBR1/2 and the negative regulation of
genes that favor the progenitor state (Pax6) and
GABAergic neurons (Mash1).

Use of NGN2 overexpression in glutamatergic neuronal
differentiation

Ectopic expression of NGN2 to generate excitatory gluta-
matergic neurons was first demonstrated by Thoma et al.
(2012). NGN2 overexpression differentiated mouse PSCs
into functionally active neurons evidenced by voltage-acti-
vated potassium currents, even in the presence of pluripo-
tency-promoting conditions (Thoma et al., 2012). The
Ngn2 iNs expressed cortical markers DCX, MATHS3,
NEUN, OLIG2, SOX1, TUJ1, MAP2AB, and VGlutl/2
(Thoma et al., 2012). Interestingly, iNs did not express
the GABAergic marker GAD1 and had low levels of TH
expression, suggestive of a mixed population of glutama-
tergic and dopaminergic neurons. Overexpression of
NGNZ2 has also resulted in the differentiation of functional
glutamatergic neurons that were successfully integrated
into the mouse brain (Zhang et al., 2013). iNs were classed
as glutamatergic excitatory neurons, as they expressed the
layer II and III cortical markers BRN2, CUX1, and FOXG1;
however, they lacked the expression of cortical layer VI
markers TBR1 and FOG2. iNs expressed AMPA glutamate
receptors but lacked expression of NMDA receptors
following 3 weeks of differentiation. Moreover, nearly all
NGN2 iNs expressed the vesicular glutamate transporter
VGlut2, whereas only 20% expressed VGlutl. VGlutl and
VGlut2 are expressed in excitatory neurons that occupy
different regions of the brain, with VGlutl expression
localized to the cerebral cortex, hippocampus, and cere-
bellum and VGlut2 centralized to neurons in the thalamus
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and brainstem (Balaram et al., 2011; Fremeau et al., 2001;
Vigneault et al., 2015). Thus, the NGN2 iNs molecular pro-
file suggests that overexpression of NGN2 alone generates a
mixed population of excitatory neurons of the thalamus
and brainstem. To bypass issues of random integration
and lentiviral efficiency, Fernandopulle et al. (2018) gener-
ated inducible, integrated, and isogenic (i*) stem cell lines
by inserting NGN2 into a safe-harbor locus (a genomic
site that maintains transgene expression without affecting
the host’s genome). The transgenic lines were able to differ-
entiate into functional glutamatergic neurons following
72 h of NGN2 induction and 14 days of maturation. After
co-culture with astrocytes, they exhibited spontaneous
excitatory currents, which were inhibited by the glutamate
receptor antagonist CNQX (Fernandopulle et al., 2018).
Thus, overexpression of NGN2 can rapidly and reproduc-
ibly generate excitatory neurons from hPSCs. As NGN2
plays a broad role in the generation of multiple neuronal
lineages, additional approaches are often required to
generate specific neuronal populations.

To promote further specification in NGN2 iNs, different
methods have been tested including the use of NPCs as a
starting cell population, adding small-molecule inhibitors
to mimic developmental patterning and the overexpres-
sion of various cofactors. Ho et al. (2016) developed a pro-
tocol to generate glutamatergic-excitatory neurons from
hPSC-derived NPCs committed to forebrain neural fate.
The NPC-derived NGN2 iNs expressed SYN1, SLC17A6
(encodes VGlut2), and had a high expression of SLC17A7
(encodes VGlutl) (Ho et al., 2016), suggesting that there
is a mixed population of excitatory neurons typically
found in the cerebral cortex, hippocampus, and cerebellum
(Balaram et al., 2011; Fremeau et al., 2001; Vigneault et al.,
2015). In addition, Ho et al. (2016) showed that the induc-
tion of NGN2 for 48 h was sufficient in driving neuronal
differentiation, as it mimicked the transient expression
profile seen in neurodevelopment in vivo (Ozen et al.,
2007). Nehme et al. (2018) modeled developmental
patterning using dual SMAD inhibitors SB431542 and
LDN193189 and the WNT inhibitor XAV939 during
NGN2 induction coupled with cell sorting for CAM2KA
generating a homogeneous population of excitatory, gluta-
matergic postnatal-like neurons. This study identified that
using NGN2 induction alone produced a heterogeneous
culture of neurons of varying maturity and that develop-
mental patterning is required to drive differentiation to-
ward a specific lineage. Interestingly, NGN2 iNs derived
from hESCs consisted of three different groups of glutama-
tergic neurons, whereas neurons generated by the co-
expression of NGN2 with EMX1 produced a homogeneous
population of functional glutamatergic neurons, with a
more forebrain phenotype than NGN2 alone (Ang et al.,
2020). Collectively, these protocols indicate the impor-

tance of profiling derived iNs, starting cell type, duration
of NGN2 activation, expression of additional cofactors,
and developmental patterning in generating a specific
neuronal lineage.

The role of NGN2 in the generation of lower motor
neurons

NGN2 and the activation of genes specific for lower motor
neurons

Lower motor neurons are a group of cholinergic neurons
located in the ventral spinal cord that innervate skeletal
muscle and control movement. The region-specific
signaling of SHH is critical for the formation of motor
neuron progenitors, as it is involved in the activation of a
cascade of transcription factors such as NKX6.2, PAX6,
OLIG2, NKX6.1, and NGN2 (as reviewed by Briscoe and
Ericson, 2001; Cave and Sockanathan, 2018; Jessell,
2000). Together, this combination of transcription factors
in turn promotes neurogenesis and the expression of motor
neuron specifiers, such as the LIM homeodomain proteins
ISLET1 (encoded by ISL1) and LIM homeobox 3 (encoded
by LHX3) and prevents the formation of other cell types
(Briscoe et al., 2000; Cave and Sockanathan, 2018; Du-
breuil et al., 2000; Lee et al., 2012; Pattyn et al., 2003; Pfaff
et al., 1996). While NGN2 was initially considered to sim-
ply have a proneuronal role in motor neuron development
(Novitch et al., 2001), NGN2 is also critical for motor
neuron specification (Lee et al., 2009; Lee and Pfaff, 2003;
Mizuguchi et al., 2001; Parras et al., 2002; Scardigli et al.,
2001). For example, a loss of NGN2 expression disrupts mo-
tor neuron development and specification, which cannot
be compensated for by other proneural factors and thus
must play a specification role (Lee and Pfaff, 2003; Parras
et al., 2002; Scardigli et al., 2001). Furthermore, when
NGN2 is phosphorylated at two specific serine residues,
NGN2 can directly interact with the LIM complex (ISLET1
and LHX3 transcription factors) that coordinates the acti-
vation of motor-neuron-specific genes, resulting in the
specification of motor neurons (Lee and Pfaff, 2003; Ma
et al., 2008). Additionally, NGN2 induces the expression
of EBF and ONECUT transcription factors, allowing the
LIM complex to bind to previously inaccessible chromatin
sites relevant for motor neuron specification (Velasco et al.,
2017). Thus, NGN2 in combination with other transcrip-
tion factors directly acts in the formation and specification
of lower motor neurons, making NGN2 a promising tran-
scription factor to use in motor neuron differentiation.
Use of NGN2 overexpression in direct differentiation of lower
motor neurons

Protocols to differentiate fibroblasts, PSCs, and PSC-
derived progenitors to lower motor neurons have utilized
NGN2 by using a mix of proneural and/or lineage-specific
transcription factors (Fernandopulle et al., 2018; Garone
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et al., 2019; Goparaju et al., 2017; Hester et al., 2011; Liu
et al., 2013; Mazzoni et al., 2013; Son et al., 2011). Son
et al. (2011) utilized a combination of the proneural tran-
scription factors, MASH1, BRN2, MYTL1, and the motor-
neuron-specific transcription factors NGN2, LHX3, HB9,
and ISLET1 to convert mouse and human fibroblasts into
functional spinal motor neurons. Importantly, successful
motor neuron differentiation was confirmed by transcrip-
tional profiling and in-depth functional profiling, demon-
strating that (1) 90% of neurons fired action potentials, (2)
neurons responded to motor-neuron-associated neuro-
transmitters (GABA, glycine, kainite), (3) neurons formed
neuromuscular junctions when co-cultured with C2C12-
derived myotubes and primary chick myotubes, and (4)
neurons projected axons out from the spinal cord toward
musculature when engrafted into chick embryos (Son
et al., 2011). Liu et al. (2013) utilized small molecules for-
skolin and dorsomorphin in combination with NGN2
overexpression to convert human fetal lung fibroblasts
into cholinergic motor neurons. The derived neurons ex-
pressed cholinergic motor neuron markers HB9 (91.7%),
ISLET1/2 (90.2%), choline acetyltransferase (ChAT,
98.5%), and vesicular acetylcholine transporter (VAChT,
98.2%) and were also positive for the glutamatergic marker
VGlutl (Liu et al., 2013). The cholinergic motor neurons
were co-cultured with mouse myotubes, formed synaptic-
like structures, and caused rhythmic contractions, sugges-
tive of neuromuscular junctions (Liu et al., 2013). However,
the addition of SOX11 was required to convert postnatal
and adult fibroblasts to neurons efficiently, suggesting
that different starting cell types may require distinct com-
binations of transcription factors to achieve the same
neuronal subtype.

Alternatively, motor neurons have been differentiated
from either PSC-derived progenitors or directly from PSCs
by expressing just the components of the NGN2/LIM com-
plex responsible for the activation of motor-neuron-spe-
cific genes (Garone et al., 2019; Hester et al., 2011; Mazzoni
etal., 2013; De Santis et al., 2018). For example, Hester et al.
(2011) transduced hPSC progenitors at day O and day 4
with Ngn2, Isl1, and Lhx3 in the presence of the morpho-
gens SHH and retinoic acid (RA) generating neurons that
expressed motor neuron markers, HB9, ChAT, and HOX.
These were further able to form neuromuscular junctions
when co-cultured with C2C12-derived myotubes (Hester
et al.,, 2011). The combination of NGN2, ISLET1, and
LHX3 transcription factors results in the formation of spi-
nal motor neurons; however, replacement of LHX3 with
PHOX2A in mouse ESC-derived progenitors changes the
neuronal cell fate toward cranial motor neurons (Mazzoni
et al., 2013), illustrating how NGN2 can be used in
conjunction with a variety of transcription factors to derive
different motor neuron subtypes. Notably, Mazzoni et al.
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(2013) verified the identity and function of the motor neu-
rons by transplanting the neurons in vivo into chick em-
bryos, with cranial motor subtypes successfully integrating
with spinal accessory neurons. Overall, the generation of
motor neurons using the expression of NGN2 requires
the combination of specific transcription factors, which
synergistically act together to activate motor neuron gene
expression pathways.

The role of NGN2 in the generation of DRG sensory
neurons

NGN2 and waves of sensory neurogenesis

Sensory neurons located within the DRG are classed into
three general subtypes: nociceptors that detect pain
perception and express the neurotrophin receptor tropo-
myosin kinase A (TRKA), mechanoreceptors that detect
touch and hair deflection and express TRKB, and proprio-
ceptors that detect muscle pressure and tension and ex-
press TRKC. Sensory neurons arise from neural crest cells
that migrate out from the neural tube and undergo multi-
ple specification steps (as reviewed by Lallemend and Ern-
fors, 2012; Marmigere and Ernfors, 2007; Simoes-Costa and
Bronner, 2015). Sensory neurogenesis begins in two
distinct waves of neural crest cells: the first wave is
controlled by transient expression of NGN2 resulting in
the differentiation of proprioceptors and mechanorecep-
tors, and the second is controlled by transient expression
of NGNI1, resulting in the production of peptidergic and
nonpeptidergic nociceptors (Ma et al., 1999; Perez et al.,
1999; Sommer et al., 1996; Zirlinger et al., 2002). The
expression of NGN2 and NGN1 is essential during sensory
neuron formation, since Ngnl1/Ngn2-null mice are unable
to form DRG sensory neurons (Ma et al., 1999). While
NGN2 and NGN1 bias the neural crest cells toward a
DRG sensory neuron fate, a combination of other tran-
scription factors including BRN3A, ISLET1, KLF7, FOXS1,
RUNX3, SHOX2, and RUNXI1 are involved in the final dif-
ferentiation, specification, and survival of the sensory
neuron subgroups (Abdo et al., 2011; Dykes et al., 2011;
Kramer et al.,, 2006; Lei et al., 2005; Montelius et al.,
2007; Sun et al., 2008). Overall, NGN2 expression is critical
for DRG sensory neurogenesis, with subtype specification
controlled by combinations of other transcription factors.
Forced expression of NGN2 drives differentiation of DRG
sensory neurons

Since NGN2 expression is critical during sensory neurogen-
esis, the differentiation of hPSCs into DRG sensory neurons
often combines the expression of NGN2 with other sen-
sory-specific transcription factors at the pluripotent or
the neural crest stage to mimic DRG sensory neurogenesis.
Notably, NGN2 has been used in combination with the
pan-sensory transcription factor BRN3A, generating func-
tional DRG sensory neurons from fibroblasts, iPSCs, and
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iPSC-derived neural crest cells (Blanchard et al., 2015; Nick-
olls et al., 2020). Expression of NGN2 and BRN3A in fibro-
blasts produced a mixed population of DRG sensory neu-
rons expressing general sensory neuron and subtype
markers TRKA, TRKB, and TRKC, albeit at a low efficiency
(Blanchard et al., 2015). Additionally, populations of neu-
rons were selectively responsive to nociceptive stimuli
such as heat (capsaicin, 6% of neurons), cooling (menthol,
6%), or itch (mustard oil, 9%), with a small number of cells
responsive to multiple conditions (Blanchard et al., 2015).
These results indicate the generation of a mixed population
of functional DRG sensory neurons; however, profiling the
proportion of neurons unresponsive to the tested stimuli
for other sensory stimuli, such as mechanical stimulation,
could be of interest.

NGN2 has been transiently expressed in hPSC-derived
neural crest cells, mimicking developmental cues, to
generate functional neurons capable of firing multiple ac-
tion potentials and expressing the general sensory markers
BRN3A and ISLET1 as well as subtype-specific markers such
as TRKA, TRKB, and TRKC (Hulme et al., 2020; Nickolls
et al., 2020; Schrenk-Siemens et al., 2015). Since these pro-
tocols mimic development in which the NGN2 directed
wave of neurogenesis drives the differentiation of mecha-
noreceptors and proprioceptors, Schrenk-Siemens et al.
(2015) hypothesized that using NGN2 would bias the neu-
ral crest cells into mechanically sensitive neurons. The
generated sensory neurons displayed a change in current
density in response to mechanical stimulation that could
be reduced by using the broad-spectrum mechanosensitive
inhibitor, ruthenium red, or completely removed when
knocking out the mechanosensitive channel PIEZO2
(Schrenk-Siemens et al., 2015). Additionally, altering the
starting cell type and length of NGN2 and BRN3A expres-
sion, different DRG sensory subtypes could be generated
(Nickolls et al., 2020). Expression of NGN2 and BRN3A in
neural crest cells for 14 days generated cold-sensing mech-
anoreceptors, while expression for only 1 day resulted in a
general mechanoreceptor profile (Nickolls et al., 2020). Itis
apparent that the combination of transcription factors,
neurotrophins, length of expression, and the progenitor
state during differentiation play a critical role in directing
the differentiation of different DRG sensory neuron
subtypes.

The role of NGN2 in the generation of dopaminergic
neurons

NGN_2 is a proneural activator for dopaminergic neuronal fate
Dopaminergic neurons have critical roles in modulating
motor control, cognition, behavior, decision making, and
in reward pathways. They are characterized by the expres-
sion of TH, NURR1, dopa decarboxylase (DDC), and vesic-
ular monoamine transporter 2 (VMAT2) (Bjorklund and

Dunnett, 2007). The development of dopaminergic neu-
rons occurs through a time- and location-specific cascade
of morphogens and transcription factors (as reviewed by
Abeliovich and Hammond, 2007; Blaess and Ang, 201S5;
Hegarty et al., 2013). Briefly, dopaminergic precursors are
formed by the coordinated actions of SHH, FGFS8, and
WNTs as well as the transcription factors OTX2, LMXI1A,
GLI factors, FOXA1/2, MSX1, and NGN2 that initiate
expression cascades to establish dopaminergic progenitors.
Next, the transcription factors NURR1, PITX3, LMX1B, and
ENGRAILED are involved in the maturation of dopami-
nergic neurons (as reviewed by Abeliovich and Hammond,
2007; Blaess and Ang, 2015).

During dopaminergic neuron development, NGN2 plays
a role as a proneural activator rather than as a specifier of
dopaminergic neuron fate (Andersson et al.,, 20006a,
2006b; Kele et al., 2006). Instead, LMX1A has a critical
role during dopaminergic neuron generation by activating
the expression of dopaminergic-specific gene cascades as
well as inducing MSX1 expression, which in turn upregu-
lates NGN2 expression in neural progenitors that then acti-
vate proneural pathways (Andersson et al., 2006a). Interest-
ingly, NGN2 is important for dopaminergic neuron
development, as a loss of NGN2 causes a decrease in the
number of dopaminergic neurons (Andersson et al.,
2006Db; Kele et al., 2006); however, this loss can be partially
compensated for by expression of a different proneural
transcription factor, MASH1 (Kele et al., 2006). Addition-
ally, NGN2 overexpression in neurospheres generated
from embryonic rat midbrain promoted cell cycle exit and
neuronal differentiation (Roybon et al., 2008). NGN2 over-
expression increased VMAT?2 expression in a NURR1 inde-
pendent pathway (Roybon et al.,, 2008). Furthermore,
expression of NGN2 in mouse dorsal midbrain cultures in-
creases the expression of pan-neuronal markers but not
dopaminergic markers, indicating that NGN2 in midbrain
progenitors is not sufficient to drive dopaminergic neuronal
fate (Andersson et al., 2006b). NGN2 has also been consid-
ered to have an inhibitory role during dopaminergic devel-
opment as co-expression of NGN2 with NURR1 in rat
neuronal precursor cultures represses NURRI1-induced
dopaminergic markers (Park et al., 2006). Thus, while
NGN?2 is expressed and has a role in the development of
dopaminergic neurons, it is not critical for the specification
of such neurons.
The use of NGN2 in dopaminergic neuron differentiation
The use of NGN2 to derive dopaminergic neurons in vitro has
been limited to date, although some studies have shown it is
possible to generate dopaminergic neurons with high effi-
ciency by combining NGN2 expression with other transcrip-
tion factors, growth factors, and morphogens to generate
dopaminergic neurons (Liu et al., 2012; Park et al., 2008;
Xue et al., 2019). Liu et al. (2012) derived dopaminergic
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neurons from human fibroblasts by using a combination of
the dopaminergic-relevant transcription factors NGN2,
MASH1, SOX2, NURR1, and PITX3 and the morphogens
FGF8 and SHH. While the conversion efficiency from fibro-
blasts was only 1%-2%, the generated neurons expressed
the dopaminergic markers ENGRAILED, TH, DAT, and
VMAT?2 and were capable of dopamine uptake and produc-
tion (Liu et al., 2012). Interestingly, the inclusion of NGN2,
MASH]1, and SOX2 was critical for the formation of neurons
(Liu et al., 2012), suggesting that NGN2 and MASH1 were
likely key in driving neurogenesis while SOX2, NURRI,
and PITX3 were important in the specification of dopami-
nergic neurons. Alternatively, the combination of NGN2
with another proneural transcription factor, ATOH1, has
also been used to generate dopaminergic neurons) alongside
multiple morphogens and growth factors such as FGF8, SHH,
BDNF, GDNF, TGF-3, cAMP, ascorbic acid, and DAPT (Xue
etal., 2019). The generated neurons expressed dopaminergic
markers; 59% displayed spontaneous firing activity and
released dopamine in response to KCl-induced depolariza-
tion (Xue et al., 2019). Interestingly, NGN2 in combination
with NURR1 can differentiate mouse neural progenitors
into functional dopaminergic neurons; however, the same
combination in rat neuron progenitors inhibited the differ-
entiation of dopaminergic neurons (Park et al., 2008). This
differential role of NGN2 between two similar species poses
an interesting question; is the role of NGN2 species depen-
dent or can differences in the cellular context of the progen-
itors, such as passage number, transduction efficiency, or
plating density (Ko et al., 2005), alter the role of NGN2
in vitro? Overall, the overexpression of NGN2 is not
commonly utilized for dopaminergic differentiation, as
there are other more critical transcription factors expressed
in dopaminergic progenitors required for commitment to a
dopaminergic fate. For example, combinations of just
ASCL1, NURR1, and LMX1A or LMX1B can efficiently drive
the generation of dopaminergic neurons (Ng et al., 2021; Po-
well et al., 2021). Thus, it is critical to consider the combina-
tions of transcription factors when utilizing dopaminergic
neuron protocols.

NGN2 in serotonergic neuronal differentiation

The role NGN2 plays in the generation of serotoninergic
neurons is not clearly defined; however, its overexpres-
sion in combination with MASH1, NKX2.2, FEV, GATA2,
and LMX1B has been shown to generate functional sero-
tonergic neurons (Vadodaria et al., 2016). Human dermal
fibroblasts were delivered the combination of genes in
conjunction to patterning with small molecule inhibitors
dibutyryl cycliccAMP, noggin, LDN193189, A83-1,
CHIR99021, SB431542, and forskolin and were matured
for 6 weeks. After 3 weeks of neuronal conversion, 60%
of fibroblasts expressed R-III-TUBULIN (Vadodaria et al.,
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2016). The derived iNs expressed serotonergic markers
including TPH (61% out of the MAP2AB + cells), serotonin
(5-HT; 38% out of the MAP2AB + cells), and serotonin
transporter, SERT (Vadodaria et al.,, 2016). Whole tran-
scriptomic analysis of iNs indicated an enriched expres-
sion of neuronal and serotonergic genes and low-level
expression of other neural subtype markers (Vadodaria
et al., 2016). Generated iNs matured for 6 weeks and co-
cultured with astrocytes displayed spontaneous firing ac-
tivity and current evoked action potential firing (Vadoda-
ria et al., 2016). iNs released 5-HT in response to citalo-
pram and tryptophan (Vadodaria et al., 2016). This
study highlights that NGN2 may play a role in seroto-
nergic differentiation but is not a key regulator and re-
quires the action of different transcription factors and
developmental patterning.

NGN2 inhibits GABAergic neuronal differentiation
NGN2 has been described to play a role in the generation
of many neuronal subtypes; interestingly, NGN2 inhibits
the differentiation of GABAergic interneurons. Ngn2 and
Ngn1;Ngn2 mutants showed upregulation of genes
involved in the generation of subcortical GABAergic neu-
rons including Ascl1, DIx1, DIx2, DIx5, Brn4, GAD1/2, and
GABA-T1, suggesting that NGN2 inhibits GABAergic
neuron differentiation (Fode et al., 2000; Jo et al., 2007;
Schuurmans et al., 2004). Roybon et al. (2010) provide ev-
idence in an in vitro neurosphere model that not only
NGN2 prevents GABAergic neuron differentiation but
also the downstream effectors of the NEUROD1/2 func-
tion through the repression of MASH1. These proteins
may function downstream to NGN2, maintaining the
repression of MASH1 and favoring glutamatergic neuron
differentiation (Roybon et al., 2010). Collectively, these
studies highlight the crossregulatory mechanisms of
transcription factors in cortical neuron development,
where NGN2 and its downstream effectors repress Ascl1
and other genes required for GABAergic neuron
generation.

APPLICATIONS OF NGN2 iNs

The development of NGN2 differentiation protocols has
enabled access to hPSC-derived neurons to a wider range
of scientists, without requiring prior expertise in handling
hPSC lines. As NGN2 iNs are easy to use, rapid, reproduc-
ible, and scalable, experiments that were previously per-
formed in cancer or established cell lines can now be
completed in more biologically relevant cell types. This
has allowed for use in a wide range of applications,
including disease modeling, high-throughput screening,
and neuronal replacement therapies.
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NGN2 iNs use in modeling neurodegenerative,
neurodevelopmental, and neuropsychiatric diseases
The promise of NGN2 iNs for use in modeling of neurodevel-
opment and disease relies on the ability to generate defined
neuronal types (Figure 2A). Excitatory NGN2 iNs have
been co-cultured with inhibitory GABAergic interneurons
(Yangetal., 2017), useful for modeling cortical development,
given the importance of inhibitory neurotransmission in
healthy and disease states. Similarly, an NGN2 iN 3D co-cul-
ture with astrocytes allowed integration of astrocyte-neuron
functional properties such as synapse modulation and ho-
meostatic functions occurring during fetal brain develop-
ment (Krencik et al., 2017). NGN2 iNs have also been used
for electrophysiological assays in a “fully humanized” co-cul-
ture system with iPSC-derived astrocytes (Shih et al., 2021).
Further, NGN2 iNs have been utilized at a single-cell resolu-
tion in culture to study neuronal plasticity and synaptic
transmission (Meijer et al., 2019).

NGN2 iNs have proven a valuable tool for neurodevelop-
mental and neurodegenerative studies (Figure 2B). For
example, in sporadic Alzheimer’s disease, Lin et al. (2018)

and Meyer et al. (2019) employed iNs to investigate APOE
and other disease-related gene effects in patient iPSC-
derived cortical neurons. In neurodevelopmental and
neuropsychiatric disorders, NGN2 iNs have been employed
to study disease phenotypes and potential therapeutics in
autism (Deneault et al., 2018), Down syndrome (Hirata
et al., 2020), fragile X syndrome (Graef et al., 2020), and
schizophrenia (Xu et al., 2018), signifying the wide applica-
bility of the NGN2 iNs. Nickolls et al. (2020) utilized NGN2
in combination with BRN3A to produce cold- and me-
chano-sensing iNs, uncovering a novel class of sensory
neurons present in humans, and successfully modeled a
rare somatosensory disease caused by inactivating muta-
tions in PIEZO2. As such, iNs have demonstrated utility
for the study of both neurodevelopment and disease.

The use of NGN2 iNs to improve high-throughput
screening

Reduced batch-to-batch and line-to-line variability makes
NGN2 overexpression particularly suited for high-
throughput microscopy screens and rapidly evolving

Stem Cell Reports | Vol. 17 | 14-34 | January 11,2022 25



;0‘
(&

Stem Cell Reports

omics technologies (Figure 2C). Efforts have been made in
recent years to optimize NGN2 overexpression to improve
scalability and reproducibility—both important necessities
for successful screening assays. Inducible cell lines can be
generated through integrating a NGN2 expression cassette
into a safe harbor locus, variability in NGN2 expression can
be minimized, and neurons can be obtained in a rapid and
scalable manner (Fernandopulle et al., 2018; Tian et al.,
2019; Wang et al., 2017). Wang et al. (2017) used an iPSC
line that harbors an inducible NGN2 expression cassette
to identify tau-lowering compounds in human neurons
as a potential therapeutic strategy for Alzheimer’s disease
and associated tauopathies. Tian et al. (2019) used iNs
generated from i* stem cell lines to perform CRISPR-inter-
ference-based genetic screening of over 2,000 genes, inves-
tigating genes involved in neuronal survival. Large batches
of cryo-banked iNs performed similarly to freshly prepared
iNs in a high-throughput screening neurite outgrowth
assay (Sridharan et al., 2019). However, scalability remains
challenging for more complex phenotypic assays concern-
ing synaptic activity. In such cases, NGN2 iNs might be
required to be kept in culture for longer or co-cultured
with glial cells, which would increase assay complexity.

Application of NGN2 overexpression in neuronal
replacement therapy

Central nervous system damage or neurodegenerative dis-
eases are linked to the irreversible loss of neurons, leading
to permanent functional decline. NGN2 iNs could serve
as a valuable source of standardized neurons for application
in regenerative medicine (Figure 2D). Classically, cell-
replacement approaches involved transplanting neurons
derived in vitro into the injured brain. Zhang et al. (2013)
demonstrated that NGN2 iNs can functionally integrate
into mice brains and NGN2-reprogrammed olfactory en-
sheathing cells survive and mature after spinal cord trans-
plantation (Sun et al.,, 2019b). However, classical cell-
replacement approaches still face major barriers, related
to safety and feasibility (Lindvall, 2012).

Alternatives involving the direct in vivo conversion of
non-neuronal cells residing within the affected tissue
have emerged as a potential novel therapy. Hu et al.
(2019) successfully converted both postnatal and adult as-
trocytes from cortex, cerebellum, and spinal cord in mice to
neurons using NGN2 overexpression, albeit induction effi-
ciency appeared lower in adult astrocytes than that of post-
natal astrocytes. Following cortical stab wound injury to
both gray and white matter in adult mice, Mattugini et al.
(2019) successtully converted astrocytes to neurons by
combining NGN2 with NURR1 overexpression. Interest-
ingly, no astrocyte to neuron conversion was observed in
the white matter (Mattugini et al., 2019). Similarly, Zhou
et al. (2021) overexpressed NGN2 and ISL1 in astrocytes
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in the mouse spinal cord, which converted astrocytes to
motor neurons with high efficiency, with no conversion
detected in white matter astrocytes. This indicates possible
regional limitations in reprogramming. It is important to
note that the effect of NGN2 iNs, from either direct cell
replacement or in vivo conversion, on improvements of
lost function, memory, cognition, and behavior has yet
to be explored. NGN2 overexpression has also been
explored as a potential treatment in malignant glioma, a
CNS tumor, by forcing glioma cells to undergo terminal dif-
ferentiation to neuronal cells (Guichet et al., 2013; Su et al.,
2014) to stop tumor growth. To make NGN2 iNs clinically
relevant, many hurdles linked to the integration of foreign
DNA must be overcome, such as varying expression levels
and random integrations in coding or regulatory se-
quences. Recent efforts have been made to overcome those
limitations by testing modified messenger RNA-based
methods to produce NGN2 iNs (Tolomeo et al., 2021).
Overall, NGN2 iNs offer an exciting avenue in neuronal
replacement therapy for both CNS injury or tumors; how-
ever, there are many hurdles including the ethical implica-
tions and the effects of newly converted neurons on func-
tion, memory, cognition, and behavior.

TOO GOOD TO BE TRUE? LIMITATIONS OF USING
NGN2 iNs

The emerging field of iNs raises several key questions; are
NGN2 iNs a biologically relevant model and do the
derived iNs represent the homogeneous population of
neurons they are intended to be? NGN2 iNs provide a
rapid model for neuronal differentiation, as they can
bypass the progenitor stage of development; however,
there are questions surrounding whether this limits their
biological relevance. Notably, the use of NGN2 iNs may
not be suitable for the study of diseases in which progen-
itors underpin disease progression, with extrinsic-factor-
based models being more appropriate to recapitulate
each stage of neurodevelopment. Rosa et al. (2020) as-
sessed the electrophysiological properties of NGN2 iNs
and neurons derived from an EB-based dual SMAD inhibi-
tion protocol (EB-derived neurons), comparing these to
human and rodent neurodevelopmental studies. Func-
tional readouts for NGN2 iNs were recorded at 2-3 weeks
and EB-derived neurons at 3-6 months maturation. EB-
derived neurons were more mature on a ranking system
based on shooting amplitude of action potentials and
firing frequency, with ~90% of EB-derived neurons and
~67% of NGN2 iNs reaching a type 5 maturity (Rosa
et al., 2020). EB neuron recordings had a significantly
lower resting membrane potential and action potential
threshold, with input resistance readings resembling
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adult human neurons, whereas the NGN2 iNs resembled
second trimester human brain tissue (Rosa et al., 2020).
However, co-culture of murine astrocytes with the
NGN2 iNs improved viability and allowed recording to
be performed at 6-7 weeks maturation showing similar
firing, capacitance, and input resistance to EB-derived
neurons (Rosa et al., 2020). These results showed that
EB-derived neurons cultured for 6 months have more
mature electrophysiological properties compared with
NGN2 iNs matured for 2-3 weeks. However, 6-7 week
co-cultures with astrocytes exhibited similar functional
properties to the 6-month matured EB neurons. The EB
neuronal differentiation produced glial cells naturally,
which may have allowed these cultures to be viable for
longer and promote maturation. NGN2 iNs have been suc-
cessfully cultured for 10 weeks in the presence of astro-
cytes (Chen et al., 2020). Nonetheless, this study provides
two important lessons: the co-culture of NGN2 iNs with
astrocytes should be considered in vitro to promote
viability, and more mature cultures can provide insight
into the developmental stage they represent.

Owing to the plethora of neuronal cell types that can be
derived using NGN2, the ectopic expression of NGN2 for
transdifferentiation of neurons raises the question of purity
and fidelity of derived iN populations. Lin et al. (2021) used
single-cell transcriptomics on NGN2 iNs derived from mul-
tiple iPSC lines comparing the cell identity and purity of
neuronal cultures. Neuronal cultures constituted a hetero-
geneous population of peripheral nervous system (PNS)
neurons, represented by clusters expressing genes abun-
dantly found in the PNS including PRPH (encodes PERIPH-
ERIN), PHOX2B (encodes paired like homeobox 2B), and
POU4F1 (encodes BRN3A) compared with a cluster marked
by GPM6A (encodes glycoprotein M6A), which is expressed
both in the CNS and spinal cord (Lin et al., 2021). The dura-
tion of NGN2 induction also affected neuronal specifica-
tion, with a shorter duration favoring GPM6A population
and longer durations resulting in more abundant popula-
tions of PRPH+/POUF41 + neurons. Consistent with these
results, NGN2 iN cultures were identified to represent a
mixture of PNS and CNS neurons (Chen et al., 2020).
NGN2 overexpression alone was shown to result in cultures
with 95% MAP2+ cells but contained 10% of cells positive
for PERIPHERIN (Chen et al., 2020). A short patterning
period with the dual SMAD inhibitors SB431542 and
LDN193189, prior to NGN2 transduction, resulted in a ho-
mogeneous population of excitatory forebrain neurons, as
evidenced by the absence of PERIPHERIN expression and
significantly higher expression of forebrain markers,
including TBR1 via immunostaining and SIX1 and
FOXG3 by RNA-sequencing compared with NGN2 alone
(Chen et al., 2020). Whereas, patterning with SB431542
and CHIR99021 resulted in a population of hindbrain

and spinal cord V2A interneurons. The interneurons con-
tained a population of VSX2+/SHOX2+ neurons represent-
ing excitatory neurons that control motor neurons, and a
population of VSX2+/SHOX2-interneurons involved in
left-right coordination (Chen et al., 2020). This highlights
the importance of developmental patterning in NGN2 iNs
differentiation in regionally specifying subtypes of neu-
rons to generate a more homogeneous population. These
studies also raise the importance of thorough profiling of
iNs to confirm that the cells represent the desired neuronal
population, as NGN2 is dynamically and widely expressed
throughout the developing nervous system and is involved
in differentiation of a diverse range of neurons. Profiling
should incorporate single-cell sequencing to define the het-
erogeneity and maturation of derived iN populations and
compare these cells to bona-fide human neurons. Further
investigation is required to understand whether the start-
ing cell type (hPSCs versus progenitors versus fibroblasts
versus glial cells) affects the single-cell transcriptomic pro-
files of derived iNs.

CONCLUSION

The use of NGN2 overexpression has reconfigured the way
neuronal differentiations occur, shifting from using
extrinsic factors that mimic developmental patterning
cues to the rapid, scalable, and reproducible systems
currently used. These protocols have allowed for wide-
spread applications including development and disease
modeling of neurodegenerative disease and neuropsychi-
atric disorders, high-throughput compound screening,
and neuronal replacement therapies. With the rapidly
evolving field, it is becoming clear that NGN2 alone is
not a “one-glove-fits-all” approach for neuronal differenti-
ation but requires the combination of other transcription
factors and developmental patterning to generate homoge-
neous neuronal populations.
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