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Motor neuron (MN) diseases, including amyotrophic lateral sclerosis, progressive
bulbar palsy, primary lateral sclerosis and spinal muscular atrophy, cause progressive
paralysis and, in many cases, death. A better understanding of the molecular
mechanisms of pathogenesis is urgently needed to identify more effective
therapies. However, studying MNs has been extremely difficult because they are
inaccessible in the spinal cord. Induced pluripotent stem cells (iPSCs) can generate a
theoretically limitless number of MNs from a specific patient, making them powerful
tools for studying MN diseases. However, to reach their potential, iPSCs need to be
directed to efficiently differentiate into functional MNs. Here, we review the reported
differentiation protocols for spinal MNs, including induction with small molecules,
expression of lineage-specific transcription factors, 2-dimensional and 3-
dimensional cultures, as well as the implementation of microfluidics devices and
co-cultures with other cell types, including skeletal muscle. We will summarize the
advantages and disadvantages of each strategy. In addition, we will provide insights
into how to address some of the remaining challenges, including reproducibly
obtaining mature and aged MNs.
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Introduction

Amyotrophic lateral sclerosis, progressive bulbar palsy, primary lateral sclerosis, and spinal
muscular atrophy are motor neuron (MN) diseases characterized by progressive degeneration
of MNs, resulting in the loss of voluntary and involuntary movement (Vianello et al., 2022).
Since the molecular mechanisms of pathogenesis of MN diseases are not well understood, it has
been extremely difficult to identify effective treatments.

MNs control movement by integrating signals from the brain and sensory systems
(Swetenburg et al., 2017). Upper MNs are located within the motor cortex of the brain and
lower MNs are located within the brainstem as well as spinal cord. Lower MNs include
branchial MNs, which are located in the brainstem and innervate the face and neck, visceral
MNs, which are part of the autonomic nervous system and innervate smooth muscle, as well as
somatic MNs, which are mostly located within the spinal cord and innervate skeletal muscle in
the periphery. Our review focuses on spinal MNs innervating skeletal muscle (e.g., somatic
MNs). Spinal MNs are organized along the rostrocaudal axis into motor columns, including the
median motor column, the lateral motor column, the hypaxial motor column, the preganglionic
column, the spinal accessory column, and the phrenic motor column, each of which innervate
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distinct peripheral regions (Stifani, 2014). For additional information
about each motor column and other MN subtypes, please see Stifani.
(2014).

One of the most significant challenges in studying these diseases is
that patient MNs are located within the brain (upper MNs) and spinal
cord (lower MNs), making them only accessible in post-mortem
tissue. However, the MNs of most interest for protecting are not
available for analysis in post-mortem tissue because they degenerate
during the disease course. Thus, the earliest stages of pathogenesis,
which might be amenable to a therapeutic intervention, occur while
these MNs are hidden from view. Therefore, another model system is
needed to recapitulate early MN pathogenesis using living
human MNs.

Induced pluripotent stem cells (iPSCs) are a powerful tool for
understanding human MN biology and disease pathogenesis,
particularly in their earliest stages. Takahashi and Yamanaka
demonstrated that the expression of four transcription factors,
OCT4, SOX2, KLF4, and C-MYC, reprograms somatic cells into
iPSCs (Takahashi & Yamanaka, 2006) that have the ability to
undergo theoretically limitless self-renewal and to differentiate into
all somatic cell types as well as germ cells (Takahashi et al., 2007).
Combining these two properties, researchers use iPSCs to generate
vast quantities of human MNs containing the same genetic
polymorphisms as the donor patient. By comparing iPSC-derived
MNs from patients against those from unaffected individuals or gene-
corrected controls, it is possible to identify molecular mechanisms of
pathogenesis (Bhinge et al., 2017; Ho et al., 2021). Of interest, the
scalable production of iPSC-derived MNs is compatible with high-
throughput screening to identify potential therapeutics to protectMNs
against disease pathogenesis (Fujimori et al., 2018; Marrone et al.,
2018; Fang et al., 2019). Thus, iPSCs are poised to have an enormous
impact on our understanding and treatment of MN diseases.

Reaching their transformative potential requires efficient and
consistent differentiation of iPSCs into functional MNs. Many labs
have contributed to the development of increasingly sophisticated
differentiation protocols to obtain iPSC-derived MNs, including the
use of specific small molecules to recapitulate developmental
morphogen signals (Dimos et al., 2008; Amoroso et al., 2013; Du
et al., 2015), expression of lineage-specific transcription factors
(Hester et al., 2011; Goparaju et al., 2017; De Santis et al., 2018), as
well as the use of 3-dimensional (3-D) cultures, including organoids
(Chandrasekaran et al., 2017; Ogura et al., 2018; Besser et al., 2020).
Several differentiation protocols focus specifically on MN axons by
implementing microfluidic devices within their differentiation
protocol (Osaki et al., 2018b; Mo et al., 2020; Spijkers et al., 2021;
Stoklund Dittlau et al., 2021; Hagemann et al., 2022). In addition,
multiple investigators utilize co-cultures with other cell types,
including skeletal muscle, to reconstitute a functional MN circuit
(Osaki et al., 2018c; Bellmann et al., 2019; Lin et al., 2020). Despite
these significant advances, several critical points still require
improvement, including, reducing variability in the yield, and
improving maturation in order to more accurately recapitulate MN
function.

It is important tomatch the research question with the appropriate
model. Many protocols, particularly in 2-dimensional cultures, focus
on obtaining homogeneous populations of MNs, and these cultures
are particularly useful for studying the development of MNs as well as
cell-autonomous disease pathology. However, a different strategy
would be needed to understand more complex systems such as

motor circuits and non-cell autonomous disease pathogenesis,
including prion-like spreading, which would require reproducible
heterogeneous cultures. Here, we review reported differentiation
protocols for obtaining spinal MNs, summarize the advantages and
disadvantages of each strategy, and discuss possible solutions for the
remaining challenges.

Using small molecules to direct the
differentiation of iPSCs into MNs

During development, multiple carefully coordinated signaling
factors specify MN fate. Many protocols (summarized in Table 1)
direct the differentiation of iPSCs into MNs using specific small
molecules to recapitulate these signaling factors in vitro (Figure 1).
This approach was first pioneered using mouse embryonic stem cells
(mESCs) (Wichterle & Peljto, 2008), which provided invaluable
insights for the subsequent differentiation of human pluripotent
stem cells, including human embryonic stem cells (hESCs) and
iPSCs to MNs (Wichterle et al., 2002; Li et al., 2005; Lee et al., 2007).

iPSCs closely resemble hESCs, which are derived from the inner
cell mass of blastocysts, which form the epiblast that will undergo
gastrulation to form three germ layers: ectoderm, mesoderm, and
endoderm (Swetenburg et al., 2017). The neural plate (Figure 1A) is
formed from the dorsal ectoderm through the inhibition of
transforming growth factor β (TGF-β) and bone morphogenetic
proteins (BMP) signaling together, termed dual-SMAD inhibition
(Chambers et al., 2009). Dual-SMAD blocks the endodermal and
mesodermal cell fates and directs instead from ectoderm toward
differentiation into neural stem cells (Jessell & Sanes, 2000). In a
similar fashion, iPSCs form neuroepithelial cells using small molecules
such as SB431542 (SB) and LDN193189 (LDN), which inhibit TGF-β
and BMP signaling, respectively, and is sometimes referred to as dual-
SMAD inhibition (Chambers et al., 2009) (Figure 1D).

During neurulation, the neural plate folds to form the neural tube.
MNs form in the ventral neural tube, and, thus, dorsoventral
patterning plays an essential role in inducing MN formation
(Figure 1B). Retinoic acid (RA), secreted by adjacent somites, is
essential in developmental dorsoventral patterning and specification
of spinal MNs (Puttagunta & Di Giovanni, 2011). Ventral fate is
specified by a gradient of sonic hedgehog (SHH) emanating from the
notochord and floor plate (Liem et al., 2000). In contrast, dorsal fate is
patterned by an opposing gradient of BMP signaling from the roof
plate, forming the dorsoventral axis along the spinal cord (Hor & Ng,
2020). In vitro, iPSCs are similarly ventralized using SHH signaling
(Figure 1D). Although some protocols utilize recombinant SHH
protein, it is more frequent to use small molecules such as RA in
combination with purmorphamine (PMA) or smoothened agonist
(SAG), which activate the SHH receptor (Wichterle et al., 2002;
Amoroso et al., 2013) and are more affordable and compatible
with large-scale experiments.

Rostrocaudal patterning also plays an important role in the
specification of MNs in the developing neural tube (Figure 1C)
(Stifani, 2014). WNT signaling is essential for the specification of
caudal identity (Rosso & Inestrosa, 2013). WNT ligands are
expressed in the primitive streak and roof plate, but, at later
stages, are also expressed in multiple dorsal neural progenitors
(Megason & McMahon, 2002). FGFs and GDF11 are also
important inducers of caudal identity (Liu et al., 2001).
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GDF11 enhances the ability of FGFs to induce a caudal fate as
marked by the expression of HOX transcription factors (e.g., the
“HOX code”). In addition, RA, secreted by adjacent somites, is
important for inducing spinal cord identity in the developing
neural tube (Davis-Dusenbery et al., 2014). In a similar fashion,
caudalization of iPSC-derived neuroepithelial cells is induced by
small molecules such as CHIR-99021 (CHIR), which activates
canonical WNT signaling via inhibition of glycogen synthase
kinase 3 (GSK3), in combination with RA (Maury et al., 2015)
(Figure 1D). Lippmann and colleagues were able to direct the
differentiation of human PSCs into different regions of the
hindbrain and spinal cord using a combination of WNT, FGF,
RA, and GDF11 (Lippmann et al., 2015). They found that
GDF11 facilitates lumbosacral patterning. Lim and colleagues
directed iPSC differentiation using different rostrocaudal MN
subtypes in a spatially resolved manner with controlled gradients
of RA and GDF11 in the presence of a fixed concentration of PMA
(1 μM) (Lim et al., 2019). RA and GDF11 guide spatial
differentiation by promoting the rostralization of MNs in the
brachial region and caudalization in the thoracic and lumbar regions.

NOTCH signaling promotes proliferation of neural
progenitors. Correspondingly, small molecules such as DAPT
and compound E, which inhibit the NOTCH signaling pathway
promote maturation of MNs in vitro (Du et al., 2015; Venkatesh
et al., 2017). Moreover, neurotrophic factors, including insulin-like
growth factor-1 (IGF-1), glial-derived neurotrophic factor
(GDNF), and brain-derived neurotrophic factor (BDNF)
promote MN survival for cultivation in vitro (Li et al., 2005; Hu
& Zhang, 2009; Burkhardt et al., 2013).

Small changes in small molecule usage
have large effects on differentiation
efficiency

Correct specification of MNs during development requires
application of each of these signaling factors at a precise time and
concentration. Thus, each small molecule used to differentiate iPSCs
must be optimized to obtain the most efficient yield of MNs. The first
report on iPSCs to produce patient-specific MNs was in 2008 and used

TABLE 1 Protocols using small molecules to direct the differentiation of human iPSCs into MNs.

Year Small molecules Duration (days) MN efficiency (%) References

2008 RA, SHH, BDNF, GDNF, CTNF 30 20 Dimos et al. (2008)

2009 RA, SHH, BDNF, GDNF, IGF-1 35 >40 Hu & Zhang, (2009)

2009 RA, PMA, GDNF, BDNF, CTNF 48–62 >35 Karumbayaram et al.
(2009)

2012 SB, Dorsomorphin, RA, PMA, BDNF, GDNF, forskolin 71 >10 Bilican et al. (2012)

2013 LDN, SB, RA, SHH, BDNF, GDNF, CNTF 31 30 Amoroso et al. (2013)

2013 RA, PMA, GDNF, BDNF 31 40 Sareen et al. (2013)

2014 LDN, SB, RA, SAG, PMA, BDNF, GDNF, CNTF 31 >30 Grunseich et al. (2014)

2013 Dorsomorphin, RA, SHH, BDNF, GDNF, IGF-1 20 70 Qu et al. (2014)

2015 Dorsomorphin, SB, BIO (GSK inhibitor), RA, PMA, c-AMP, BDNF, GDNF, IGF-1 28–42 >60 Shimojo et al. (2015)

2015 SB, LDN, RA, SAG, CHIR, DAPT 25 70 Maury et al. (2015)

2015 CHIR, DMH-1, SB, RA, PMA, BDNF, GDNF, CNTF, IGF-1, Compound E 30 95 Du et al. (2015)

2016 RA, SHH, c-AMP, BDNF, GDNF, IGF-1 21–30 40 Dafinca et al. (2016)

2016 LDN, SB, RA, PMA, CHIR, c-AMP, BDNF, GDNF, IGF-1 28 80 Hu et al. (2016)

2018 CHIR, DMH-1, SB, RA, PMA, BDNF, GDNF, CNTF, IGF-1, Compound E 18–53 60 Sances et al. (2018)

2018 CHIR, Dorsomorphin, Compound E, SHH, SAG, PMA, RA, CTNF, BDNF, GNDF,
NT-3

21 73 Bianchi et al. (2018)

2018 SB, CHIR, Dosormorphin, RA, PMA, DAPT, db-cAMP, BDNF, GDNF, IGF-1 40 70 Fujimori et al. (2018)

2018 LDN, SB, RA, SHH, BDNF, GDNF, CNTF 27 20 Bossolasco et al. (2018)

2019 SB, Dorsomorphin, RA, PMA, BDNF, GDNF, forskolin 28–42 >90 Bax et al. (2019)

2020 CHIR, DMH-1, SB, RA, PMA, BDNF, GDNF, CNTF, IGF-1, Compound E 28 67 Thiry et al. (2020)

2020 Dorsomorphin, FGF2, Noggin, SB, RA, SHH, BDNF, GDNF, IGF-1 20 80 Faye et al. (2020)

2020 SB, LDN, RA, SAG, CHIR, DAPT 29 >90 Garcia-Diaz et al. (2020)

2021 LDN, SB, IWR1e, CHIR, RA, PMA, DAPT 28–42 16 Sato et al. (2021)

2021 RA, PMA, BDNF, GDNF, IGF-1, c-AMP 28–52 >90 Cutarelli et al. (2021)
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a combination of RA and SHH protein for 45 days, resulting in a yield
of 20% MNs (Dimos et al., 2008). Initial efforts to increase the yield of
MNs focused on the signaling factors used for caudalization and
ventralization. Introducing RA and SHH earlier and over a more
extended period increased the differentiation efficiency to 50% (Hu &
Zhang, 2009). Amoroso and colleagues used a higher concentration of
RA in combination with SAG and PMA, resulting in an accelerated
MN differentiation within 30 days, but with only 30%MNs (Amoroso
et al., 2013). Many additional studies report efforts to further improve
MN yield by modifying the timing and concentration of small
molecules to induce caudalization and ventralization.
Unfortunately, the maximal yield using this approach was about
50% (Patani et al., 2011; Bilican et al., 2012; Sareen et al., 2013;
Grunseich et al., 2014). This suggests that optimization of other factors
is required for increased differentiation efficacy.

Indeed, focusing on the small molecules used for neural induction
significantly improvedMN differentiation efficiency. In 2014, Qu et al.
(2014) and colleagues used Dorsomorphin (also known as Compound
C), which blocks both Activin and BMP pathways, during the first
6 days of neural induction in iPSCs, resulting in 70% MNs after
20 days. Moreover, they found that the earlier addition of RA (day
2) or later (day 6) during neural induction results in a weak MN fate

specification. In contrast, RA addition at day 3 induces MN
differentiation with very high efficacy.

Modifying the small molecules used for dual-SMAD inhibition
achieved the highest reported MN yield (Du et al., 2015). The BMP
inhibitor DMH1, in combination with the TGF-β inhibitor SB as well
as WNT agonist CHIR achieved 95% MNs in 28 days, one of the
highest yields of MNs reported. In addition, the intermediate MN
progenitors could be expanded as well as cryopreserved. One team
attempted to improve MN differentiation efficiency by combining
dual-SMAD inhibition with γ-secretase inhibitors and WNT
activators (Bianchi et al., 2018). After 21 days, about 73% of cells
expressed MN markers and, after 5 weeks, were electrophysiologically
functional.

Challenges with using small molecules
that require further optimization

Despite considerable success with using small molecules to
recapitulate developmental cues and direct MN differentiation,
significant challenges remain, including achieving reproducible
yields and homogeneity in the resulting cultures. Applying the

FIGURE 1
MN development in vivo and its recapitulation in vitro using small molecules. (A) Timeline of MN development in vivo. (B) Patterning along the
dorsoventral axis is regulated by BMP and SHH produced by the roof and floor plates, respectively, as well as RA from adjacent somites. (C) Patterning of the
rostrocaudal axis is regulated byWNT, FGF, GDF11 and RA. (D) Timeline showing how small molecules can be used to recapitulate developmental factors that
specify MN development. Created with BioRender.com.

Frontiers in Cell and Developmental Biology frontiersin.org04

Castillo Bautista and Sterneckert 10.3389/fcell.2022.1089970

http://BioRender.com
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1089970


same differentiation protocol to different iPSC lines frequently results
in varying differentiation efficiencies (Hu et al., 2010; Volpato et al.,
2018). Even more frustratingly, applying a protocol to different
passages or subclones of the same iPSC line can also result in
different percentages of MNs obtained (Koehler et al., 2011; Cantor
et al., 2022). We find that following reported protocols using our own
iPSCs results in a significantly lower yield, suggesting a need to fine-
tune differentiation protocols for individual cell lines. The presence of
non-MNs can significantly complicate downstream experiments,
including high-throughput microscopy screens or “-omics”
applications (Fernandopulle et al., 2018). The molecular
mechanisms driving these differences in the differentiation between
individual iPSC lines are not clear. One possibility is that iPSC lines
secrete their own unique signature of autocrine factors and those
changes in autocrine signaling factors could affect MN differentiation
efficiency. Interestingly, male and female lines show significant
differences in differentiation efficacy (Boulting et al., 2011).

Another factor that has to be considered is that the variability of
undifferentiated iPSCs could be linked to differences in genetic
polymorphisms (Burrows et al., 2016), The Human Induced
Pluripotent Stem Cells Initiative reported that 5%–46% of the
variation in undifferentiated iPSC cell phenotypes is due to inter-
individual differences (Kilpinen et al., 2017). In another study,
Carcamo-Orive et al. (2017) and colleagues observed genetic and
non-genetic determinants of the heterogeneity of iPSC lines through
analysis of transcriptional variability. They analyzed the gene
expression variability in 317 iPSC lines from 101 individuals.
Around 50% of genome-wide expression variability could be
explained by variation across individuals, and they identified a set
of expression quantitative trait loci that contribute to this variation. To
reduce variation, rigorous standardization of iPSC reprogramming
and differentiation must occur (Volpato & Webber, 2020).

It is theoretically possible to continually optimize the small
molecules used for each iPSC line and passage. For example,
Maury et al. (2015) and colleagues demonstrate one approach for
optimizing each factor to obtain different types of MNs. Nevertheless,
this is clearly cumbersome. Thus, purification steps, such as magnetic-
activated cell sorting (Garcia-Diaz et al., 2020) have arisen to isolate
differentiated MNs from heterogeneous cultures, reducing the
dependence on ongoing optimization to obtain pure cultures of MNs.

One important disadvantage of using small molecules to
recapitulate MN specification in a dish is the amount of time
required. Most small molecule-based differentiation protocols
require weeks or even months (see Table 1), which clearly limits
the number as well as the type of experiments that can be performed.
In addition, there are data suggesting that MN cultures most closely
resemble fetal MNs (Ho et al., 2016), which is clearly a limiting factor
when using MNs to model age-associated MN diseases, such as
amyotrophic lateral sclerosis. Long-term cultivation of
heterogeneous cultures can also pose technical challenges. For
example, if even a few proliferative cells contaminate the initial
culture of MNs, then these proliferative cells can quickly
outcompete post-mitotic MNs during long-term cultivation.

Another challenge is the detachment of the MNs in long-term
culture. In our experience, MNs in culture plated in Matrigel or poly-
L-ornithine and laminin for up to 2 months start detaching. For this
reason, the use of other coating substrates, such as dendritic
polyglycerol amine (Thiry et al., 2022), has been suggested to
improve conditions for long-term cultures of iPSC-derived MNs.

Thus, it has been difficult to achieve the goal of a rapid
differentiation protocol with a very high yield of MNs from
different iPSCs over many passages using small molecules. The
long culture times and heterogeneity that has resulted has led
investigators to explore other approaches, including the use of
expression of transcription factors found in developing MNs.

Using transcription factors to direct the
differentiation of iPSCs into MNs

Signaling factors in the ventral neural tube specify developing MN
progenitors by inducing the expression of specific transcription factors
(Figure 2A). SHH specifies MN fate via the expression of the class II
transcription factors OLIG2 and NKX6.1, and RA promotes the
expression of the class I transcription factor PAX6 (Tanabe et al.,
1998; Briscoe et al., 2000; Novitch et al., 2001). OLIG2 regulates
expression of NGN2 in MN progenitors, and NGN2 expression
promotes cell cycle exit of post-mitotic MNs that express the
transcription factors HB9 (also known as MNX1), ISL1, and LHX3
(Novitch et al., 2001). These transcription factors are determinants of
MN identity and are initially expressed in all post-mitotic MNs whose
axons exit the spinal cord via the ventral root (Santiago & Bashaw,
2014).

Since specific transcription factors are expressed downstream of
developmental signaling factors, ectopic expression of these
transcription factors should direct differentiation of MNs and
reduce heterogeneity arising from differences in autocrine signaling
factors. Mouse ESCs provide some of the first proof-of-principle for
using transcription factors to direct MN differentiation (Mazzoni
et al., 2013). Two doxycycline-inducible mESC lines were
generated: one harboring a polycistronic expression construct
NGN2 + ISL1 + LHX3 (NIL) for spinal MNs, and NGN2 + ISL1 +
PHOX2A (NIP) for cranial MNs. In 6 days, using NIL, mESCs formed
spinal MNs with almost 80% efficiency. This efficiency is strikingly
higher than what has been achieved with many small molecule-based
approaches.

Inspired by the striking results using mESCs, transcription factors
have been extensively used to direct hESCs and iPSCs into MNs
(Summarized in Table 2). Hester and colleagues used adenovirus to
deliver and express NIL in hESC- and iPSC-derived neural progenitor
cells, resulting in more than 70% MNs after 11–13 days (Hester et al.,
2011). Another study used Sendai virus to express NIL in
undifferentiated iPSCs rather than in neural progenitors, making it
a more direct approach, and yielded 30% MNs after 14 days (Goto
et al., 2017). Interestingly, expression of all three NIL transcription
factors was required for MN differentiation. No MNs were obtained
after ectopic expression of any one transcription factor, nor when
NGN2 was expressed in combination with ISL1.

Efforts to further optimize the use of MN
transcription factors

Although these reports using transcription factors to direct MN
differentiation are very impressive, there is still a need for further
optimization. For example, viruses can be cumbersome to use because
of the need for packaging and cultures must be infected before each
experiment. In addition, the infection conditions need optimization
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for each individual cell line, and cells within one culture can be
stochastically infected with a different number of viruses,
potentially resulting in heterogeneous transgene expression. Also,
viral infection is potentially toxic and, depending on the virus used,
there could be a risk of insertional mutagenesis.

One possible approach to avoid the use of viruses is synthetic
mRNAs. Synthetic mRNAs encoding specific transcription factors can
be transfected into iPSCs, potentially allowing for robust, footprint-
free dose-dependent expression. Goparaju and colleagues found syn-
mRNAs encoding NGN1, NGN2, NGN3, NEUROD1, and
NEUROD2 showed a strong neural induction by Day 5 (Goparaju
et al., 2017). Moreover, by day 14, about 95% of TUBB3-positive
neurons were MNs. However, similar to viruses, mRNAs are

cumbersome to use because they require synthesis. Also,
transfection can be toxic and result in heterogeneous expression of
the transgenic protein.

De Santis et al. (2018) and colleagues used a PiggyBac transposable
vector derived from epB-Bsd-TT, which was integrated into iPSCs.
Spinal and cranial MNs were obtained using integrated PiggyBac
vectors to express NIL andNIP, respectively. This approach resulted in
MNs considerably quicker than any report using small molecules. The
post-mitotic MN markers TUBB3, ISL1, and ChAT were detected
within 3 days of differentiation. By day 5, Hb9 expression was
increased together with LHX3 or PHOX2A for spinal and cranial
MNs, respectively. Efficacy for both types of MNs was more than 90%.
Moreover, about 50% displayed spontaneous glutamatergic post-

FIGURE 2
Transcription factors regulating MN development in vivo and their use in differentiating iPSCs into MNs in vitro. (A) Transcription factors expressed in the
MN progenitors (pMN) and post-mitotic MNs (MN) in the developing neural tube. (B) Representative protocol for using expression of specific transcription
factors to direct the differentiation of iPSCs into MNs. Created with BioRender.com.

TABLE 2 Protocols using transcription factor expression to direct the differentiation of human iPSCs into MNs.

Year Delivery system Transcription factors Duration (days) MN efficiency (%) References

2011 Adenovirus NGN2, ISL-1, LHX3 11 72 Hester et al. (2011)

2017 Sendai virus NGN2, ISL-1, LHX3 14 30 Goto et al. (2017)

2017 Synthetic mRNA NGN1, NGN2, NGN3, ND1, ND2, ND4 14 94 Goparaju et al. (2017)

ND6

2018 pMx retroviral vector NGN2, ISL1, LHC3, ND1, BRN2, ASCL1, MYT1L 15 70–80 Shi et al., 2018, Shi et al. (2018)

2018 AAVS1 locus NGN2, ISL-1, LHX3 14 90–100 Fernandopulle et al. (2018)

2018 PiggyBac NGN2, ISL-1, LHX3 and NGN2 + ISL1 + PHOX2A 13 90 De Santis et al. (2018)
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synaptic currents after 13 days of differentiation (Figure 2B) (De Santis
et al., 2018). A similar approach is to use inducible NIL vectors stably
integrated into iPSCs at a safe harbor locus such as AAVS1
(Fernandopulle et al., 2018). Fernandopulle and colleagues showed
expression of MN markers at 14 days. It is important to note that this
transcription factor approach seems to be strikingly more efficient
than small molecules. At its most efficient, small molecules direct the
differentiation of iPSCs into MNs with up to 95% efficiency after
28 days. Thus, using transcription factors seems to reduce the time
required by about half.

Unfortunately, similar to the small molecule-based approach,
there is still an issue with immaturity of the resulting MNs.
Although expression of transcription factors such as NIL efficiently
direct differentiation into MNs, these transcription factors are
expressed in MNs during development. It is likely that other
transcriptional programs are needed for MN maturation and
function. Thus, continued expression of early embryonic MN
transcription factors might reinforce an immature MN fate and
inhibit further maturation. One way to overcome this issue is to
avoid permanently integrating a construct into the genomic DNA,
and, instead, transiently transfecting synthetic mRNAs. Goparaju et al.
(2017) and colleagues provided proof of principle for this approach by
demonstrating that a cocktail of five synthetic transcription factor
mRNAs directed the differentiation of human PSCs into neurons with
over 80% efficiency, of which over 90% were MNs. Additional work is
needed to assess if this approach is better suited to generating mature
MNs compared to the use of vectors integrated into the genome.

In the future, it might be possible to modify the combination of
TFs to more directly program the differentiation of mature MNs. Patel
et al. (2022) and colleagues evaluated the transcriptional dynamics of
mouse spinal MNs and identified four candidates as regulators of MN
maturation: NFI transcription factors, steroid hormone receptors, AP-
1, and Mef2. In addition, they found that, after specification, the
selector transcription factor LHX3 is downregulated in most MNs and
the regulatory elements controlled jointly by ISL1 and LHX3 become
decommissioned. It might be possible, in the future, to use
information from this and similar studies to efficiently differentiate
iPSCs into mature MNs.

Meanwhile, it is known that during development, MNs interact
with many other cell types. Thus, MN maturation might require the
presence of other cells such as glial cells, including oligodendrocytes,
astrocytes, and microglia, as well as skeletal muscle cells. Moreover,
these interactions often take place in a spatially separated manner–e.g.,
Soma and dendrites with astroglia and axons with Schwann cells and
skeletal muscle in the periphery. In the following section, we describe
the techniques and devices used to develop co-cultures as well as 3-D
cultures, such as organoids.

Microfluidic devices, including organ-
on-a-chip

Microfluidic technology is a powerful tool that is well suited to
establishing cultures that recapitulate different physiological
compartments as well as establishing multicellular co-cultures
with controlled and reproducible complexity (Osaki et al., 2018a).
In its most simple form, microfluidic devices consist of two distinct
compartments connected by microchannels. Basic motor circuits are
generated by culturing MNs in one compartment, whose axons grow

through the microchannels to innervate skeletal muscle in the other
compartment after 28 days (Stoklund Dittlau et al., 2021) or 36 days
(Bellmann et al., 2019). Rabies tracing, calcium imaging, and/or
patch-clamp recordings are essential to establish the function of the
motor circuits. Ionescu and colleagues provided procedures to
measure axon growth and to reliably quantify neuromuscular
junction (NMJ) activity using imaging of both muscle
contractions and fast intracellular calcium changes (Ionescu et al.,
2016). This platform allows precise control, monitoring, and
manipulation of subcellular microenvironments. Specifically, it
enables the distinction of local from retrograde signaling
mechanisms and allows restricted experimental intervention in
local compartments along the muscle–neuron route. In another
study, Lin et al. (2020) and colleagues designed an in vitro NMJ
induction system constructed by differentiating human iPSCs in a
single culture dish. By switching the myogenic and neurogenic
medium for induction, the resulting NMJ cultures contained pre-
and postsynaptic components, including MNs, skeletal muscle, and
Schwann cells after 1 month.

Organ-on-chip systems are more sophisticated microfluidic
devices that aim to recapitulate cellular interactions, particularly
among different types of cells. One particularly important structure
to recapitulate is the blood-brain barrier, which has a critical function
in the spinal cord and significantly impedes the delivery of many
therapeutics to upper MNs. One of the advantages of microfluidic
devices is the ability to control shear force and mechanical stretch as
biophysical inputs (Wu et al., 2020), which could also be important
contributors to MN differentiation and function. A partial 3-D blood-
brain barrier model was developed with a cylindrical microchannel in
collagen gel to study neuro-inflammation with a co-culture of brain
endothelial cells, pericytes and astrocytes (Herland et al., 2016).
Another study incorporated iPSC-derived brain-specific endothelial
cells to generate a blood-brain barrier-like structure. Similarly to the
blood-brain barrier in vivo, this in vitro culture reduced the
therapeutic bioavailability of tested drugs (Osaki et al., 2018b).

Subsequent work successfully incorporated MNs and even
generated motor units along with a model of the blood-brain
barrier. Motor unit formation was successfully obtained by using
microfluidic chambers where iPSC-derived MN spheroids and
muscle fiber bundles were plated in different compartments of
the chamber for 42 days (Osaki et al., 2018b; Osaki et al., 2018c).
iPSC-derived endothelial cells mimicked the blood-brain barrier.
Motor unit loss was observed using amyotrophic lateral sclerosis
iPSC-derived cultures. A similar study by Sances and colleagues
generated a “Spinal Cord-Chip” and demonstrated that iPSC-
derived brain microvascular endothelial cells interact to promote
the maturation of iPSC-derivedMNs after 60 days in culture. (Sances
et al., 2018).

Organoids and assembloids

In contrast to microfluidic devices, which are synthetic devices for
culturing pre-differentiated cells, iPSC-derived organoids are self-
organized 3-D cultures, making them powerful tools for modeling
the development of the central nervous system, including the human
spinal cord. Cerebral organoids were the first human PSC-derived
organoids and were generated in 2013 (Lancaster et al., 2013). They
included a cerebral cortex containing progenitor population that
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organized and produced mature cortical neuron subtypes after 30 days
in culture.

Spinal cord organoids recapitulate patterning of the developing
dorsal spinal cord by SMAD inhibition followed by the addition of RA
to ventralize the culture together with a SHH agonist (Lee et al., 2007;
Ogura et al., 2018; Andersen et al., 2020; Valiulahi et al., 2021). Ogura
and colleagues generated dorsal spinal cord-like tissues with four types
of dorsal interneuron populations (Ogura et al., 2018). Increasing
concentrations of a small molecule activating SHH signaling
ventralized the cells, enabling the derivation of dorsal, intermediate,
and ventral organoids.

In order to recapitulate a motor circuit, it is necessary to have
both MNs as well as myotubes. When spinal cord organoids were co-
cultured with myotubes for 35 days, NMJs formed and myotube
contraction was observed, demonstrating the generation of
functional motor units (Hor et al., 2018). Another study reported
that iPSC-derived bipotent neuromesodermal progenitors generated
trunk organoids containing spinal MNs and skeletal muscle
(Faustino Martins et al., 2020). These organoids recapitulated
morphogenetic movements and displayed distinct
neuroectodermal and mesodermal domains. After 50 days in
culture, axonal tracts innervated mature muscle fibers and formed
functional NMJs.

One study generated iPSC-derived sensorimotor organoids in
105 days by producing neuromesodermal progenitors via FGF and
WNT agonists as well as forskolin instead of using dual-SMAD
inhibition (Pereira et al., 2021). iPSC-derived sensorimotor
organoids cultured as free-floating sphere cultures followed by
plating and growth under adherent conditions, contained sensory
neurons, dorsal spinal interneurons, MNs, astrocytes, microglia,
skeletal muscle, and vascular cells. Moreover, NMJs produced
neuron-dependent skeletal muscle contractions, which were
reduced in amyotrophic lateral sclerosis-derived organoid cultures.
Furthermore, single cell sequencing revealed that spheres derived from
six different isogenic iPSC lines showed minimal variation in
composition.

It is particularly useful to combine different organoids into
assembloids to generate more complete models of motor circuits.
Upper MNs in the motor cortex innervate spinal MNs, and
researchers have recapitulated this circuit by generating brain-
spinal cord assembloids by co-culturing cerebral organoids and
MN spheroids. Andersen and colleagues achieved one of the most
complete models of MN signaling by generating a cortico-motor unit
fusing cortical and spinal MNs and skeletal muscle organoids
(Andersen et al., 2020). They designed a combinatorial approach
(12 conditions) to test FGF-2, RA, WNT, and SHH modulators at
varying concentrations following neural ectoderm specification.
Following, spheroids were exposed to dual SMAD inhibition.
They found that exposure to high levels of RA and low levels of
FGF-2 induces an increase in rostral fates, whereas low levels of RA
and high levels of FGF-2 induces an increase in caudal fates. In
addition, high SAG exposure is associated with increased expression
of ventral marker genes. These assembloids were maintained
functionally and morphologically intact for up to 70 days in vitro.
Using rabies tracing, calcium imaging, and patch-clamp recordings,
they were shown to contain corticofugal projections and NMJs.
Muscle contraction and calcium spikes in muscle fibers after
optogenetic stimulation validated the functional assembly of
cortico-motor units.

Ongoing efforts to optimize organ-on-
a-chip, organoids and assembloids

Compared with 2D cell culture, organoids and organ-on-a-chip
have the advantages of including cell-cell and cell-extracellular matrix
interaction. In the case of the microfluidic chip, there is fine control
over the microenvironment. However, organ-on-a-chip are difficult to
standardize and scale up, require specialized equipment (external
pumps, connectors, etc.,) and are relatively expensive. Moreover,
PDMS, which is commonly used to fabricate microfluidics chips
can absorb molecules such as fluorescent dyes, making imaging
challenging. The combination of PDMS with
polytetrafluoroethylene has been proposed to reduce this problem
(Yao et al., 2021). Materials such as thermoplastic polymers,
elastomers and hydrogels have been suggested as alternative
material for PDMS (Campbell et al., 2021).

3D cultures are heterogeneous and, unlike 2D cultures, cannot be
easily integrated into existing automation systems and massively
parallel screening campaigns. Compared with animal models,
organoids and organ-on-a-chip could enable the study of human
diseases at a lower cost with fewer ethical concerns assuming that
issues of scalability and reproducibility are addressed successfully. One
example are the neuromuscular organoids generated by Faustino and
colleagues, which would be an ideal platform for studying NMJ
diseases and identifying novel drug candidates (Faustino Martins
et al., 2020).

However, there are multiple challenges when using organ-on-a-
chip and organoids, including difficulties in reproducibility,
resulting in considerable variability in their development, cellular
composition and, in the case of organoids, organization between
batches and, sometimes, organization between organoids within one
experiment (Fu et al., 2021). This heterogeneity, together with the
long timelines required to form and mature organoids, can make
them very difficult to use and limit their application for high-
throughput testing. A combination of bioengineering and
biomaterial approaches can be used to minimize variability and
increase reproducibility, which can be assessed using single cell RNA
sequencing (Atamian et al., 2021).

Micropatterned arrays can be used as templates for generating
organoids. For example, creating an artificial organizing center by
embedding a mass of cells expressing a certain morphogen at one pole
of the organoid (Cederquist et al., 2019) or using microfluidics
(Manfrin et al., 2019; Rifes et al., 2020) or a combination of
gradients in an orthogonal manner (Demers et al., 2016).
Moreover, synthetic hydrogels can support organoid growth,
allowing better control of biophysical and biochemical parameters
(Gjorevski et al., 2016).

To reduce variability, 3D cultures need to overcome the
complication of ensuring that the factors added to the culture
medium are administered equally to all cells within the 3D
structure. Cells within 2D cultures are widely accessible to the
culture medium, enabling uniform exposure. The approach
suggested by Vieira de Sá et al. (2021) and colleagues is to
control the application of developmental signaling factors using
microfluidic devices. iPSCs are seeded in an elongated chamber and
subjected to an orthogonal gradient to generate caudal–rostral and
dorsal-ventral axes for spinal cord patterning. For caudal-rostral
patterning, a channel network runs on top of the main chambers
connecting two inlets: the caudal inlet with FGF and an inlet with
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only medium creating a regulated gradient with high concentration
of FGF at the caudal side and no FGF on the rostral side (Sagner &
Briscoe, 2019; Rifes et al., 2020). The side chambers would deliver
BMP and SHH on the top and bottom chambers for dorsoventral
patterning.

Another approach is using gelatin-based 3-D bioprinted bioink
scaffolds. Han et al. (2022) and colleagues bioprinted iPSC-derived
MN precursors and astrocytes on different combinations of bioink
that were crosslinked to scaffolds. With further optimization, this
could lead to uniform spinal organoids.

Unfortunately, the lack of vascularization significantly limits the
size and survival of organoids and assembloids (Lancaster et al.,
2013; Grebenyuk & Ranga, 2019). As the size increases, the core
becomes necrotic due to a lack of oxygen and nutrients. One strategy
for addressing this problem is to fuse vascular and brain organoids to
obtain vascularized brain organoids. By co-culturing primary
endothelial cells, pericytes, and astrocytes, blood-brain barrier
spheroids were created as an in vitro screening platform for
brain-penetrating agents (Bergmann et al., 2018; Cho et al., 2017).
Fusion organoids cultured for 40 days contained functional
blood–brain barrier-like structures as well as microglial cells.
Thus, in addition to potentially enabling the cultivation of larger
organoids, this model also allows the modeling of interactions
between neurons and non-neuronal cells, particularly the
vasculature and microglia niche (Sun et al., 2022). It would be
intriguing to apply this strategy to spinal cord organoids and
assembloids to increase cell survival.

Another challenge is the use of brain and spinal organoids to
model neurodegeneration, since organoids reach a maturational
plateau that corresponds to mid-gestational stages (Camp et al.,
2015; Tanaka et al., 2020). To “age” cultures, one approach uses
transcription factor-mediated differentiation of a subset of PSCs into
endothelial-like cells during cerebral organoid induction for 120 days,
which also enhances the maturation of cells within the organoid (Cakir
et al., 2019).

Strategies to differentiate iPSCs into
aged MNs

Aging is an important risk factor for neurodegenerative diseases,
including MN diseases (Hou et al., 2019). Thus, for those studying
neurodegeneration, the directed differentiation of iPSCs into MNs
resembling those in aged spinal cord is desirable. It is important to
note that aging and maturation are different in critical ways. Mature
MNs manifest excitability, generate action potentials, and form
functional synaptic connections as well as express synaptic
markers, voltage-gated ion channels, and neurotransmitter
receptors (Weick, 2016). One approach to mature iPSC-derived
MNs is to transplant them into rodents to let them mature in vivo.
After transplantation into adult mice, mES-derived MNs formed
functional NMJs, a feature of mature MNs (Yohn et al., 2008).
Moreover, human iPSC-derived MNs developed mature phenotypes
after transplantation into mice (Corti et al., 2012; Su et al., 2013; Toma
et al., 2015). Olmsted et al. (2022) and colleagues evaluated the survival
and integration of transplanted iPSC-derived spinal MNs and
oligodendrocyte progenitor cells in rats. Although transplanted
spinal MNs expressed markers of mature neurons, aging markers
were missing.

“Aged” neurons manifest a gradual decline in structure and
function (Studer et al., 2015). In addition, hallmarks for cellular
aging include shortened telomere length, reduced mitochondrial
function, increased DNA damage, global reduction in
heterochromatin, accumulation of damaged proteins, nuclear
lamina-associated changes, and senescence (Figure 3) (Lopez-Otin
et al., 2013; Miller et al., 2013). Unfortunately, reprogramming
“rejuvenates” the age of somatic cells, increasing telomere length
(Marion et al., 2009; Suhr et al., 2009; Agarwal et al., 2010),
reducing mitochondrial disruption (Suhr et al., 2010; Prigione
et al., 2011), reducing DNA damage (Miller et al., 2013), and
inhibiting senescence (Lapasset et al., 2011). As a result, iPSC-
derived neurons resemble fetal neurons rather than those of the

FIGURE 3
Comparison between mature MNs and aged MNs. “Aged” MNs show considerable differences compared to “young” MNs, including changes in
mitochondria, synaptic function, integrity in the nuclear membrane integrity as well as increased DNA damage and reduced telomere length. Created with
BioRender.com.
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aged neurons of the donating patient (Mariani et al., 2012; Nicholas
et al., 2013). Thus, it is important to assess regularly iPSC-derived
MNs for markers of maturation and function as well as “aging”.
Possible assays for testing iPSC-derived MNs include: senescence
markers such as p21 and beta-galactosidase, telomere length
measurement, nuclear lamina changes, and mitochondrial function
in addition to functional assays such as electrophysiology and
synaptogenesis. Comparing the transcriptome of iPSC-derived MNs
against in vivo MNs could also be very valuable.

Premature aging diseases such as Hutchinson–Gilford progeria
syndrome suggest strategies to artificially “age” iPSC-derived neurons.
Progeria caused by Progerin is a truncated version of the lamin A
protein (Scaffidi & Misteli, 2005). Progerin induces structural and
functional changes in the nuclear membrane, leading to damage,
telomere shortening, p53-dependent changes in gene expression
regulation, and induction of cellular senescence and cell death
(Dechat et al., 2008). Expression of progerin in iPSC-derived
midbrain dopaminergic neurons resulted in aged-specific
characteristics, including increased DNA damage and
mitochondrial dysfunction, reduced dendrite length, increased
neuromelanin production, apoptosis, mitochondrial defects, and
neuronal inclusions indicative of decreased ubiquitin-proteasome
function (Miller et al., 2013). It might prove interesting to use a
similar strategy to artificially “age” iPSC-derived MNs. Nevertheless, it
is important to note that progerin-induced changes occur via a
different molecular mechanism in comparison to normal aging
(Brennand, 2013).

Another potential approach to induce “aging” is inhibition of
telomerase, an enzyme that causes telomere elongation. Telomeres are
special nucleoprotein structures at the ends of eukaryotic
chromosomes that protect them from degradation and DNA
damage, and telomeres shorten with aging (Aubert & Lansdorp,
2008). It has been shown that inhibiting telomerase in iPSCs using
BIBR1532 followed by differentiation into midbrain dopaminergic
neurons resulted in a manifestation of age-related phenotypes such as
DNA damage, dendritic atrophy and mitochondrial perturbation
(Vera et al., 2016). Unfortunately, iPSCs and iPSC-derived MNs
treated with BIBR1532 either did not survive, or, at low and well-
tolerated concentrations, did not manifest age-related phenotypes
(Pandya et al., 2021). Thus, this approach might require further
optimization, such as testing increasing treatment durations.

Alternatively, it is possible that a different telomerase inhibitor,
such as U-73122, purpuromycin, beta-rubromycin, and
epigallocatechin gallate (Shalaby et al., 2010), might be more
successful than BIBR1532.

Finally, aging is associated with specific changes in gene
expression, including for the genes encoding RANBP17 and NRSF/
REST. Thus, it might be possible to artificially “age” iPSC-derived
MNs by manipulating the expression of age-associated proteins such
as RANBP17 and NRSF/REST. For example, Mertens and colleagues
showed that iPSCs are “rejuvenated” during reprogramming. They
compared neurons from human donors across a broad range of ages,
either by differentiation from iPSCs or by direct conversion into
induced neurons from fibroblasts (iNs). iPSC-derived neurons did
not retain aging-associated gene signatures. In contrast, iNs displayed
age-specific transcriptional profiles and revealed age-associated
decreases in the nuclear transport receptor RANBP17. Using RNA
sequencing, they showed that RANBP17 levels decreased with age
(Mertens et al., 2021). This could suggest that reducing the expression
of RANBP17, for example via knock-down, could artificially “age”
iPSC-derived MNs.

Interestingly, it is possible that disease might be associated with
aberrant expression of proteins required for healthy aging. For
example, NRSF/REST is a feature of normal aging in human
cortical and hippocampal neurons; its expression is low in “young”
neurons and high in “aged” neurons (Lu et al., 2014). However, iPSC-
derived neurons from sporadic Alzheimer’s disease patients show
reduced NRSF/REST and was associated with disruption of the
nuclear lamina (Meyer et al., 2019). This suggests that “healthy”
aging mechanisms are dysregulated in neurodegenerative diseases,
such as Alzheimer’s disease. To our knowledge, there is no study
measuring NRSF/REST levels in MNs in young vs. aged spinal cord or
in iPSC-derived MNs.

Concluding remarks

iPSCs are powerful tools for modeling MN diseases, but doing so
requires large quantities of functional MNs having the same
characteristics, age, and functional connections as those found in
patients. There has been considerable success in developing protocols
to direct the differentiation of iPSCs into MNs, which can now be

TABLE 3 Advantages and disadvantages of different approaches to obtain MNs in culture.

Small molecules Transcription factors Organ-on-chip Organoids

Duration Long term Short term Intermediate term Long term

MN purity Variable High Variable Variable

Cost Relative cheap Relative cheap Expensive Expensive

Reproducibility High variability Low variability Low variability High variability

Maturation
features

Absence of mature feature as single
culture

Absence of mature feature as single
culture

Improve of MN maturation in co-
culture

Improve of MN maturation

Applicability Drug screening Drug screening Drug screening including toxicity Mechanism of cell-cell
interaction

Mechanism of a single cell Mechanism of a single cell Mechanism of cell-cell interaction

Scalability Easy to scale up Easy to scale up Difficult to scale up Difficult to scale up

Manipulation Easy to handle Easy to handle Proper training needed Proper training needed
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obtained near homogeneity within 1–2 weeks. Recent years, have seen
a considerable increase in the diversity and sophistication of MN
cultures, each marking an improvement in replicating human MNs
and physiological function in vivo. As summarized in Table 3, all of the
approaches have advantages and disadvantages. Thus, the selected
model system must fit the research question under investigation. For
example, pure and specific subtypes of MN cultures, using either small
molecules or transcription factor expression, enable the study of
developing MNs, cell-autonomous disease mechanisms and are
easily scaled up for high-throughput screening or transplantation.
Meanwhile, microfluidics and organoids are well suited to studying
non-cell autonomous pathogenesis and assessing MN function, for
example, using myotube contraction. Considerable effort is being
made to reduce variability in order to increase the number and
types of experiments in which iPSC-derived MNs can be used.
Finally, it remains challenging to obtain iPSC-derived MNs
showing age-associated pathogenesis, but strategies are being
developed that could facilitate the artificial “aging” of iPSC-derived
MNs in vitro.

Author contributions

CMCB reviewed the literature. CMCB and JS wrote the review.
CMCB and JS prepared the graphics using Biorender.com.

Funding

We gratefully acknowledge financial support from the Deutsche
Forschungsgemeinschaft (DFG) and the CRTD, which is part of the
TUD. JS gratefully acknowledges that this work was financed by the
DFG Research Center (DFG FZT 111) and Cluster of Excellence (DFG
EXC 168), including a seed grant. In addition, JS was supported the
DFG (CA 893/18-1).

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.

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.

References

Agarwal, S., Loh, Y.-H., McLoughlin, E. M., Huang, J., Park, I.-H., Miller, J. D., et al.
(2010). Telomere elongation in induced pluripotent stem cells from dyskeratosis congenita
patients. Nature 464 (7286), 292–296. doi:10.1038/nature08792

Amoroso, M. W., Croft, G. F., Williams, D. J., O’Keeffe, S., Carrasco, M. A., Davis, A. R.,
et al. (2013). Accelerated high-yield generation of limb-innervating motor neurons from
human stem cells. J. Neurosci. 33 (2), 574–586. doi:10.1523/JNEUROSCI.0906-12.2013

Andersen, J., Revah, O., Miura, Y., Thom, N., Amin, N. D., Kelley, K. W., et al. (2020).
Generation of functional human 3D cortico-motor assembloids. Cell 183 (7), 1913–1929.
doi:10.1016/j.cell.2020.11.017

Atamian, A., Cordón-Barris, L., and Quadrato, G. (2021). Taming human brain
organoids one cell at a time. Seminars Cell & Dev. Biol. 111, 23–31. doi:10.1016/j.
semcdb.2020.05.022

Aubert, G., and Lansdorp, P. M. (2008). Telomeres and aging. Physiol. Rev. 88 (2),
557–579. doi:10.1152/physrev.00026.2007

Bax, M., McKenna, J., Do-Ha, D., Stevens, C. H., Higginbottom, S., Balez, R., et al.
(2019). The ubiquitin proteasome system is a key regulator of pluripotent stem cell survival
and motor neuron differentiation. Cells 8 (6), 581. doi:10.3390/cells8060581

Bellmann, J., Goswami, R. Y., Girardo, S., Rein, N., Hosseinzadeh, Z., Hicks, M. R.,
et al. (2019). A customizable microfluidic platform for medium-throughput modeling of
neuromuscular circuits. Biomaterials 225, 119537. doi:10.1016/j.biomaterials.2019.
119537

Besser, R. R., Bowles, A. C., Alassaf, A., Carbonero, D., Maciel, R., Saporta, M., et al.
(2020). A chemically defined common medium for culture of C2C12 skeletal muscle and
human induced pluripotent stem cell derived spinal spheroids. Cell. Mol. Bioeng. 13 (6),
605–619. doi:10.1007/s12195-020-00624-1

Bhinge, A., Namboori, S. C., Zhang, X., VanDongen, A. M. J., and Stanton, L. W. (2017).
Genetic correction of SOD1 mutant iPSCs reveals ERK and JNK activated AP1 as a driver
of neurodegeneration in amyotrophic lateral sclerosis. Stem Cell Rep. 8 (4), 856–869.
doi:10.1016/j.stemcr.2017.02.019

Bianchi, F., Malboubi, M., Li, Y., George, J. H., Jerusalem, A., Szele, F., et al. (2018). Rapid
and efficient differentiation of functional motor neurons from human iPSC for neural
injury modelling. Stem Cell Res. 32, 126–134. doi:10.1016/j.scr.2018.09.006

Bilican, B., Serio, A., Barmada, S. J., Nishimura, A. L., Sullivan, G. J., Carrasco, M., et al.
(2012). Mutant induced pluripotent stem cell lines recapitulate aspects of TDP-43
proteinopathies and reveal cell-specific vulnerability. Proc. Natl. Acad. Sci. U. S. A. 109
(15), 5803–5808. doi:10.1073/pnas.1202922109

Bossolasco, P., Sassone, F., Gumina, V., Peverelli, S., Garzo, M., and Silani, V. (2018).
Motor neuron differentiation of iPSCs obtained from peripheral blood of a mutant
TARDBP ALS patient. Stem Cell Res. 30, 61–68. doi:10.1016/j.scr.2018.05.009

Boulting, G. L., Kiskinis, E., Croft, G. F., Amoroso, M. W., Oakley, D. H., Wainger, B. J.,
et al. (2011). A functionally characterized test set of human induced pluripotent stem cells.
Nat. Biotechnol. 29 (3), 279–286. doi:10.1038/nbt.1783

Brennand, K. J. (2013). Inducing cellular aging: Enabling neurodegeneration-in-a-dish.
Cell Stem Cell 13 (6), 635–636. doi:10.1016/j.stem.2013.11.017

Briscoe, J., Pierani, A., Jessell, T. M., and Ericson, J. (2000). A homeodomain protein
code specifies progenitor cell identity and neuronal fate in the ventral neural tube. Cell 101
(4), 435–445. doi:10.1016/s0092-8674(00)80853-3

Burkhardt, M. F., Martinez, F. J., Wright, S., Ramos, C., Volfson, D., Mason, M., et al.
(2013). A cellular model for sporadic ALS using patient-derived induced pluripotent stem
cells. Mol. Cell. Neurosci. 56, 355–364. doi:10.1016/j.mcn.2013.07.007

Burrows, C. K., Banovich, N. E., Pavlovic, B. J., Patterson, K., Gallego Romero, I.,
Pritchard, J. K., et al. (2016). Genetic variation, not cell type of origin, underlies the
majority of identifiable regulatory differences in iPSCs. PLOS Genet. 12 (1), e1005793.
doi:10.1371/journal.pgen.1005793

Cakir, B., Xiang, Y., Tanaka, Y., Kural, M. H., Parent, M., Kang, Y.-J., et al. (2019).
Engineering of human brain organoids with a functional vascular-like system. Nat.
Methods 16 (11), 1169–1175. doi:10.1038/s41592-019-0586-5

Camp, J. G., Badsha, F., Florio, M., Kanton, S., Gerber, T., Wilsch-Bräuninger, M., et al.
(2015). Human cerebral organoids recapitulate gene expression programs of fetal
neocortex development. Proc. Natl. Acad. Sci. U. S. A. 112 (51), 15672–15677. doi:10.
1073/pnas.1520760112

Campbell, S. B., Wu, Q., Yazbeck, J., Liu, C., Okhovatian, S., and Radisic, M. (2021).
Beyond polydimethylsiloxane: Alternative materials for fabrication of organ-on-a-chip
devices and microphysiological systems. ACS Biomaterials Sci. Eng. 7 (7), 2880–2899.
doi:10.1021/acsbiomaterials.0c00640

Cantor, E. L., Shen, F., Jiang, G., Tan, Z., Cunningham, G. M., Wu, X., et al. (2022).
Passage number affects differentiation of sensory neurons from human induced
pluripotent stem cells. Sci. Rep. 12 (1), 15869. doi:10.1038/s41598-022-19018-6

Carcamo-Orive, I., Hoffman, G. E., Cundiff, P., Beckmann, N. D., D’Souza, S. L.,
Knowles, J. W., et al. (2017). Analysis of transcriptional variability in a large human iPSC
library reveals genetic and non-genetic determinants of heterogeneity. Cell Stem Cell 20
(4), 518–532. doi:10.1016/j.stem.2016.11.005

Cederquist, G. Y., Asciolla, J. J., Tchieu, J., Walsh, R. M., Cornacchia, D., Resh, M. D.,
et al. (2019). Specification of positional identity in forebrain organoids. Nat. Biotechnol. 37
(4), 436–444. doi:10.1038/s41587-019-0085-3

Chambers, S. M., Fasano, C. A., Papapetrou, E. P., Tomishima, M., Sadelain, M., and
Studer, L. (2009). Highly efficient neural conversion of human ES and iPS cells by dual
inhibition of SMAD signaling. Nat. Biotechnol. 27 (3), 275–280. doi:10.1038/nbt.1529

Frontiers in Cell and Developmental Biology frontiersin.org11

Castillo Bautista and Sterneckert 10.3389/fcell.2022.1089970

http://Biorender.com
https://doi.org/10.1038/nature08792
https://doi.org/10.1523/JNEUROSCI.0906-12.2013
https://doi.org/10.1016/j.cell.2020.11.017
https://doi.org/10.1016/j.semcdb.2020.05.022
https://doi.org/10.1016/j.semcdb.2020.05.022
https://doi.org/10.1152/physrev.00026.2007
https://doi.org/10.3390/cells8060581
https://doi.org/10.1016/j.biomaterials.2019.119537
https://doi.org/10.1016/j.biomaterials.2019.119537
https://doi.org/10.1007/s12195-020-00624-1
https://doi.org/10.1016/j.stemcr.2017.02.019
https://doi.org/10.1016/j.scr.2018.09.006
https://doi.org/10.1073/pnas.1202922109
https://doi.org/10.1016/j.scr.2018.05.009
https://doi.org/10.1038/nbt.1783
https://doi.org/10.1016/j.stem.2013.11.017
https://doi.org/10.1016/s0092-8674(00)80853-3
https://doi.org/10.1016/j.mcn.2013.07.007
https://doi.org/10.1371/journal.pgen.1005793
https://doi.org/10.1038/s41592-019-0586-5
https://doi.org/10.1073/pnas.1520760112
https://doi.org/10.1073/pnas.1520760112
https://doi.org/10.1021/acsbiomaterials.0c00640
https://doi.org/10.1038/s41598-022-19018-6
https://doi.org/10.1016/j.stem.2016.11.005
https://doi.org/10.1038/s41587-019-0085-3
https://doi.org/10.1038/nbt.1529
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1089970


Chandrasekaran, A., Avci, H. X., Ochalek, A., Rösingh, L. N., Molnár, K., László, L., et al.
(2017). Comparison of 2D and 3D neural induction methods for the generation of neural
progenitor cells from human induced pluripotent stem cells. Stem Cell Res. 25, 139–151.
doi:10.1016/j.scr.2017.10.010

Corti, S., Nizzardo, M., Simone, C., Falcone, M., Nardini, M., Ronchi, D., et al. (2012).
Genetic correction of human induced pluripotent stem cells from patients with spinal
muscular atrophy. Sci. Transl. Med. 4 (165), 165ra162. doi:10.1126/scitranslmed.3004108

Cutarelli, A., Martínez-Rojas, V. A., Tata, A., Battistella, I., Rossi, D., Arosio, D., et al.
(2021). A monolayer system for the efficient generation of motor neuron progenitors and
functional motor neurons from human pluripotent stem cells. Cells 10 (5), 1127. doi:10.
3390/cells10051127

Dafinca, R., Scaber, J., Ababneh, N., Lalic, T., Weir, G., Christian, H., et al. (2016).
C9orf72 hexanucleotide expansions are associated with altered endoplasmic reticulum
calcium homeostasis and stress granule formation in induced pluripotent stem cell-
derived neurons from patients with amyotrophic lateral sclerosis and frontotemporal
dementia. Stem Cells 34 (8), 2063–2078. doi:10.1002/stem.2388

Davis-Dusenbery, B. N., Williams, L. A., Klim, J. R., and Eggan, K. (2014). How to make
spinal motor neurons. Development 141 (3), 491–501. doi:10.1242/dev.097410

De Santis, R., Garone, M. G., Pagani, F., de Turris, V., Di Angelantonio, S., and Rosa, A.
(2018). Direct conversion of human pluripotent stem cells into cranial motor neurons
using a piggyBac vector. Stem Cell Res. 29, 189–196. doi:10.1016/j.scr.2018.04.012

Dechat, T., Pfleghaar, K., Sengupta, K., Shimi, T., Shumaker, D. K., Solimando, L., et al.
(2008). Nuclear lamins: Major factors in the structural organization and function of the
nucleus and chromatin. Genes Dev. 22 (7), 832–853. doi:10.1101/gad.1652708

Demers, C. J., Soundararajan, P., Chennampally, P., Cox, G. A., Briscoe, J., Collins, S. D.,
et al. (2016). Development-on-chip: In vitro neural tube patterning with a microfluidic
device. Development 143 (11), 1884–1892. doi:10.1242/dev.126847

Dimos, J. T., Rodolfa, K. T., Niakan, K. K.,Weisenthal, L. M., Mitsumoto, H., Chung,W.,
et al. (2008). Induced pluripotent stem cells generated from patients with ALS can be
differentiated into motor neurons. Science 321 (5893), 1218–1221. doi:10.1126/science.
1158799

Du, Z.-W., Chen, H., Liu, H., Lu, J., Qian, K., Huang, C.-L., et al. (2015). Generation and
expansion of highly pure motor neuron progenitors from human pluripotent stem cells.
Nat. Commun. 6 (1), 6626. doi:10.1038/ncomms7626

Fang, M. Y., Markmiller, S., Vu, A. Q., Javaherian, A., Dowdle, W. E., Jolivet, P., et al.
(2019). Small-molecule modulation of TDP-43 recruitment to stress granules prevents
persistent TDP-43 accumulation in ALS/FTD. Neuron 103 (5), 802–819. doi:10.1016/j.
neuron.2019.05.048

Faustino Martins, J. M., Fischer, C., Urzi, A., Vidal, R., Kunz, S., Ruffault, P. L., et al.
(2020). Self-organizing 3D human trunk neuromuscular organoids. Cell Stem Cell 26 (2),
172–186. doi:10.1016/j.stem.2019.12.007

Faye, P. A., Vedrenne, N., Miressi, F., Rassat, M., Romanenko, S., Richard, L., et al.
(2020). Optimized protocol to generate spinal motor neuron cells from induced
pluripotent stem cells from charcot marie tooth patients. Brain Sci. 10 (7), 407. doi:10.
3390/brainsci10070407

Fernandopulle, M. S., Prestil, R., Grunseich, C., Wang, C., Gan, L., and Ward, M. E.
(2018). Transcription factor-mediated differentiation of human iPSCs into neurons. Curr.
Protoc. Cell Biol. 79 (1), e51. doi:10.1002/cpcb.51

Fu, J., Warmflash, A., and Lutolf, M. P. (2021). Stem-cell-based embryo models for
fundamental research and translation. Nat. Mater. 20 (2), 132–144. doi:10.1038/s41563-
020-00829-9

Fujimori, K., Ishikawa, M., Otomo, A., Atsuta, N., Nakamura, R., Akiyama, T., et al.
(2018). Modeling sporadic ALS in iPSC-derived motor neurons identifies a potential
therapeutic agent. Nat. Med. 24 (10), 1579–1589. doi:10.1038/s41591-018-0140-5

Garcia-Diaz, A., Efe, G., Kabra, K., Patel, A., Lowry, E. R., Shneider, N. A., et al. (2020).
Standardized reporter systems for purification and imaging of human pluripotent stem
cell-derived motor neurons and other cholinergic cells. Neuroscience 450, 48–56. doi:10.
1016/j.neuroscience.2020.06.028

Gjorevski, N., Sachs, N., Manfrin, A., Giger, S., Bragina, M. E., Ordóñez-Morán, P., et al.
(2016). Designer matrices for intestinal stem cell and organoid culture. Nature 539 (7630),
560–564. doi:10.1038/nature20168

Goparaju, S. K., Kohda, K., Ibata, K., Soma, A., Nakatake, Y., Akiyama, T., et al. (2017).
Rapid differentiation of human pluripotent stem cells into functional neurons by mRNAs
encoding transcription factors. Sci. Rep. 7, 42367. doi:10.1038/srep42367

Goto, K., Imamura, K., Komatsu, K., Mitani, K., Aiba, K., Nakatsuji, N., et al. (2017).
Simple derivation of spinal motor neurons from ESCs/iPSCs using Sendai virus vectors.
Mol. Ther. Methods Clin. Dev. 4, 115–125. doi:10.1016/j.omtm.2016.12.007

Grebenyuk, S., and Ranga, A. (2019). Engineering organoid vascularization. Front.
Bioeng. Biotechnol. 7, 39. doi:10.3389/fbioe.2019.00039

Grunseich, C., Zukosky, K., Kats, I. R., Ghosh, L., Harmison, G. G., Bott, L. C., et al.
(2014). Stem cell-derived motor neurons from spinal and bulbar muscular atrophy
patients. Neurobiol. Dis. 70, 12–20. doi:10.1016/j.nbd.2014.05.038

Hagemann, C., Moreno Gonzalez, C., Guetta, L., Tyzack, G., Chiappini, C., Legati, A.,
et al. (2022). Axonal length determines distinct homeostatic phenotypes in human iPSC
derived motor neurons on a bioengineered platform. Adv. Healthc. Mater 11 (10),
e2101817. doi:10.1002/adhm.202101817

Han, Y., King, M., Tikhomirov, E., Barasa, P., Souza, C. D. S., Lindh, J., et al. (2022).
Towards 3D bioprinted spinal cord organoids. Int. J. Mol. Sci. 23 (10), 5788. doi:10.3390/
ijms23105788

Herland, A., van der Meer, A. D., FitzGerald, E. A., Park, T.-E., Sleeboom, J. J. F., and
Ingber, D. E. (2016). Distinct contributions of astrocytes and pericytes to
neuroinflammation identified in a 3D human blood-brain barrier on a chip. PLOS
ONE 11 (3), e0150360. doi:10.1371/journal.pone.0150360

Hester, M. E., Murtha, M. J., Song, S., Rao, M., Miranda, C. J., Meyer, K., et al. (2011).
Rapid and efficient generation of functional motor neurons from human pluripotent stem
cells using gene delivered transcription factor codes.Mol. Ther. 19 (10), 1905–1912. doi:10.
1038/mt.2011.135

Ho, R., Sances, S., Gowing, G., Amoroso, M. W., O’Rourke, J. G., Sahabian, A., et al.
(2016). ALS disrupts spinal motor neuron maturation and aging pathways within gene co-
expression networks. Nat. Neurosci. 19 (9), 1256–1267. doi:10.1038/nn.4345

Ho, R., Workman, M. J., Mathkar, P., Wu, K., Kim, K. J., O’Rourke, J. G., et al. (2021).
Cross-comparison of human iPSC motor neuron models of familial and sporadic ALS
reveals early and convergent transcriptomic disease signatures. Cell Syst. 12 (2), 159–175.
doi:10.1016/j.cels.2020.10.010

Hor, J. H., and Ng, S. Y. (2020). Generating ventral spinal organoids from human
induced pluripotent stem cells.Methods Cell Biol. 159, 257–277. doi:10.1016/bs.mcb.2020.
03.010

Hor, J. H., Soh, E. S.-Y., Tan, L. Y., Lim, V. J. W., Santosa, M. M., Ho, W. B. X., et al.
(2018). Cell cycle inhibitors protect motor neurons in an organoid model of Spinal
Muscular Atrophy. Cell Death Dis. 9 (11), 1100. doi:10.1038/s41419-018-1081-0

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al. (2019).
Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15 (10), 565–581.
doi:10.1038/s41582-019-0244-7

Hu, B. Y., Weick, J. P., Yu, J., Ma, L. X., Zhang, X. Q., Thomson, J. A., et al. (2010). Neural
differentiation of human induced pluripotent stem cells follows developmental principles
but with variable potency. Proc. Natl. Acad. Sci. U. S. A. 107 (9), 4335–4340. doi:10.1073/
pnas.0910012107

Hu, B. Y., and Zhang, S. C. (2009). Differentiation of spinal motor neurons from
pluripotent human stem cells. Nat. Protoc. 4 (9), 1295–1304. doi:10.1038/nprot.2009.127

Hu, W., He, Y., Xiong, Y., Lu, H., Chen, H., Hou, L., et al. (2016). Derivation, expansion,
and motor neuron differentiation of human-induced pluripotent stem cells with non-
integrating episomal vectors and a defined xenogeneic-free culture system.Mol. Neurobiol.
53 (3), 1589–1600. doi:10.1007/s12035-014-9084-z

Ionescu, A., Zahavi, E. E., Gradus, T., Ben-Yaakov, K., and Perlson, E. (2016).
Compartmental microfluidic system for studying muscle-neuron communication and
neuromuscular junction maintenance. Eur. J. Cell Biol. 95 (2), 69–88. doi:10.1016/j.ejcb.
2015.11.004

Jessell, T. M., and Sanes, J. R. (2000). Development. The decade of the developing brain.
Curr. Opin. Neurobiol. 10 (5), 599–611. doi:10.1016/s0959-4388(00)00136-7

Karumbayaram, S., Novitch, B. G., Patterson, M., Umbach, J. A., Richter, L., Lindgren,
A., et al. (2009). Directed differentiation of human-induced pluripotent stem cells
generates active motor neurons. Stem Cells 27 (4), 806–811. doi:10.1002/stem.31

Kilpinen, H., Goncalves, A., Leha, A., Afzal, V., Alasoo, K., Ashford, S., et al. (2017).
Common genetic variation drives molecular heterogeneity in human iPSCs. Nature 546
(7658), 370–375. doi:10.1038/nature22403

Koehler, K. R., Tropel, P., Theile, J. W., Kondo, T., Cummins, T. R., Viville, S., et al.
(2011). Extended passaging increases the efficiency of neural differentiation from induced
pluripotent stem cells. BMC Neurosci. 12, 82. doi:10.1186/1471-2202-12-82

Lancaster, M. A., Renner, M., Martin, C. A., Wenzel, D., Bicknell, L. S., Hurles, M. E.,
et al. (2013). Cerebral organoids model human brain development and microcephaly.
Nature 501 (7467), 373–379. doi:10.1038/nature12517

Lapasset, L., Milhavet, O., Prieur, A., Besnard, E., Babled, A., Aït-Hamou, N., et al.
(2011). Rejuvenating senescent and centenarian human cells by reprogramming through
the pluripotent state. Genes Dev. 25 (21), 2248–2253. doi:10.1101/gad.173922.111

Lee, H., Shamy, G. A., Elkabetz, Y., Schofield, C. M., Harrsion, N. L., Panagiotakos, G.,
et al. (2007). Directed differentiation and transplantation of human embryonic stem cell-
derived motoneurons. Stem Cells 25 (8), 1931–1939. doi:10.1634/stemcells.2007-0097

Li, X.-J., Du, Z.-W., Zarnowska, E. D., Pankratz, M., Hansen, L. O., Pearce, R. A., et al.
(2005). Specification of motoneurons from human embryonic stem cells. Nat. Biotechnol.
23 (2), 215–221. doi:10.1038/nbt1063

Liem, K. F., Jessell, T. M., and Briscoe, J. (2000). Regulation of the neural patterning
activity of sonic hedgehog by secreted BMP inhibitors expressed by notochord and
somites. Development 127 (22), 4855–4866. doi:10.1242/dev.127.22.4855

Lim, G. S., Hor, J. H., Ho, N. R. Y., Wong, C. Y., Ng, S. Y., Soh, B. S., et al. (2019).
Microhexagon gradient array directs spatial diversification of spinal motor neurons.
Theranostics 9 (2), 311–323. doi:10.7150/thno.29755

Lin, C. Y., Yoshida, M., Li, L. T., and Saito, M. K. (2020). In vitro neuromuscular junction
induced from human induced pluripotent stem cells. J. Vis. Exp. 166. doi:10.3791/61396

Lippmann, E. S., Williams, C. E., Ruhl, D. A., Estevez-Silva, M. C., Chapman, E. R.,
Coon, J. J., et al. (2015). Deterministic HOX patterning in human pluripotent stem cell-
derived neuroectoderm. Stem Cell Rep. 4 (4), 632–644. doi:10.1016/j.stemcr.2015.02.018

Frontiers in Cell and Developmental Biology frontiersin.org12

Castillo Bautista and Sterneckert 10.3389/fcell.2022.1089970

https://doi.org/10.1016/j.scr.2017.10.010
https://doi.org/10.1126/scitranslmed.3004108
https://doi.org/10.3390/cells10051127
https://doi.org/10.3390/cells10051127
https://doi.org/10.1002/stem.2388
https://doi.org/10.1242/dev.097410
https://doi.org/10.1016/j.scr.2018.04.012
https://doi.org/10.1101/gad.1652708
https://doi.org/10.1242/dev.126847
https://doi.org/10.1126/science.1158799
https://doi.org/10.1126/science.1158799
https://doi.org/10.1038/ncomms7626
https://doi.org/10.1016/j.neuron.2019.05.048
https://doi.org/10.1016/j.neuron.2019.05.048
https://doi.org/10.1016/j.stem.2019.12.007
https://doi.org/10.3390/brainsci10070407
https://doi.org/10.3390/brainsci10070407
https://doi.org/10.1002/cpcb.51
https://doi.org/10.1038/s41563-020-00829-9
https://doi.org/10.1038/s41563-020-00829-9
https://doi.org/10.1038/s41591-018-0140-5
https://doi.org/10.1016/j.neuroscience.2020.06.028
https://doi.org/10.1016/j.neuroscience.2020.06.028
https://doi.org/10.1038/nature20168
https://doi.org/10.1038/srep42367
https://doi.org/10.1016/j.omtm.2016.12.007
https://doi.org/10.3389/fbioe.2019.00039
https://doi.org/10.1016/j.nbd.2014.05.038
https://doi.org/10.1002/adhm.202101817
https://doi.org/10.3390/ijms23105788
https://doi.org/10.3390/ijms23105788
https://doi.org/10.1371/journal.pone.0150360
https://doi.org/10.1038/mt.2011.135
https://doi.org/10.1038/mt.2011.135
https://doi.org/10.1038/nn.4345
https://doi.org/10.1016/j.cels.2020.10.010
https://doi.org/10.1016/bs.mcb.2020.03.010
https://doi.org/10.1016/bs.mcb.2020.03.010
https://doi.org/10.1038/s41419-018-1081-0
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1073/pnas.0910012107
https://doi.org/10.1073/pnas.0910012107
https://doi.org/10.1038/nprot.2009.127
https://doi.org/10.1007/s12035-014-9084-z
https://doi.org/10.1016/j.ejcb.2015.11.004
https://doi.org/10.1016/j.ejcb.2015.11.004
https://doi.org/10.1016/s0959-4388(00)00136-7
https://doi.org/10.1002/stem.31
https://doi.org/10.1038/nature22403
https://doi.org/10.1186/1471-2202-12-82
https://doi.org/10.1038/nature12517
https://doi.org/10.1101/gad.173922.111
https://doi.org/10.1634/stemcells.2007-0097
https://doi.org/10.1038/nbt1063
https://doi.org/10.1242/dev.127.22.4855
https://doi.org/10.7150/thno.29755
https://doi.org/10.3791/61396
https://doi.org/10.1016/j.stemcr.2015.02.018
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1089970


Liu, J. P., Laufer, E., and Jessell, T. M. (2001). Assigning the positional identity of spinal
motor neurons: Rostrocaudal patterning of hox-c expression by FGFs, Gdf11, and
retinoids. Neuron 32 (6), 997–1012. doi:10.1016/s0896-6273(01)00544-x

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The
hallmarks of aging. Cell 153 (6), 1194–1217. doi:10.1016/j.cell.2013.05.039

Lu, T., Aron, L., Zullo, J., Pan, Y., Kim, H., Chen, Y., et al. (2014). REST and stress
resistance in ageing and Alzheimer’s disease. Nature 507 (7493), 448–454. doi:10.1038/
nature13163

Manfrin, A., Tabata, Y., Paquet, E. R., Vuaridel, A. R., Rivest, F. R., Naef, F., et al. (2019).
Engineered signaling centers for the spatially controlled patterning of human pluripotent
stem cells. Nat. Methods 16 (7), 640–648. doi:10.1038/s41592-019-0455-2

Mariani, J., Simonini, M. V., Palejev, D., Tomasini, L., Coppola, G., Szekely, A. M., et al.
(2012). Modeling human cortical development in vitro using induced pluripotent stem
cells. Proc. Natl. Acad. Sci. 109 (31), 12770–12775. doi:10.73/pnas.1202944109

Marion, R. M., Strati, K., Li, H., Tejera, A., Schoeftner, S., Ortega, S., et al. (2009).
Telomeres acquire embryonic stem cell characteristics in induced pluripotent stem cells.
Cell Stem Cell 4 (2), 141–154. doi:10.1016/j.stem.2008.12.010

Marrone, L., Poser, I., Casci, I., Japtok, J., Reinhardt, P., Janosch, A., et al. (2018).
Isogenic FUS-eGFP iPSC reporter lines enable quantification of FUS stress granule
pathology that is rescued by drugs inducing autophagy. Stem Cell Rep. 10 (2),
375–389. doi:10.1016/j.stemcr.2017.12.018

Maury, Y., Côme, J., Piskorowski, R. A., Salah-Mohellibi, N., Chevaleyre, V., Peschanski,
M., et al. (2015). Combinatorial analysis of developmental cues efficiently converts human
pluripotent stem cells into multiple neuronal subtypes. Nat. Biotechnol. 33 (1), 89–96.
doi:10.1038/nbt.3049

Mazzoni, E. O., Mahony, S., Closser, M., Morrison, C. A., Nedelec, S., Williams, D. J.,
et al. (2013). Synergistic binding of transcription factors to cell-specific enhancers
programs motor neuron identity. Nat. Neurosci. 16 (9), 1219–1227. doi:10.1038/nn.3467

Megason, S. G., andMcMahon, A. P. (2002). A mitogen gradient of dorsal midline Wnts
organizes growth in the CNS. Development 129 (9), 2087–2098. doi:10.1242/dev.129.9.
2087

Mertens, J., Herdy, J. R., Traxler, L., Schafer, S. T., Schlachetzki, J. C. M., Böhnke, L., et al.
(2021). Age-dependent instability of mature neuronal fate in induced neurons from
Alzheimer’s patients. Cell Stem Cell 28 (9), 1533–1548.e6. doi:10.1016/j.stem.2021.04.004

Meyer, K., Feldman, H. M., Lu, T., Drake, D., Lim, E. T., Ling, K.-H., et al. (2019). REST
and neural gene network dysregulation in iPSC models of Alzheimer’s disease. Cell Rep. 26
(5), 1112–1127. doi:10.1016/j.celrep.2019.01.023

Miller, J. D., Ganat, Y. M., Kishinevsky, S., Bowman, R. L., Liu, B., Tu, E. Y., et al. (2013).
Human iPSC-based modeling of late-onset disease via progerin-induced aging. Cell Stem
Cell 13 (6), 691–705. doi:10.1016/j.stem.2013.11.006

Mo, S. J., Lee, J.-H., Kye, H. G., Lee, J. M., Kim, E.-J., Geum, D., et al. (2020). A
microfluidic gradient device for drug screening with human iPSC-derived motoneurons.
Analyst 145 (8), 3081–3089. doi:10.1039/C9AN02384D

Nicholas, C. R., Chen, J., Tang, Y., Southwell, D. G., Chalmers, N., Vogt, D., et al. (2013).
Functional maturation of hPSC-derived forebrain interneurons requires an extended
timeline and mimics human neural development. Cell Stem Cell 12 (5), 573–586. doi:10.
1016/j.stem.2013.04.005

Novitch, B. G., Chen, A. I., and Jessell, T. M. (2001). Coordinate regulation of motor
neuron subtype identity and pan-neuronal properties by the bHLH repressor Olig2.
Neuron 31 (5), 773–789. doi:10.1016/s0896-6273(01)00407-x

Ogura, T., Sakaguchi, H., Miyamoto, S., and Takahashi, J. (2018). Three-dimensional
induction of dorsal, intermediate and ventral spinal cord tissues from human pluripotent
stem cells. Development 145 (16), dev162214. doi:10.1242/dev.162214

Olmsted, Z. T., Stigliano, C., Marzullo, B., Cibelli, J., Horner, P. J., and Paluh, J. L. (2022).
Fully characterized mature human iPS- and NMP-derived motor neurons thrive without
neuroprotection in the spinal contusion cavity. Front. Cell. Neurosci. 15, 725195. doi:10.
3389/fncel.2021.725195

Osaki, T., Shin, Y., Sivathanu, V., Campisi, M., and Kamm, R. D. (2018a). In vitro
microfluidic models for neurodegenerative disorders. Adv. Healthc. Mater 7 (2), 1700489.
doi:10.1002/adhm.201700489

Osaki, T., Sivathanu, V., and Kamm, R. D. (2018b). Engineered 3D vascular and
neuronal networks in a microfluidic platform. Sci. Rep. 8 (1), 5168. doi:10.1038/s41598-
018-23512-1

Osaki, T., Uzel, S. G. M., and Kamm, R. D. (2018c). Microphysiological 3D model of
amyotrophic lateral sclerosis (ALS) from human iPS-derived muscle cells and optogenetic
motor neurons. Sci. Adv. 4 (10), eaat5847. doi:10.1126/sciadv.aat5847

Pandya, V. A., Crerar, H., Mitchell, J. S., and Patani, R. (2021). A non-toxic
concentration of telomerase inhibitor BIBR1532 fails to reduce TERT expression in a
feeder-free induced pluripotent stem cell model of human motor neurogenesis. Int. J. Mol.
Sci. 22 (6), 3256. doi:10.3390/ijms22063256

Patani, R., Hollins, A. J., Wishart, T. M., Puddifoot, C. A., Alvarez, S., de Lera, A. R., et al.
(2011). Retinoid-independent motor neurogenesis from human embryonic stem cells
reveals a medial columnar ground state. Nat. Commun. 2, 214. doi:10.1038/ncomms1216

Patel, T., Hammelman, J., Aziz, S., Jang, S., Closser, M., Michaels, T. L., et al. (2022).
Transcriptional dynamics of murine motor neuron maturation in vivo and in vitro. Nat.
Commun. 13 (1), 5427. doi:10.1038/s41467-022-33022-4

Pereira, J. D., DuBreuil, D. M., Devlin, A.-C., Held, A., Sapir, Y., Berezovski, E., et al.
(2021). Human sensorimotor organoids derived from healthy and amyotrophic lateral
sclerosis stem cells form neuromuscular junctions. Nat. Commun. 12 (1), 4744. doi:10.
1038/s41467-021-24776-4

Prigione, A., Hossini, A. M., Lichtner, B., Serin, A., Fauler, B., Megges, M., et al. (2011).
Mitochondrial-associated cell death mechanisms are reset to an embryonic-like state in
aged donor-derived iPS cells harboring chromosomal aberrations. PLOS ONE 6 (11),
e27352. doi:10.1371/journal.pone.0027352

Puttagunta, R., and Di Giovanni, S. (2011). Retinoic acid signaling in axonal
regeneration. Front. Mol. Neurosci. 4, 59. doi:10.3389/fnmol.2011.00059

Qu, Q., Li, D., Louis, K. R., Li, X., Yang, H., Sun, Q., et al. (2014). High-efficiency motor
neuron differentiation from human pluripotent stem cells and the function of Islet-1. Nat.
Commun. 5 (1), 3449. doi:10.1038/ncomms4449

Rifes, P., Isaksson, M., Rathore, G. S., Aldrin-Kirk, P., Møller, O. K., Barzaghi, G., et al.
(2020). Modeling neural tube development by differentiation of human embryonic stem
cells in a microfluidic WNT gradient. Nat. Biotechnol. 38 (11), 1265–1273. doi:10.1038/
s41587-020-0525-0

Rosso, S. B., and Inestrosa, N. C. (2013). WNT signaling in neuronal maturation and
synaptogenesis. Front. Cell Neurosci. 7, 103. doi:10.3389/fncel.2013.00103

Sagner, A., and Briscoe, J. (2019). Establishing neuronal diversity in the spinal cord: A
time and a place. Development 146 (22), dev182154. doi:10.1242/dev.182154

Sances, S., Ho, R., Vatine, G., West, D., Laperle, A., Meyer, A., et al. (2018).
Human iPSC-derived endothelial cells and microengineered organ-chip enhance
neuronal development. Stem Cell Rep. 10 (4), 1222–1236. doi:10.1016/j.stemcr.
2018.02.012

Santiago, C., and Bashaw, G. J. (2014). Transcription factors and effectors that regulate
neuronal morphology. Development 141 (24), 4667–4680. doi:10.1242/dev.110817

Sareen, D., O’Rourke, J. G., Meera, P., Muhammad, A. K., Grant, S., Simpkinson, M.,
et al. (2013). Targeting RNA foci in iPSC-derived motor neurons from ALS patients with a
C9ORF72 repeat expansion. Sci. Transl. Med. 5 (208), 208ra149. doi:10.1126/scitranslmed.
3007529

Sato, T., Imaizumi, K., Watanabe, H., Ishikawa, M., and Okano, H. (2021). Generation of
region-specific and high-purity neurons from human feeder-free iPSCs. Neurosci. Lett.
746, 135676. doi:10.1016/j.neulet.2021.135676

Scaffidi, P., and Misteli, T. (2005). Reversal of the cellular phenotype in the premature
aging disease Hutchinson-Gilford progeria syndrome. Nat. Med. 11 (4), 440–445. doi:10.
1038/nm1204

Shalaby, T., Hiyama, E., and Grotzer, M. A. (2010). Telomere maintenance as
therapeutic target in embryonal tumours. Anticancer Agents Med. Chem. 10 (3),
196–212. doi:10.2174/1871520611009030196

Shi, Y., Lin, S., Staats, K. A., Li, Y., Chang, W. H., Hung, S. T., et al. (2018).
Haploinsufficiency leads to neurodegeneration in C9ORF72 ALS/FTD human induced
motor neurons. Nat. Med. 24 (3), 313–325. doi:10.1038/nm.4490

Shimojo, D., Onodera, K., Doi-Torii, Y., Ishihara, Y., Hattori, C., Miwa, Y., et al. (2015).
Rapid, efficient, and simple motor neuron differentiation from human pluripotent stem
cells. Mol. Brain 8 (1), 79. doi:10.1186/s13041-015-0172-4

Spijkers, X. M., Pasteuning-Vuhman, S., Dorleijn, J. C., Vulto, P., Wevers, N. R.,
and Pasterkamp, R. J. (2021). A directional 3D neurite outgrowth model for studying
motor axon biology and disease. Sci. Rep. 11 (1), 2080. doi:10.1038/s41598-021-
81335-z

Stifani, N. (2014). Motor neurons and the generation of spinal motor neuron diversity.
Front. Cell Neurosci. 8, 293. doi:10.3389/fncel.2014.00293

Stoklund Dittlau, K., Krasnow, E. N., Fumagalli, L., Vandoorne, T., Baatsen, P., Kerstens,
A., et al. (2021). Human motor units in microfluidic devices are impaired by FUS
mutations and improved by HDAC6 inhibition. Stem Cell Rep. 16 (9), 2213–2227.
doi:10.1016/j.stemcr.2021.03.029

Studer, L., Vera, E., and Cornacchia, D. (2015). Programming and reprogramming
cellular age in the era of induced pluripotency. Cell Stem Cell 16 (6), 591–600. doi:10.1016/
j.stem.2015.05.004

Su, H., Wang, L., Cai, J., Yuan, Q., Yang, X., Yao, X., et al. (2013). Transplanted
motoneurons derived from human induced pluripotent stem cells form functional
connections with target muscle. Stem Cell Res. 11 (1), 529–539. doi:10.1016/j.scr.2013.
02.007

Suhr, S. T., Chang, E. A., Rodriguez, R. M., Wang, K., Ross, P. J., Beyhan, Z., et al. (2009).
Telomere dynamics in human cells reprogrammed to pluripotency. PLOS ONE 4 (12),
e8124. doi:10.1371/journal.pone.0008124

Suhr, S. T., Chang, E. A., Tjong, J., Alcasid, N., Perkins, G. A., Goissis, M. D., et al. (2010).
Mitochondrial rejuvenation after induced pluripotency. PLOS ONE 5 (11), e14095. doi:10.
1371/journal.pone.0014095

Sun, X.-Y., Ju, X.-C., Li, Y., Zeng, P.-M., Wu, J., Zhou, Y.-Y., et al. (2022). Generation of
vascularized brain organoids to study neurovascular interactions. eLife 11, e76707. doi:10.
7554/eLife.76707

Swetenburg, R. L., Stice, S. L., and Karumbaiah, L. (2017). “Chapter 1 - molecular and
extracellular cues in motor neuron specification and differentiation,” in Molecular and
cellular therapies for motor neuron diseases. Editors N. Boulis, D. O’Connor, and
A. Donsante (Academic Press), 1–24.

Frontiers in Cell and Developmental Biology frontiersin.org13

Castillo Bautista and Sterneckert 10.3389/fcell.2022.1089970

https://doi.org/10.1016/s0896-6273(01)00544-x
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1038/nature13163
https://doi.org/10.1038/nature13163
https://doi.org/10.1038/s41592-019-0455-2
https://doi.org/10.73/pnas.1202944109
https://doi.org/10.1016/j.stem.2008.12.010
https://doi.org/10.1016/j.stemcr.2017.12.018
https://doi.org/10.1038/nbt.3049
https://doi.org/10.1038/nn.3467
https://doi.org/10.1242/dev.129.9.2087
https://doi.org/10.1242/dev.129.9.2087
https://doi.org/10.1016/j.stem.2021.04.004
https://doi.org/10.1016/j.celrep.2019.01.023
https://doi.org/10.1016/j.stem.2013.11.006
https://doi.org/10.1039/C9AN02384D
https://doi.org/10.1016/j.stem.2013.04.005
https://doi.org/10.1016/j.stem.2013.04.005
https://doi.org/10.1016/s0896-6273(01)00407-x
https://doi.org/10.1242/dev.162214
https://doi.org/10.3389/fncel.2021.725195
https://doi.org/10.3389/fncel.2021.725195
https://doi.org/10.1002/adhm.201700489
https://doi.org/10.1038/s41598-018-23512-1
https://doi.org/10.1038/s41598-018-23512-1
https://doi.org/10.1126/sciadv.aat5847
https://doi.org/10.3390/ijms22063256
https://doi.org/10.1038/ncomms1216
https://doi.org/10.1038/s41467-022-33022-4
https://doi.org/10.1038/s41467-021-24776-4
https://doi.org/10.1038/s41467-021-24776-4
https://doi.org/10.1371/journal.pone.0027352
https://doi.org/10.3389/fnmol.2011.00059
https://doi.org/10.1038/ncomms4449
https://doi.org/10.1038/s41587-020-0525-0
https://doi.org/10.1038/s41587-020-0525-0
https://doi.org/10.3389/fncel.2013.00103
https://doi.org/10.1242/dev.182154
https://doi.org/10.1016/j.stemcr.2018.02.012
https://doi.org/10.1016/j.stemcr.2018.02.012
https://doi.org/10.1242/dev.110817
https://doi.org/10.1126/scitranslmed.3007529
https://doi.org/10.1126/scitranslmed.3007529
https://doi.org/10.1016/j.neulet.2021.135676
https://doi.org/10.1038/nm1204
https://doi.org/10.1038/nm1204
https://doi.org/10.2174/1871520611009030196
https://doi.org/10.1038/nm.4490
https://doi.org/10.1186/s13041-015-0172-4
https://doi.org/10.1038/s41598-021-81335-z
https://doi.org/10.1038/s41598-021-81335-z
https://doi.org/10.3389/fncel.2014.00293
https://doi.org/10.1016/j.stemcr.2021.03.029
https://doi.org/10.1016/j.stem.2015.05.004
https://doi.org/10.1016/j.stem.2015.05.004
https://doi.org/10.1016/j.scr.2013.02.007
https://doi.org/10.1016/j.scr.2013.02.007
https://doi.org/10.1371/journal.pone.0008124
https://doi.org/10.1371/journal.pone.0014095
https://doi.org/10.1371/journal.pone.0014095
https://doi.org/10.7554/eLife.76707
https://doi.org/10.7554/eLife.76707
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1089970


Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell 131 (5), 861–872. doi:10.1016/j.cell.2007.11.019

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells frommouse
embryonic and adult fibroblast cultures by defined factors. Cell 126 (4), 663–676. doi:10.
1016/j.cell.2006.07.024

Tanabe, Y., William, C., and Jessell, T. M. (1998). Specification of motor neuron identity
by the MNR2 homeodomain protein. Cell 95 (1), 67–80. doi:10.1016/s0092-8674(00)
81783-3

Tanaka, Y., Cakir, B., Xiang, Y., Sullivan, G. J., and Park, I. H. (2020). Synthetic analyses
of single-cell transcriptomes from multiple brain organoids and fetal brain. Cell Rep. 30
(6), 1682–1689. doi:10.1016/j.celrep.2020.01.038

Thiry, L., Clement, J. P., Haag, R., Kennedy, T. E., and Stifani, S. (2022). Optimization of
long-term human iPSC-derived spinal motor neuron culture using a dendritic polyglycerol
amine-based substrate. ASN Neuro 14, 17590914211073381. doi:10.1177/
17590914211073381

Thiry, L., Hamel, R., Pluchino, S., Durcan, T., and Stifani, S. (2020). Characterization of
human iPSC-derived spinal motor neurons by single-cell RNA sequencing. Neuroscience
450, 57–70. doi:10.1016/j.neuroscience.2020.04.041

Toma, J. S., Shettar, B. C., Chipman, P. H., Pinto, D. M., Borowska, J. P., Ichida, J. K.,
et al. (2015). Motoneurons derived from induced pluripotent stem cells develop mature
phenotypes typical of endogenous spinal motoneurons. J. Neurosci. 35 (3), 1291–1306.
doi:10.1523/JNEUROSCI.2126-14.2015

Venkatesh, K., Reddy, L. V. K., Abbas, S., Mullick, M., Moghal, E. T. B., Balakrishna, J. P.,
et al. (2017). NOTCH signaling is essential for maturation, self-renewal, and tri-
differentiation of in vitro derived human neural stem cells. Cell Reprogr. 19 (6),
372–383. doi:10.1089/cell.2017.0009

Vera, E., Bosco, N., and Studer, L. (2016). Generating late-onset human iPSC-based
disease models by inducing neuronal age-related phenotypes through telomerase
manipulation. Cell Rep. 17 (4), 1184–1192. doi:10.1016/j.celrep.2016.09.062

Vianello, A., Racca, F., Vita, G. L., Pierucci, P., and Vita, G. (2022). “Chapter 13 - motor
neuron, peripheral nerve, and neuromuscular junction disorders,” in Handbook of clinical
neurology. Editors R. Chen and P. G. Guyenet (Elsevier), 259–270.

Vieira de Sá, R., Cañizares Luna, M., and Pasterkamp, R. J. (2021). Advances in central
nervous system organoids: A focus on organoid-based models for motor neuron disease.
Tissue Eng. Part C Methods 27 (3), 213–224. doi:10.1089/ten.TEC.2020.0337

Volpato, V., Smith, J., Sandor, C., Ried, J. S., Baud, A., Handel, A., et al. (2018).
Reproducibility of molecular phenotypes after long-term differentiation to Human iPSC-
derived neurons: A multi-site omics study. Stem Cell Rep. 11, 897–911. doi:10.1016/j.
stemcr.2018.08.013

Volpato, V., and Webber, C. (2020). Addressing variability in iPSC-derived models of
human disease: Guidelines to promote reproducibility. Dis. Model Mech. 13 (1),
dmm042317. doi:10.1242/dmm.042317

Weick, J. P. (2016). Functional properties of human stem cell-derived neurons in health
and disease. Stem Cells Int. 2016, 4190438. doi:10.1155/2016/4190438

Wichterle, H., Lieberam, I., Porter, J. A., and Jessell, T. M. (2002). Directed
differentiation of embryonic stem cells into motor neurons. Cell 110 (3), 385–397.
doi:10.1016/s0092-8674(02)00835-8

Wichterle, H., and Peljto, M. (2008). Differentiation of mouse embryonic stem cells to
spinal motor neurons. Curr. Protoc. Stem Cell Biol. Chapter 1, 1. doi:10.1002/
9780470151808.sc01h01s5

Wu, Q., Liu, J., Wang, X., Feng, L., Wu, J., Zhu, X., et al. (2020). Organ-on-a-chip: Recent
breakthroughs and future prospects. Biomed. Eng. OnLine 19 (1), 9. doi:10.1186/s12938-
020-0752-0

Yao, J., Guan, Y., Park, Y., Choi, Y. E., Kim, H. S., and Park, J. (2021). Optimization of
PTFE coating on PDMS surfaces for inhibition of hydrophobic molecule absorption for
increased optical detection sensitivity. Sensors 21 (5), 1754. doi:10.3390/s21051754

Yohn, D. C., Miles, G. B., Rafuse, V. F., and Brownstone, R. M. (2008). Transplanted
mouse embryonic stem-cell-derived motoneurons form functional motor units and reduce
muscle atrophy. J. Neurosci. 28 (47), 12409–12418. doi:10.1523/jneurosci.1761-08.2008

Frontiers in Cell and Developmental Biology frontiersin.org14

Castillo Bautista and Sterneckert 10.3389/fcell.2022.1089970

https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/s0092-8674(00)81783-3
https://doi.org/10.1016/s0092-8674(00)81783-3
https://doi.org/10.1016/j.celrep.2020.01.038
https://doi.org/10.1177/17590914211073381
https://doi.org/10.1177/17590914211073381
https://doi.org/10.1016/j.neuroscience.2020.04.041
https://doi.org/10.1523/JNEUROSCI.2126-14.2015
https://doi.org/10.1089/cell.2017.0009
https://doi.org/10.1016/j.celrep.2016.09.062
https://doi.org/10.1089/ten.TEC.2020.0337
https://doi.org/10.1016/j.stemcr.2018.08.013
https://doi.org/10.1016/j.stemcr.2018.08.013
https://doi.org/10.1242/dmm.042317
https://doi.org/10.1155/2016/4190438
https://doi.org/10.1016/s0092-8674(02)00835-8
https://doi.org/10.1002/9780470151808.sc01h01s5
https://doi.org/10.1002/9780470151808.sc01h01s5
https://doi.org/10.1186/s12938-020-0752-0
https://doi.org/10.1186/s12938-020-0752-0
https://doi.org/10.3390/s21051754
https://doi.org/10.1523/jneurosci.1761-08.2008
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1089970

	Progress and challenges in directing the differentiation of human iPSCs into spinal motor neurons
	Introduction
	Using small molecules to direct the differentiation of iPSCs into MNs
	Small changes in small molecule usage have large effects on differentiation efficiency
	Challenges with using small molecules that require further optimization
	Using transcription factors to direct the differentiation of iPSCs into MNs
	Efforts to further optimize the use of MN transcription factors
	Microfluidic devices, including organ-on-a-chip
	Organoids and assembloids
	Ongoing efforts to optimize organ-on-a-chip, organoids and assembloids
	Strategies to differentiate iPSCs into aged MNs
	Concluding remarks
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


