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SUMMARY

The spinal cord emerges from a niche of neuromesodermal progenitors (NMPs) formed and maintained by WNT/fibroblast growth factor
(FGF) signals at the posterior end of the embryo. NMPs can be generated from human pluripotent stem cells and hold promise for spinal
cord replacement therapies. However, NMPs are transient, which compromises production of the full range of rostrocaudal spinal cord
identities in vitro. Here we report the generation of NMP-derived pre-neural progenitors (PNPs) with stem cell-like self-renewal capacity.
PNPs maintain pre-spinal cord identity for 7-10 passages, dividing to self-renew and to make neural crest progenitors, while gradually
adopting a more posterior identity by activating colinear HOX gene expression. The HOX clock can be halted through GDF11-mediated
signal inhibition to produce a PNP and NC population with a thoracic identity that can be maintained for up to 30 passages.

INTRODUCTION

The discovery of neuromesodermal progenitors (NMPs) as
the bipotential source of spinal cord (neural) and somite
(mesodermal) formation has reinvigorated efforts to
generate in vitro models of embryonic development and
disease (reviewed in Wymeersch et al., 2021). NMPs are
maintained by the synergistic action of fibroblast growth
factor (FGF) and WNT signals, which activate co-expression
of the transcription factors Brachyury, SOX2, and CDX
(CDX1, 2, and 4). Brachyury and SOX2 are mutually antag-
onistic cell fate determinants for the mesodermal and neu-
roectodermal germ layers, respectively (Gouti et al., 2017;
Henrique et al., 2015; Koch et al., 2017; Tsakiridis et al.,
2014; Wymeersch et al., 2016). CDX proteins act to sup-
press retinoic acid (RA)-mediated Brachyury inhibition
(Gouti et al., 2017), activate WNT and FGF pathway com-
ponents, and induce a middle HOX identity (Amin et al.,
2016; Neijts et al., 2017; van de Ven et al., 2011). HOX
genes are expressed in a spatial and temporal order that is
colinear with their physical 3'-5’ genomic position and
assign regional identity to the emerging embryonic axial
tissue (Deschamps and Duboule, 2017). Colinear HOX
gene expression is initiated by WNT signaling in the poste-
rior streak (Neijts et al., 2017). The successive expression of
5" HOX genes is induced by CDX expression but is paced by
FGF signaling (Mouilleau et al., 2021; Neijts et al., 2017).
More posteriorly, GDF (GDF8 and GDF11) signaling is
required for HOX10-13 gene expression and acts as part
of a gene-regulatory network with LIN28A and HOX13

genes regulating the proliferation of axial progenitors in
the tail bud (Aires et al., 2019; Gaunt et al., 2013; Jurberg
et al., 2013; Liu, 2006).

As the rostrocaudal axis elongates, NMPs that enter the
pre-neural tube (PNT) downregulate Brachyury but main-
tain expression of Sox2 and Nkx1-2 (Diez del Corral et al.,
2002; Olivera-Martinez and Storey, 2007; Storey et al.,
1998). As pre-neural progenitors (PNPs) migrate into the
neural tube, the switch from FGF- to RA-mediated signaling
alleviates repression of the neural transcription factors
Pax6 and Irx3 and downregulates Nkx1-2 (Diez del Corral
et al., 2003; Sasai et al., 2014; Shum et al., 1999). During
this period, fate mapping and lineage tracing studies in vivo
have suggested axial progenitors also contribute to the
trunk neural crest (NC) (Wymeersch et al., 2021).

Consistent with in vivo evidence, combined WNT and FGF
stimulation efficiently converted mouse and human plurip-
otent stem cells (mPSCs and hPSCs) into NMP-like cells and
have since become informative in studying intricate cell fate
decisions and dynamics of spinal cord and NC formation
(Wymeersch et al., 2021). Neural progenitors and NC
derived via an NMP intermediate have robust colinear
HOX gene expression and represent a large range of embry-
onicidentities along therostrocaudal axis, often up toalum-
baridentity (HOX10-11) (Kumamaruetal., 2018; Lippmann
etal., 2015). Here we present a well-characterized and simple
protocol describing the generation of PNP and NC, which
acquire the full-range HOX identities, including the most
posterior (sacral) region as determined by HOX11-13 gene
expression. Furthermore, PNPs can be stabilized by
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suppressing TGF-B/GDF11-mediated signaling permitting
long-term culture of progenitors for at least 30 passages.

RESULTS

Optimizing the generation of NMP-like cells from
hPSCs through WNT modulation

Human NMP differentiation protocols differ in both the
magnitude and the length of WNT stimulation, as well as
with respect to the addition of other signal modulators,
including FGF (Figure S1A). Several of these studies further
demonstrated that the generation of posterior downstream
derivatives, such as trunk NC, relies on the specification of
an NMP intermediate, which occurs between a mid (3-
5 uM) to high (10 uM) level of WNT signaling (Frith et al.,
2018; Gomez et al., 2019a, 2019b; Hackland et al., 2019;
Leung et al., 2016). To find the critical WNT signaling
threshold for the generation of NMP-like cells from the
WAQ9 (H9) human embryonic stem cell (hESC) line, we
seeded cells at a fixed density (50,000 cells/cm?) and 24 h
later exposed them to a range of concentrations (1-
10 uM) of the canonical WNT agonist CHIR99021 (CHIR)
while keeping the concentration of FGF2 ligands constant
at 20 ng/mL for 36 h (Figure S1B). In addition, our culture
medium lacked the RA precursor vitamin A (retinol) and
contained the pan-RA receptor (RAR) inverse agonist
AGN193109 (AGN, 10 uM) (Klein et al., 1996). RA neural-
izes multipotent cells, so its degradation by CYP26A1 is
essential for NMP maintenance (Abu-Abed et al., 2001;
Martin and Kimelman, 2010; Sakai et al., 2001). Yet RARy
is highly expressed in NMPs, suggesting that transcrip-
tional repression mediated by RARy in the absence of its
ligand supports NMPs and rostrocaudal axis elongation (Ja-
nesick et al., 2014). AGN additionally reduced the number
of aldehyde dehydrogenase (ALDH)-positive cells by 21%,
indicating that endogenous RA synthesis was significantly
decreased with the addition of AGN (Figure S1C).

After 36 h, cells were analyzed for SOX2, Brachyury, and
CDX2 expression by immunofluorescence (Figures 1A and
1B). Low concentrations of CHIR (0-1 uM) resulted in high
expression of SOX2, while Brachyury and CDX2 were un-
detectable. As CHIR concentration was increased, Bra-

chyury and CDX2 protein levels were elevated, while
SOX2 expression decreased. OCT4, which is also expressed
in axial progenitors and required for axis elongation (Aires
et al., 2016; Gouti et al., 2017), was also lost at higher con-
centrations of CHIR (Figures S1D and S1E). Based on the co-
expression of SOX2, CDX2, and Brachyury proteins, 5 uM
CHIR (84.4% triple positive) was the optimal concentra-
tion to generate NMP-like cells from H9 hESCs at this cell
density in 36 h. We could also reliably generate NMP-like
cells from WAO1 (H1) hESCs and the AICS-zona occlu-
dens-1 (ZO1)-GFP induced pluripotent stem cell (iPSC)
line, which also required intermediate (but different) levels
of WNT activation (Figures S2A-S2D). These data show that
optimizing the magnitude of WNT signaling is important
for obtaining NMP-like cells from different PSC lines.

Transcriptional profiling reveals a common NMP gene
set

To further characterize our NMP-like cells, we quantified
WNT/FGF-induced transcriptional changes at 36 h by
bulk RNA sequencing (RNA-seq) in H9 hPSCs. 1,367 genes
were significantly differentially expressed between hESC
and NMP stages (445 upregulated and 922 downregulated;
false discovery rate [FDR] < 1%, a fold change of at least +2,
and a base mean > 100) (Table S1). To define a common
gene set expressed by in vitro NMPs, we compared our
gene list of upregulated genes with two other NMP-related
gene expression studies (Frith et al., 2018; Verrier et al.,
2018). Although each study used different protocols and
cell lines to generate NMPs (Frith et al., 2018: 72 h of
FGF2/CHIR in SOX2-GFP Shef4 hESCs; Verrier et al.,
2018: 72 h of FGF2/CHIR and dSMAD}4, 48-72 h in GFP-
NKX1-2 H9 hESCs), the comparison revealed 26 genes
that were consistently upregulated in all three studies (Fig-
ure 1C). Among these were well-established NMP markers,
such as WNTS8A, FGF17, FST, and NKX1-2 (Figure 1D).
Several novel genes were also identified, including
AC007277.3,along non-coding transcript, TTC29, and EG-
FLAM, all of which may be useful as NMP markers. Because
the NMPs in this study were analyzed at 36 h, they were
found to express an earlier HOX gene profile when
compared with day 3 NMPs generated by Frith et al.

Figure 1. NMP-Llike cells are induced by intermediate WNT signaling in the presence of FGF and inhibited RA signaling
(A) Representative immunostaining of 36 h cultures of SOX2 (red), Brachyury (magenta), CDX2 (gray), and DAPI (blue). Scale bars,

100 pm.

(B) Boxplots showing mean gray value/nuclei quantified from repeat experiments as shown in (A). Each plot shows data points collected

from two to four independent differentiations (>200 nuclei).

(C) Venn diagram showing the overlap of significantly upregulated genes in NMPs as reported in this study, Frith et al. (2018), and Verrier

et al. (2018).

(D) Graph showing transcriptional fold change (FC) within the dataset of this study, of 26 genes commonly upregulated in NMPs according

to the Venn diagram in (C).

(E) Venn diagram showing the overlap of upregulated HOX genes in NMPs as reported in this study and Frith et al. (2018).
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(2018) (Figure 1E). Overall, these results show that our
NMP-like cells, generated in an environment of depleted
RA signaling, share a distinct NMP-characteristic gene
signature with other hPSC-derived NMPs.

Prolonged culture of NMPs results in loss of
mesodermal potency and the emergence of epithelial
SOX2*/CDX2* colonies
NMPs have previously been maintained in culture for up to
7 d (Lippmann et al., 2015), but it is necessary to culture
them for longer than this to generate enough cells for devel-
opment of therapeutic or high-throughput assays. We
sought to extend the culture of spinal cord progenitors by
creating the posterior (SOX2*/CDX2") equivalent of ante-
rior (SOX2*/OTX2*) NSCs. To this end, we dissociated and
re-plated NMP-like cells at low density at 36 h, suppressed
RA signaling (by removal of vitamin A from the medium
and treatment with AGN), and continued WNT/FGF treat-
ment to minimize mesodermal commitment while halting
early neural commitment (Figure 2A). During the first three
passages, we noted that NMPs tended to form compacted
colonies that began to detach to form floating spheres
(data not shown). During these passages, 10uM Y-27632
was required to maintain cell adherence, whereas at other
time points 5 uM was sufficient to maintain attachment.

Using immunofluorescence and qRT-PCR, we showed that
these culture conditions maintain a SOX2*/CDX2" cell pop-
ulation up to 10 passages, corresponding to ~30 days (Fig-
ures 2B, 2C, S3A, and S3B). Similar observations were made
when using H1 hESC and AICS ZO1-mEGFP iPSCs (Figures
S3C and S3D). After one passage (P1) the cultures were het-
erogeneous, with some cells expressing the NMP-character-
istic Brachyury*/SOX2*/CDX2" signature. By P3, Brachyury
and its immediate downstream target TBX6 were undetect-
able, but most cells continued to express CDX2 and SOX2,
suggesting aloss of mesodermal and a maintenance of neural
potency (Figures 2B-2D).

By PS5, the cell population had segregated into two types,
as judged by bright-field and immunofluorescence imaging
(Figures 2B and 2E): one formed compact SOX2*/CDX2"

cell colonies, while the other was negative for SOX2/
CDX2 and had acquired mesenchymal characteristics,
such as cell spreading and SNAI1 expression (Figure 2F).
The SOX2*/CDX2" cells appeared to be epithelial, based
on the accumulation of mEGFP-tagged ZO1 at tight junc-
tions in transgenic AICS iPSCs (Figure 2G). Together, our
results showed that persistent WNT/FGF signaling with
suppressed RA signaling converts hPSCs via a transient
NMP-like state into semi-stable epithelial SOX2*/CDX2"
cell colonies that could be maintained for 7-10 passages.

NMPs progressively differentiate to posterior neuronal
fates

To investigate gene expression changes during the transi-
tion of NMP-like cells into epithelial and mesenchymal
populations, we profiled the transcriptomes of our cultures
by bulk RNA-seq across 12 time points from 24 h after seed-
ing hESCs (time point O h [t0]) to P10. Analysis of principal
components 1 and 2 (PC1 and PC2) showed that most in-
dependent replicates (n = 3 independent differentiations)
clustered together (Figure S4A). Some outliers were identi-
fied that likely reflect biological variation in our experi-
ments. The top loading genes in PC1 (42.57% variation)
included genes associated with pluripotency (OCT¥4,
NANOG, and EPHA1), NC differentiation (BMP4, TWIST1,
MITF, and TFAP2A/B) and posterior pattern specification
(HOX(5-13)) (Table S2). Similarly, the top loading genes
in PC2 (16.33% variation) consisted of genes associated
with pattern specification, such as HOX(1-13), TBXe6,
WNTS8A, MEIS1/2, FGF8, and CDX2 (Table S2). Gene
Ontology (GO) analysis of the top upregulated differen-
tially expressed genes in each passage was primarily associ-
ated with early embryogenesis and anterior-posterior (A-P)
specification (Figure S4B).

To account for biological variation between replicates
and to understand specific transitions that occur over
time, we categorized replicates into five groups (group 1,
t0 replicates; group 2, 36 h replicates and P1.r1; group 3,
P1.r2 and P1.r3, P2.r1-3, P3.r1-3, and P4.r1; group 4,
P4.r2 and P4.r3, P5-P8 replicates, and P10.r1; group 5, P9

Figure 2. Long-term culture of NMPs in the presence of WNT/FGF and inhibited RA signaling generates epithelial SOX2*/CDX2* cell

colonies

(A) Tissue culture scheme for generating NMPs and maintaining neural progenitors in vitro.
(B) Representative immunostaining of CDX2 (gray), Brachyury (magenta), SOX2 (red), and DAPI (blue) at 36 h, passage (P) 1, P3, P5, and

P10. Scale bars, 100 pum.

(C) gRT-PCR analysis of NMP markers at each passage up to P10. Expression levels are normalized to the reference gene PBDG. Error bars
show SD (n = 3 technical replicates, independent differentiations provided in Figures S3A and S3B).

(D) Representative immunostaining of TBX6 (green), CDX2 (gray), and DAPI (blue) at 36 h to P4. Scale bars, 100 um.

(E) Representative bright-field images of cells at the indicated stages. Dashed lines in P5 and P10 outline examples of compact epithelial
colonies, which are surrounded by flat mesenchymal cells. Scale bars, 200 pum.

(F) Representative immunostaining of CDX2 (gray), SNAI1 (green), and DAPI (blue) at P5. Scale bars, 100 um.

(G) Representative immunostaining of CDX2 (gray), GFP (ZO1-mEGFP iPSC, green), and DAPI (blue) at P5. Scale bars, 100 um.
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Figure 3. RNA-seq analysis indicates NMPs transition to neural progenitors and neural crest (NC) derivatives
(A) PCA depicting variance between time points (t0 to P10) and replicates analyzed by RNA-seq. Five groups have been identified and are

pseudo-colored to show grouping of replicates.

(B) Top biological process GO analysis for the significantly upregulated genes in each cluster shown in (A). The corresponding Benjamini

and Hochberg adjusted p values (FDR) are shown.

(C) Heatmap showing FC enrichment for select NMP-, neural-, and NC-associated genes in each group shown in (A).
(D) Heatmap of expressed HOX(A-D) genes (Z score) across each time point, including enriched epithelial (EPI) and mesenchymal (MES)

samples at P5 and P8.

and P10 replicates) based on principal-component analysis
(PCA), and a gene list defining each group was generated by
comparing each group with all other groups (Figure 3A; Ta-
ble S3). The top five GO biological process (GO:BP) terms
associated with the top 50 upregulated genes for each
group are listed in Figure 3B. Group 1 genes were associated
with pluripotency. Group 2 included genes associated with

germ layer specification, such as NMP-related genes such as
TBXT, FST, CDX1/2, TBX6, and MSGN1 (Figures 3B and
3C). The top genes in groups 3-5 primarily represented a
change in axial identity because of being enriched for
HOX(1-9), HOX(8-13), and HOX(12-13) genes, respec-
tively (Figure 3B; Table S3). Both groups 3 and 4 showed
an increase in neural progenitor markers, such as
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POU3F2, HHIP, FGFR2, and NEUROG2, and a reduction of
some mesodermal-associated NMP marker genes (Fig-
ure 3C) (Lin et al., 2018; Olivera-Martinez et al., 2014; Ver-
rier et al., 2018). Lastly, the top genes for group 5 contained
terminal HOX(12-13) genes and NC-related genes,
including TFAP2B, DLXS5, TWIST1, and MITF (Curran
et al., 2010; Frith et al., 2018; Narboux-Neme et al., 2019;
Wind et al., 2021), which together suggested the cells tran-
sition to a sacral/NC identity by P10 (Figure 3C).

Next, k-means hierarchical clustering was applied to all
gene-specific profiles that were significantly different over
at least two consecutive time points. Each of the gene clus-
ters showed a distinct transcriptional behavior over time
(Figure S4C; Table S4). GO:BP analysis was performed for
the genes in each cluster, and the most significant four
GO terms are listed in Figure S4D (Table S4). Clusters 2
(C2) and 6 (C6) showed elevated gene expression from P1
to P8, when cells robustly expressed SOX2 and CDX2.
Consistent with the role of CDX2 in regulating colinear
HOX gene expression (Amin et al., 2016; Neijts et al.,
2017), CDX2 and HOX(1-9) genes were grouped together
in C2, which showed “regionalization” as the most en-
riched biological process. Conversely, SOX2 was clustered
with other neural fate determinants, including SOX21,
SP8, and GBX2 in C6, and thus this cluster was linked
strongly with various biological functions of neurogenesis
(Li et al., 2014; Luu et al., 2011; Sandberg et al., 2005). As
expected, the most posterior HOX genes were found in
C4 and C9, which showed a peak of expression around
P7-P8 and P9-P10, respectively. This was in line with pre-
vious findings indicating HOX13 genes retro-inhibit ante-
rior HOX and CDX2 transcription (Denans et al., 2015).
Thus, we observed full colinear HOX(1-13) gene expression
across 10 passages (Figures 3D, S4E, and S4G). A similar
colinear HOX gene expression pattern was noted when us-
ing H1 hESC and AICS ZO1-mEGFP iPSCs (Figures S4H and
S4I).

In parallel with the onset of terminal HOX expression,
C1, C4, C5, and C9 included genes with elevated expres-
sion at P9-P10 (Figure S4C). These clusters were enriched
for more terminal cell fates such as cell death (C1), the cir-
culatory system (C4), axonal (C5), and skeletal/renal (C9),
suggesting that cells begin to differentiate at P9 and
providing a genetic explanation for the decrease in cell
viability and the increase in cell spreading at late passages
(Figures S4C and S4D). These results suggest that cells exit
the cell cycle (C1) and upregulate genes such as SOX9
and NOG (C9) and DLX5/6, SOX11, TFAP2A, and BMP4
(C4), which may be indicative of differentiation into cell
types such as NC. This is also consistent with the top
loading genes and NC genes associated with PC1 (Table
S2) and the enrichment of NC genes in group 5 passages
(Figure 3C). Together, deep transcriptional profiling sug-
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gests that our NMP-like cells adopt a pre-neural fate by
P4. During P4-P8 these cells remain pre-neural but progres-
sively transit from thoracic to lumbosacral identity. At P9,
cells further differentiate to a more terminal and sacral
cell type, which is also enriched for NC markers.

NMP-derived cells stabilize as epithelial PNPs and NC
To determine the extent to which NMP-derived cells un-
dergo differentiation, we enriched epithelial and mesen-
chymal cells by enzymatic (TryPLE) selective detachment
of the different cell types at PS5, profiled by bulk RNA-seq,
and compared with the original NMP-like transcriptional
profile (Figure S5A). The temporal progression from 36 h
to PS accounted for most of the gene variation (PC1,
~70%) that was detected. The lineage bifurcation of NMP
descendants led to the identification of 907 differentially
expressed genes between epithelial and mesenchymal cells
(426 genes up in epithelial and 481 genes up in mesen-
chymal cells; FDR < 1%, >2-fold change, DESeq2 base
mean > 100 reads; Table S5). Molecular function GO terms
for both samples included “growth factor binding” terms,
which primarily represented WNT/FGF signaling genes in
addition to TGF-B superfamily signaling genes (Table S5).
Both positive (BMP4/5, TGFB2/3) and negative (NOG and
BAMBI) regulators of TGF-B signaling were found to be
differentially expressed between PS5 epithelial and mesen-
chymal cells, but this did not clearly indicate whether
TGEF-B signaling was active or inhibited in either cell
type (Figure S5B; Table S5). However, epithelial cells ex-
pressed significantly higher levels of several FGF ligands
(FGF-7,-8, -9, -12, and -13) and WNT receptor genes
(FZD8 and FZD10) (Figure S5B), whereas mesenchymal
cells expressed significantly higher levels of the non-ca-
nonical WNT11 and the canonical WNT2B gene and ex-
pressed significantly less canonical WNT antagonist, such
as SFRP2 and TRABDZ2A. Together this analysis further sug-
gests that genes that modulate several signaling pathways,
including TGF-B, WNT, and FGEF are differentially ex-
pressed between mesenchymal and epithelial cell types
and therefore may influence cell identity and stability
over time.

Next, a panel of previously established NMP, PNP, and
neural progenitor marker genes was used to pinpoint neu-
ral progression in vitro (Olivera-Martinez et al., 2014; Ribes
etal., 2008; Verrier et al., 2018). As expected, 36 h cells were
positive for NMP markers (FGFS, WNT3A, and TBXT) and
NMP/PNP (SOX2, NKX1-2, and WNT8A/C), while the NP
determinants PAX6, IRX3, and SOX1 were not transcribed
(Figure 4A). By PS5, both epithelial and mesenchymal cells
had lost most NMP-exclusive expression, while the NMP/
PNP markers SOX2 and NKX1-2 were retained and more
highly expressed in epithelial cells (Figure 4B). NEUROG2
and FGFR2, two PNT/NT markers, were also active in P5
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cells and were significantly higher in P5 epithelial cells (Oli-
vera-Martinez et al., 2014; Ribes et al., 2008). Furthermore,
neural progenitor markers were low or absent in epithelial
and mesenchymal P5 cells (Figure 4B). Immunofluores-
cence for Brachyury, SOX2, and PAX6 confirmed this tran-
scriptional analysis (Figure 4C). Together, we find that
epithelial colonies have a PNP identity and do not express
key neural maturation genes.

We next sought to determine the identity of the mesen-
chymal cells. Although NMPs are known to give rise to so-
mitic mesoderm, we did not observe Brachyury expression
(pan-mesoderm marker) or its downstream target TBX6
(pre-somitic mesoderm marker) following P1 (Figures 2B
and 2D), suggesting the mesenchymal cells that arise at
P3-PS5 are not mesodermal in origin. In vitro studies have re-
vealed that NMPs can differentiate to trunk NC cells (Frith
et al.,, 2018; Gomez et al., 2019b; Hackland et al., 2019).
Moreover, our bulk RNA-seq suggested that over passaging
there was an increase in genes associated with cell migra-
tion and NC (Figure 3C). Thus, we first determined whether
mesenchymal P5 cells had acquired NC-specific gene
expression. Transcriptome-wide analysis showed that
several NC markers genes, including SNAII, SOX9, and
SOX10, were significantly higher in mesenchymal cells
compared with their epithelial PNP counterparts (Figures
4D and S5C). This was corroborated by immunolabeling
studies of SOX10, SOX9, and SNAI1 in PS5 cell cultures (Fig-
ures 2F and 4E). In support of a posterior NC identity,
mesenchymal P5 and P8 cells progressively expressed
more posterior HOX genes, mirroring the PNP rostrocaudal
identity (Figure 3D). By contrast, the cranial NC marker
ETS1 was detectable in only a few mesenchymal cells (Fig-
ure 4F). To further validate our findings, we compared the
transcript fold change of NC-related genes in both PS5
epithelial and mesenchymal cells with previously pub-
lished work by Frith et al. (2018) (Figure 4G). The mesen-
chymal cells presented in this study expressed similar or
higher levels of NC markers to those presented previously
by Frith et al. (2018), thereby further confirming these cells
were NC in identity. Together, these results show that the
mesenchymal cells surrounding PNPs are posterior NC cells

and comparable with previously published in vitro-derived
trunk NC.

NMP-derived trunk PNPs are stem cell-like and give
rise to migratory NC

The immunofluorescence analysis of PNP/NC cell cultures
revealed that some nuclei found within tightly clustered
PNP colonies were negative for CDX2 but positive for
SNAI1 (Figures 2B, 2F, and 5A), suggesting that they are un-
dergoing epithelial-to-mesenchymal transition (EMT) and
becoming NC cells (Cano et al.,, 2000). PNP colonies
(CDX2*/SNAI1") purified from NC cells using selective
detachment were sub-cultured for four passages (P+1 to
P+4) to test this idea (Figure 5B). Immunofluorescence
staining showed that despite the low percentage of
SNAIT* NC (8%) cells in P+1 cultures, by P+4 40% of the
cells were CDX27/SNAI1*, suggesting that PNPs undergo
EMT to generate NC cells (Figures 5B and 5C). Analysis of
PNP (CDX2 and SOX2) and NC markers (SNAI2, SOX10,
and SOX9) by qRT-PCR in enriched cells at P+4 further
confirmed this conclusion (Figure S6A). To exclude the pos-
sibility that after PNP purification, the remaining NC cells
repopulate the culture over passaging, single cells from the
PNP- or NC-enriched samples were re-plated by fluores-
cence-activated cell sorting (FACS) into single wells (Fig-
ure S6B). No colonies arose from single NC cells, suggesting
that these cells have limited proliferative capacity. By
contrast, single PNPs gave rise to clonal cell lines, which
consisted of epithelial colonies (CDX2*/SOX2") and sur-
rounding mesenchymal cells (Figures S6C and S6D).
Thus, the PNPs showed stem cell-like behavior by undergo-
ing self-renewal and differentiating into NC cells.

Modulation of TGF-B and Sonic Hedgehog (SHH)
signaling locks in PNP rostrocaudal axis information
by preventing GDF11-mediated sacral HOX gene
expression

We have shown that the combined modulation of WNT/
FGF and RA signaling generated posterior PNPs. However,
transcriptomics and lineage analysis indicated that PNP
maintenance may be compromised by NC bifurcations,

Figure 4. NMP-derived cells stabilize as epithelial PNPs and NC progenitors
(A and B) Normalized expression levels of known markers of NMPs, PNPs, and NPs at 36 h (A) and in P5 epithelial- and mesenchymal-
enriched samples (B) as determined by RNA-seq. Error bars show SEM (n = 3 independent differentiations). ***FDR < 1%, a FC of at least +2

compared with epithelial-enriched samples, and a base mean > 100.

(C) Representative immunostaining of Brachyury (green), SOX2 (red), and PAX6 (magenta) confirming the expression patterns shown in

(A) and (B). Scale bars, 100 pum.

(D) Volcano plot showing differential expression between epithelial (blue) and mesenchymal (red) cells at P5.
(E and F) Representative immunostaining of NC markers SNAI1, SOX1 and SOX9 (E), and ETS1 (F) co-stained with epithelial PNP marker

CDX2 (gray) and DAPI (blue). Scale bars, 100 pum.

(G) Log, FC (versus hESCs) of NC marker genes in P5 mesenchymal- and epithelial-enriched samples compared with previously published

trunk NC microarray data (Frith et al., 2018).
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Figure 5. Epithelial PNPs give rise to migratory NC cells

(A) Representative immunostaining of CDX2 (gray) and SNAI1 (green) co-stained with DAPI (blue) in P7 PNP/NC cultures. Inset shows
magnified region identified by white dashed line, and arrow marks examples of CDX2~/S0X2~/SNAI1" nuclei within PNP clusters. Scale
bars, 100 pm; 50 pum (inset).

(B) Representative immunostaining of CDX2 (gray), SNAI1 (magenta), and DAPI (blue) in epithelial P5 cells, which were serially passaged
for four passages (P+1 to P+4) following selective detachment enrichment.

(C) Dot plot showing the mean gray value/nuclei of CDX2 and SNAI1 at P+1, P+3, and P+4 panels shown in (B). Each graph shows >900
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Figure 6. Modulation of TGF- and SHH
signaling locks in A-P information
(A-C) Normalized expression levels of GDF11

-
g 150007 (A), HOX13 (B), and LIN28A (C) at each
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(D and E) Transcriptional quantification
LIN28A (qRT-PCR) of GDF11 (D) and LIN28A (E)
shown by FC over 36 h and normalized to the
rTr reference gene PBGD in late passage PNPs.
Error bars show mean with SEM (n = 3 in-
dependent differentiations). **'p = 0.0003,
**2p = 0.0002, **3p = 0.0026, **%p =
0.0045 (ANOVA, followed by Fisher's least
significant difference [LSD] multiple com-

parisons test [MCT]).
(F) Graphs showing the transcriptional
quantification (qRT-PCR) of selected HOX
genes at early (P5) and late passages (P10-
15 or P25-30) in all conditions, **'p =
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the progressive activation of more posterior HOX genes, minal HOX induction, GDF11, was found to be signifi-
and late-passage differentiation/cell death. In line with cantly upregulated from P1 and increased by approxi-
this, a known regulator of trunk-to-tail transition and ter- mately 6-fold by P9 compared with tO (Figure 6A).
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Increased GDF11 expression precedes activation of the ter-
minal HOX13 genes with the onset of HOX13 genes coin-
ciding with a 4.6-fold increase of GDF11 at P4 (Figure 6B).
LIN28A was significantly downregulated at P2 (versus t0),
but remained unchanged from P2 to P8, indicating that
although it was decreased in expression compared with
pluripotent stem cells, it remained at a sufficient level to
maintain PNP cell proliferation for several passages. By
P10, when PNP proliferation and culture viability were
dramatically reduced, LIN28A was decreased over 600-
fold (versus t0) (Figure 6C). With this in mind, inhibitors
of Activin/Nodal (SB431542 [SB]) and BMP (LDN193189
[LDN]) signaling were used to suppress progressive poste-
riorization driven by GDF signaling and BMP-mediated
trunk NC specification (Aires et al., 2019; Frith et al.,
2018; Gomez et al., 2019b; Hackland et al., 2019; Jurberg
et al., 2013; McPherron et al., 2009) (Figure S7A). Further-
more, to mimic signals that arise from the notochord dur-
ing neural tube folding/cavitation and induce a ventral
identity in differentiated neuronal cultures, we used a
smoothened agonist (SAG) to stimulate SHH signaling (Jes-
sell, 2000; Sasai et al., 2014).

The combined addition of SBand LDN (+SBLDN) or SB and
SAG (+SBSAG) at P3 resulted in stabilization of PNPs for over
30 passages (90 days) (Figures S7B-S7D). The addition of
small molecules from P3 onward did not compromise the
formation of CDX2*/SOX2* PNPs when analyzed at P5/P6
(Figures S7C and S7E). However, both supplemented condi-
tions modestly increased the percentage of SOX2*/CDX2*
cells as quantified by flow cytometry in late passages (P9/
P10) (Figure S7F). Cells maintained in +SBSAG
and +SBLDN had significantly prolonged CDX2 and SOX2
gene expression for up to 30 passages (Figure S7B). As ex-
pected, in comparison with P7-P10 FCHIR-generated cells,
GDF11 expression was lower in +SBSAG and +SBLDN cul-
tures (Figure 6D). In line with this, LIN28A, known to be
downregulated in response to HOXI13 expression, was
considerably reduced in FCHIR cultures by P7-P10 (Aires
et al.,, 2019) (Figure 6E). Based on the transcriptional
profiling of HOX genes, the positional value of the PNPs
was locked at the thoracic-lumbar identity (Figure 6F). To
test whether GDF11 addition, after long-term TGF-B inhibi-
tion, can induce sacral HOX expression, we added exoge-
nous human recombinant GDF11 to P28-P30 cultures for
48-72 h. Short-term treatment of GDF11 was sufficient to
induce HOXA13 and HOXC13 gene expression and suppress
LIN28A expression (Figures 6G-6I). Furthermore, in our
long-term cultures, the RA target PAX6 remained silent
in +SBLDN or +SBSAG addition at P6/P7 (Figure S7G). These
results therefore show that PNPs can be locked in a thoracic
identity and grown in culture for long periods of time via the
addition of TGF-B inhibitors to prevent the GDF11/LIN28A-
mediated transition to sacral HOX gene expression.

PNPs can give rise to spinal cord neurons

To establish the neuronal potential of RA-deprived PNPs,
we terminally differentiated P5 FCHIR and P25 +SBSAG/
+SBLDN long-term PNPs into neurons (Figure 7A). Analysis
of lateral motor column (LMC; FOXP1), dorsal inter-
neuron/LMC marker (LHX1), and medial motor column
markers (MMC; LHX3) found that all PNP conditions pref-
erentially generated LHX1*/TUJ" cells, although they did
not express ISL1 (Figures 7B and 7C). The presence of
LHX1*/ISL1™ neurons suggests that neurons may be lateral
LMC (LHX1*/ISL2"), interneurons of the p2-dp2 domains,
or medial LMC that no longer expresses early motor
neuron markers (Francius and Clotman, 2014) (Figure 7B).
Few cells were found to express LHX3, indicating cells pref-
erentially differentiate MMC motor neurons (Figure 7D).
Furthermore, more CHX10* cells were noted in +SBSAG
PNP-derived cultures, suggesting SHH signaling may intro-
duce a more ventral identity after differentiation, giving
rise to V2a interneurons (CHX10%/TUJ*) (Figure S7H)
(Clovis et al., 2016). Together, these results show that our
PNPs can generate various spinal cord derivatives demon-
strating neuronal potential.

DISCUSSION

We show that with sustained WNT/FGF signaling and RA
inhibition, PNPs undergo colinear HOX expression while
transitioning to a pre-neural fate. RA inhibition prevents
the upregulation of RA-responsive neural determinants
genes such as PAX6, preventing neuronal differentiation.
Furthermore, PNPs undergo “self-renewal,” because of
high LIN28A and low HOX13 expression, until increased
GDF11 signaling results in an upregulation of sacral HOX
expression. The addition of TGF-B inhibition combined
with BMP inhibition or SHH agonism (+SBLDN/+SBSAG)
prevents GDF11 upregulation and subsequent loss of
LIN28A, resulting in stabilization of PNPs in a thoracic
identity for up to 30 passages. Finally, PNPs give rise to
NC with a diverse range of positional axial identities,
ranging from thoracic to sacral. However, the distinct dif-
ferentiation potential at each axial position requires
further investigation.

During development, the RA-synthesizing enzyme
Aldh2al is expressed in the primitive streak and in node
cells (Ribes et al., 2009). Furthermore, the RARy receptor
and the RA-degrading enzyme Cyp26al are highly ex-
pressed in NMPs, together indicating that finely balanced
RA signaling is required to regulate axis elongation (Gouti
et al., 2017; Sakai et al., 2001). Moreover, loss of Aldh2al
in vivo and in vitro results in shortening of the A-P axis
and impaired NMP specification, respectively (Cunning-
ham et al., 2015; Gouti et al., 2017; Niederreither et al.,
1999). However, Aldh2al-null mice produce up to 20
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somites and a region of spinal cord, indicating some NMPs
are specified in the absence of RA signaling; therefore, it re-
mains unclear whether active RA signaling is essential for
NMP commitment or if it acts only to maintain an expand-
ing NMP population by regulating the Fgf8 expression
domain (Cunningham and Duester, 2015; Diez del Corral
et al., 2003). Here we show that NMP specification is unaf-
fected by the addition of a pan-RAR inverse agonist and by
vitamin A withdrawal, suggesting that minimal to no RA
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signaling is sufficient for human NMP specification
in vitro. Furthermore, we demonstrate that NMPs
committed to a pre-neural identity, despite depleted levels
of RA signaling, suggesting pre-neural commitment may
also occur independently of active RA signaling.
Conversely, RA depletion prevented the upregulation of
definitive neural markers and neural commitment allow-
ing PNPs to remain unfixed in their A-P identity. As a result,
sustained culture (in the presence of WNT/FGF and



depleted RA levels) permitted complete sequential HOX
gene activation over time.

The inhibition of TGF-B and stimulation of SHH
signaling during PNP differentiation was found to reduce
NC delamination and to promote the stabilization of PNP
cultures with a thoracic HOX signature for at least 30 pas-
sages. Specifically, our data indicate that ALK4, ALKS, and
ALK7 inhibition by SB acts to prevent GDF11 signaling
and is sufficient to promote PNP identity and viability in
our culture by maintaining LIN28A expression, a key factor
for the proliferation of tail bud (Andersson et al., 2006).
Because cells maintained a stable progenitor identity, the
thoracic HOX signature was not locked, and supplementa-
tion with GDF11 promoted their release to a later HOX
signature, in keeping with its known role in regulating
sacral HOX gene expression (Aires et al., 2019). Similarly,
heterochronic grafting experiments in chick found that
axial progenitors can revert from a late HOX to an earlier
HOX signature, supporting the finding that HOX gene
expression is not locked until the cells terminally differen-
tiate (McGrew et al., 2008). This is also in keeping with
in vitro studies that suggest that prolonged WNT/FGF
signaling allows cells to reach a more posterior identity
that can be fixed by inducing neural differentiation
through exogenous RA addition (Kumamaru et al., 2018;
Lippmann et al., 2015; Wind et al., 2021).

Our work also established that PNPs undergo EMT to
form NC cells with corresponding rostrocaudal identity.
Recent studies have indicated that cranial NC arises in a
neural-independent manner (Leung et al, 2016).
Conversely, trunk NC arises from NMPs in a BMP-depen-
dent manner (Frith et al., 2018; Gomez et al., 2019b;
Hackland et al., 2019). Here we show trunk NC progeni-
tors are specified following commitment of NMPs to a
pre-neural identity. Following this commitment, PNPs ex-
press progressively more posterior HOX genes over time
whilst giving rise to NC with a sacral identity. Together
this work suggests that the CNS and derivatives of
trunk/sacral NC (such as the peripheral nervous system)
arise from a common PNP derived from the NMP popula-
tion. This finding has recently been supported by studies
in vivo (Lukoseviciute et al., 2021). Surprisingly, the addi-
tion of the BMP inhibitor LDN did not prevent NC spec-
ification in long-term PNPs, although only intermediate
levels of BMP signaling are required to robustly induce
NC commitment (Frith et al., 2018; Hackland et al.,
2017). Furthermore, the addition of the ROCK inhibitor
(Y-27632) in our protocol was required to maintain a 2D
culture system and has previously been shown to favor
NC commitment from hPSCs; therefore, it may also play
a role in promoting NC commitment from PNPs (Kim
et al., 2015). Further work to test these interesting find-
ings is required.

In conclusion, our protocol provides a valuable source of
PNP and NC cells that reflect axial anterior-to-posterior
progress and may hold the potential for drug screening,
detailed disease modeling, or therapeutic applications.
Moreover, our model provides a robust in vitro platform
to study cellular commitments and transitions within the
developing human spinal cord at greater detail.

EXPERIMENTAL PROCEDURES

Human pluripotent stem cell culture

hESCs (WA09 and WAO1; WiCell) and iPSCs (AICS-23; Allen Insti-
tute) were maintained on Corning Matrigel Growth Factor
Reduced (GFR) Basement Membrane Matrix (354230; Corning
Incorporated) and grown in mTESR1 (85850; STEMCELL Technol-
ogies). Cells were passaged as aggregates at a ratio of 1:10/15 using
Gibco Versene Solution (15040066; Thermo Fisher Scientific) (UK
Stem Cell Bank steering committee approval number: SCSC13-
03). Further details are available in the supplemental experimental
procedures.

NMP differentiation and PNP long-term culture

Human ESCs or iPSCs were differentiated to NMPs as described in
the text. NMPs were passaged at 36 h using TrypLE express
(Thermo Fisher Scientific) and when confluent thereafter. Cells
were passaged as single cells at a ratio of 1:6 into NMP differentia-
tion medium, supplemented with 5-10 pM Y-27632 (Tocris) for up
to 8-12 passages. To prevent A-P axis progression, we added 2 pM
SB (SM33-10; Cell Guidance Systems) and 100 nM LDN (SML0S559-
SMG; Sigma-Aldrich) or SB (SM33-10; Cell Guidance Systems) and
500 nM SAG (566660-1 mg; Sigma-Aldrich) to NMP differentiation
medium at P3. Further details are available in the supplemental
experimental procedures.

Neuronal differentiation

Neurons were generated using a modified protocol based on a pre-
viously published neural differentiation protocol (Lippmann et al.,
2015) and described in the text. Further details are available in the
supplemental experimental procedures.

Flow cytometry and immunofluorescence
Detailed experimental procedures are available in the supple-
mental experimental procedures.

RNA extraction, cDNA synthesis, and qPCR

Total RNA extraction was completed using RNeasy mini kit (74106;
Qiagen) following the manufacturer’s instructions. cDNA was syn-
thesized using Maxima First Strand cDNA Synthesis Kit for qRT-
PCR with dsDNase (K1672; Thermo Fisher Scientific) following
the manufacturer’s instructions with the addition of a dilution
step where cDNA was diluted 1:60 in water. QPCR analysis was per-
formed using primers detailed in Table S7 on a Roche LightCycler
480 1I (Roche Holding AG) using LightCycler 480 SYBR Green I
Master mix (04887352001; Roche Holding AG). Relative

Stem Cell Reports | Vol. 17| 894-910 | April 12,2022 907

)
©



;0‘
(&

expression was calculated using the ACt method, normalizing
each gene to porphobilinogen deaminase (PBGD) levels.

RNA-seq and analysis
Further details are available in the supplemental experimental
procedures.

Data and code availability
Data are available at the GEO repository (accession number GEO:
GSE150709).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.02.018.
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