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ABSTRACT (150 words)

The spinal cord, nerves, and skeletal muscles arise from neuromesodermal progenitors (NMPs).
We have developed a growth-factor screening strategy, utilizing ES and iPS cells, facilitating the
indefinite self-renewal of two types of human axial stem cells (AxSCs), closely resembling mouse
NMPs (NM-AxSCs) and posterior neural tube progenitors (N-AxSCs). Under specific regimens—
Wnt/CHIR99021, FGF2, and TGF-B inhibitor SB431542 (CFS) and excluding FGF2 (CS),
respectively—these AxSCs self-renew and sustain telomeres. Single cell transcriptomics and
proteomics have revealed expression of posterior growth-zone and dorsoventral neural tube
markers in NM-AxSCs, and correspondingly, differentiation to a wide spectrum of neural tube
neurons and myocytes. N-AxSCs rapidly matured into dorsal sensory subsets and neural crest.
Crucially, neither AxSC type produces teratomas, and analogous mouse NM-AxSCs integrated
successfully into the neural tube and somites. Capturing of AxSCs from patient and GMP ES / iPS
cells without transgenesis unveils ontogeny and promises modeling and therapy in neuropathies.
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INTRODUCTION

Genes and signaling pathways that temporarily promote self-renewal of progenitor cells in
human embryos can be leveraged to “capture” indefinitely proliferating stem cells with
analogous differentiation capabilities both in vivo and in vitro. This concept underpins the
derivation and cultivation of ground and primed state embryonic and induced pluripotent stem
cells (e/iPSCs)*™*, as well as formative and rosette PSCs from periimplantation embryos.>®
However, ethical restrictions constrain research of human gastrulation and neural tube
formation during Carnegie stages 5-9.” We thus asked whether human ES and iPS cells can be
utilized for the derivation of stem cells that embody gastrulation and peripheral neurogenesis,
bypassing the use of embryos.

Neuromesodermal progenitors (NMPs) are multipotent cells that develop into the neural
tube, trunk neural crest, spinal cord, and sensory neurons, and somitic and tailbud mesoderm.®-
1 1n mice, these cells intriguingly express stemness, neurogenesis, and mesoderm transcription
factors Sox2 and Brachyury.*> Mouse NMPs reside in the caudal lateral epiblast (CLE) and the
node-streak border (NSB) around E7.5 and persist in the chordo-neural hinge (CNH) until
E13.5.1%13 While mouse NMPs manifest characteristics of stem cells, such as ability to passage
through embryos!4, no stable stem cell lines retaining NMP and posterior neural tube traits have
been established.

Differentiation protocols that involve 2-3-day activation of Wnt/B-catenin and FGF2
treatment yield transient NMP-like progenitors from both human and mouse e/iPSCs.*>™*° These
progenitors exhibit defining markers like SOX2, T (Brachyury), and CDX2, mirroring mouse
NMPs.1020.21 However, human and mouse NMPs cultured in vitro appear to display late NMP
phenotype as indicated by the presence of posterior HOX genes from paralogous groups 9-
13.1>1713 Eurther, late NMPs manifest markers like Mnx1 and non-canonical Wnt/B-catenin
ligands such as Wnt5a.'>2! This led us to explore strategies to harness mechanisms of temporary
self-renewal of NMPs and posterior neural progenitors, aiming to derive stem cells that sustain
the respective states through extended passages.

The transition between NMPs, posterior neural progenitors and their patterning along
the rostrocaudal axis establishes the mammalian neural tube.??"?* Studies analyzing branching
cell trajectories in mouse embryos demonstrated that trunk neural crest progenitors delaminate
from the dorsal region of the neural tube.?>?” On the ventral side of the neural tube, sonic
hedgehog (Shh) signaling promotes differentiation of motor neurons and ventral interneurons.?®
Although various differentiation protocols have been optimized to produce posterior neuronal
subtypes and trunk neural crest, they lack the efficiency of the dual Smad inhibition protocol in
the induction of anterior neurons and cerebral organoids.?®3° At present, the challenges of forced
expression of neurogenic transcription factors and cellular heterogeneity obstruct the detailed
study of the progenitor intermediates and lineages in the human neural tube during their
differentiation from NMPs.2%3! As such, we aimed to capture pure NMP- and posterior neural
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tube-like stem cells to dissect lineages, elucidate mechanisms underlying human neural tube
development, and enhance cellular modelling capabilities.

Here, we report the establishment of AxSC lines from multiple species, with
characteristics that closely mirror NMPs and neural progenitors without the need for ectopic
expression of transgenes or use of human embryos. We identified two regimens: Wnt/B-catenin
(CHIR99021), FGF2, and TGF-B pathway inhibitor SB431542 (abbreviated as CFS) for NM-AxSCs
(neuromesodermal-like) and CS for N-AxSCs (neuronally-committed). These CFS and CS lines can
be cultivated across dozens of passages, retaining telomere length. They maintain their
developmental correspondence to NMPs and posterior neural tube progenitors, and capacity to
differentiate to paraxial mesoderm and neural derivatives, both in vitro and when grafted into
embryos. Their classification was determined using single cell transcriptomics, proteome
analysis, as well as chromatin occupancy proteomics. The data can be explored using a web tool
https://axialstemcells.shinyapps.io/atlas. Reciprocal medium exchange showed that CFS cells can

convert to a CS phenotype but not vice versa.

The derivation of undifferentiated CFS and CS lines from ES and iPS cells offer insights into
the particularly refractory early stages of human postimplantation development. These cells also
offer exciting possibilities for GMP manufacturing and banking of a range of neural and
mesodermal cell products. The differentiation protocols of CFS and CS cells are shorter and more
directed than those for ES and iPS cells, enhancing the modeling of ontogeny and disease in body
axis tissues. Unlike pluripotent stem cell lines, CFS and CS cells do not make teratomas,
positioning them as a potentially pivotal resource for stem cell therapies targeting muscular,
spinal cord, and nerve pathologies without risk of teratoma.

RESULTS

Screening human ES cell-derived long-term renewing multipotent posterior stem cells

To capture human multipotent NMP- and posterior neural tube-like stem cells, we sought to
induce cell lines capable of sustaining the long-term expression of endogenous T(BRA) and SOX2,
or PAX6, SOX2 and HES5 over numerous passages. These genes represent the defining
characteristics of NMPs and the neuronally committed posterior progenitors that are derived
from NMPs.123233 As a first step, we aimed to identify the temporal point during human ES cell
differentiation when the activation of Wnt/B-catenin promotes NMP markers without yet
inducing somitogenesis and mesendoderm genes. We analyzed RNA-seq data where the Wnt/B-
catenin pathway was activated via CHIR99021 treatment and by employing human ES cells
harbouring stably integrated B-catenin AN90 variant that is responsive to doxycycline.?* The time
course RNA-seq revealed strong upregulation of T and CDX2 at 24h, followed by more advanced
developmental markers e.g. GATA6 and FGF17 which coincided with downregulation of SOX2 at
48-72h (Figure S1A-C). Thus, we utilized the NMP-like state at 24h post induction with CHIR99021
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as a starting point for screening the propagation of posterior stem cells including neural tube
progenitors.

At the second step, we screened the formation of putative NMP-like cells by serial
passaging and modulating the signalling pathways that were up-regulated during NMP induction
(Figures 1A,B and S1D). We performed screening with H9 cells that were cultivated on Matrigel
in 5% O as hypoxia is favourable for NMPs.3> The screening of Wnt/B-catenin, FGF2, TGF-B and
BMP modulators resulted in the formation of cell lines in the CHIR99021/FGF2/SB-431542
(abbreviated CFS), and without FGF2 (abbreviated CS) conditions. The observed down-regulation
of OCT4 and NANOG in three independently derived lines indicated the non-pluripotent state of
CFS and CS cell lines. The CFS cells maintained high T and CDX2 expression, while CS cells
exhibited high PAX6 levels. Both types expressed SOX2 at levels comparable to undifferentiated
H9 cells. These NMP and neural characteristics persisted for a minimum of 27 passages across
the three cell lines (Figure 1C). Treatment with CHIR99021 and FGF2 (abbreviated CF) or
CHIR99021 alone (abbreviated CH) yielded cell lines with phenotypes that were analogous those
established in CFS and CS conditions, however, they were discontinued due to colonies that were
heterogeneous compared to the CFS and CS conditions (Figure S1E,F). From approximately
passage 6, CFS and CS lines manifested a characteristic colony morphology, and demonstrated
mutually exclusive expression of NMP and neuronal markers (Figure 1D,E). Time lapse
microscopy revealed filopodia-mediated motility of both cell types, merging of cells to colonies,
and pre-neural morphology, particularly of CS cells that exhibited occasional spontaneous axon
growth (Video S1).

Next, we employed omics to validate the NMP and posterior neural tube markers of CFS
and CS cells (Figure S2). Using chromatin aggregation capture and proteome mass spectrometry
(MS) we found that the three independently derived CFS and CS lines exhibited chromatin
occupancy enrichment of T and CDX2 in CFS cells, PAX6 and HES5 in CS cells, and SOX2 in both
cell types and undifferentiated H9 ePSCs (Figure 1F). Single cell RNA sequencing (scRNA-seq)
further demonstrated specific expression of T and CDX2 in CFS cell lines, and mutually exclusive
expression of PAX6 and HESS in CS cells (Figure 1G and S1G).

A defining hallmark of PSCs is formation of teratoma-like tumors comprising multiple
tissues.® To address whether CFS and CS cells underwent irreversible commitment from PSCs,
we injected CFS, CS, and ePSC-H9 cells under the kidney capsule of immunodeficient mice. While
teratomas were detected in all ePSC-H9 injected animals, none of the animals injected with CFS
and CS cells (0/13) exhibited endoderm or teratocarcinoma tissue characteristics, rather tissues
resembling cartilage and adipocytes which are derivatives of mesodermal and mesenchymal cells
(Figures 1H and S1H,1).%’

Finally, we analysed characteristics of stemness and plasticity. We noticed chromatin
enrichment and expression of essential stemness genes in CFS and CS cells including MYCN,
LIN28B, SALL4, and TRIM71 at levels akin to human ePSCs (MYCN was higher in CFS and CS
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relative to ePSC H9), and depletion of pluripotency factors, namely, OCT4, NANOG, and PRDM14
(Figure 11,J).38 Since the maintenance of telomere length contributes to the extended replicative
lifespan of stem cells®, we analyzed the relative telomere length of three CFS and CS cells over 20
passages. Importantly, the telomere lengths of CFS, CS and H9 ePSC lines were similarly
maintained (Figure 1K). These findings suggest capture of novel posterior stem cells directly from
ES cells, bypassing the need for postimplantation human embryos. Given that the CFS and CS cells
consistently retained key characteristics of NMPs and posterior neural tube progenitors across
numerous passages, we designated them as NMP and neuronal axial stem cells, respectively
abbreviated as NM- and N-AxSCs. For the exploration of the proteome and chromatome of NM-
and N-AxSC we created an online platform available at https://axialstemcells.shinyapps.io/atlas.

Hierarchical ordering and reproducible derivation of AxSC from iPSCs, species, and embryos
We next examined the hierarchy of the developmental potential and lineage commitment of CFS
and CS cell lines. To interrogate, we performed serial passaging experiments in which the
respective media of CFS and CS cells were swapped (Figure 2A). We observed that the CFS cells
gave rise to cells with CS morphology following 4-6 passages, and that the markers of NMPs,
CDX2 and T were downregulated, and PAX6 was upregulated. Conversion in the other direction,
however, did not occur, as the three CS lines that were propagated in CFS media did not show
significant upregulation of T and CDX2 or stable downregulation of PAX6. Additionally, SOX2 was
downregulated and the cells exhibited spontaneous differentiation (Figure 2B). These results
indicate that the CFS cell lines represent NM-AxSCs that are hierarchically upstream of N-AxSCs
CS cell lines.

Next, we analyzed the reproducibility of deriving AxSCs. To validate the protocols across
human PSCs from different (epi)genetic backgrounds, we tested them on HUES6 ES cells and
HMGUL1 iPS cells.3®4% In three rounds of derivation, we consistently observed cell lines that
mirrored the morphology and expression of NMP and posterior neural markers, analogous to the
H9 CFS and CS cell lines (Figures 2C and S3A). Moreover, scRNA-seq analysis revealed that the
majority of the genes enriched in CFS and CS cell lines (relative to their respective
undifferentiated state of H9, HUES6 and HMGU1) were consistent between cell lines.

To derive mouse AxSCs we screened Wnt/B-catenin, FGF, TGF-B, and BMP modulators
with the addition of FGF8 for its role in mouse gastrulation.** We performed protocol screening
with mouse primed state EpiSCs on Matrigel or mouse embryonic fibroblast (MEF) coated plates
as feeders. We utilized EpiSCs following splitting, skipping NMP induction, because a significant
portion of mouse EpiSCs express Brachyury in the primed pluripotency state.*>*3 The screening
resulted in a successful derivation of a cell line on Matrigel using a modified CFS recipe with 3uM
CHIR99021, 50ng/ml FGF2, and 10uM TGF-B inhibitor SB431542 (Figure 2D,E). Mouse CFS_1 line
exhibited a strong induction of Brachyury and Cdx2, with Sox2 levels similar to those in parental
cells, while Oct4, Nanog, and Pax6 were notably absent (Figures 2D-G and S3B). This expression
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pattern persisted for a minimum of 21 passages (Figure 2G). The derivation of CFS cells with MEFs
also yielded cell lines under a range of concentrations, specifically CHIR99021 (3-5uM), FGF2 (50-
100ng/ml), with or without DMH1 (Figures 2D,E and S3C). While this confirms that NMP-like CFS
cell lines can be derived from mouse PSCs, we were unable to establish neuronally-committed
posterior mouse CS-like cell lines. Thus, to validate the reproducibility of neuronally committed
posterior AxSCs, we applied the CS protocol to Sumatran orangutan (Pongo abelii) female iPSCs.**
This yielded cell lines with both 5uM and 10uM CHIR99021 which expressed SOX2, PAX6 and
HES5 while lacking NMP and pluripotency markers (Figure S3D-F).

Lastly, we investigated the potential to capture NMP-like AxSCs directly from mouse
embryos. We explanted the stem zone region of 7-8 and 16-17 somite stage (SS) embryos,
dissociated the tissue, and plated the cells in the mCFS condition, specifically 3uM CHIR99021,
50ng/ml FGF2, and 10uM SB431542 (Figure 2H). This yielded successful derivation of NMP-like
cell lines from both stages on Matrigel and MEFs (Figure 21,)). Intriguingly, the cell lines derived
from 7-8 SS presented distinct morphological differences compared to those from the 16-17 SS
mouse embryos. Specifically, the 7-8 SS bore resemblance to mouse EpiSCs (Figure 21). The cells
displayed a more epithelial-like appearance and expressed Hes5, a marker not seen in CFS cell
lines derived from 16-17 somite embryos (Figure 2J). These observations suggest that the CFS
condition can support stem cells of varying NMP stages. We concluded that these protocols allow
capture of NM-AxSCs and N-AxSCs from a broad range of pluripotent cells and directly from
embryos, and that species differences influence the conditions needed to propagate these cells.

Correspondences of CFS and CS lines with NMPs and posterior neural tube progenitors
To further investigate the developmental correspondences of CFS and CS lines we established a
reference model comprising of transcription factors expressed by early and late NMPs, neural
progenitors, trunk neural crest, neural tube, ventral and dorsal domains of the neural tube, as
well as mesodermal genes expressed in the nascent, caudal, and paraxial mesoderm,6:20,21,32,45
To distinguish posterior and anterior neural tube progenitors we included central nervous system
progenitor makers (Figure 3A). We used the model as a framework to analyze scRNA-seq,
chromatome, and proteome of the human stem cell lines established in CFS and CS conditions.
The scRNA-seq of undifferentiated CFS cells revealed a striking similarity to mouse NMPs
with a tendency to a late phenotype. This was manifested by the enrichment of MNX1 (late NMP),
EVX1, RARG, MSX1, ETV5, NKX1-2, and GBX2 relative to CS lines and ES cells (Figure 3B).132!
Furthermore, CFS cells exhibited a substantial enrichment of multiple HOX genes from
anteriormost to A-D9-11, pointing to a resemblance to late mouse NMPs.?>1621 Notably, HOX,
HOX antisense, and posterior embryonic transcripts DUSP6 and WNT5 (late NMP) encompassed
roughly half of the top 50 enriched genes in CFS cells (Figure S4A).21%¢ Additionally, the somite
segmentation oscillator HES7 gene*”*® was also expressed in CFS cells.
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Conversely, undifferentiated CS cells displayed a striking phenotype of neural progenitor
cells demonstrated by enrichment of PAX6, SOX1, SOX3, IRX3, IRX5, and HES5, relative to both
CFS lines and ES cells (Figure 3B).1®2! Notably, in the top 50 genes enriched genes CS cells
expressed a subset of the anterior HOX genes - specifically A2-3 and B1-4 — which were enriched
in CFS cells, in addition to neurofilament genes such as TUBA1A, NES (Nestin), and VIM (Vimentin)
(Figure S4A). Furthermore, transcription factors linked with neural progenitor state, including
NR2F1, NR2F2, POU3F2, and POU3F3%%°0 were uniquely enriched in CS cells, implying a role in
the self-renewal of these cells. To elucidate differences from anterior neural progenitor cells
(NPCs), we differentiated H9 ePSCs by the dual SMAD inhibition protocol (Figure S4B-C).>! A
comparison of the scRNA-seq data between NPCs and CS cells revealed significant differences, in
the expression of the ventral midbrain marker NKX6-1, and the absence of expression of HOX
genes and dorsal neural tube markers, which were expressed in CS cells (Figure S4D-E).

Further examination of ventral and dorsal neural tube markers refined our classification
(Figure 3A). We observed enrichment of both ventral - with markers such as NKX6-1, SP8, and
FOXB1 - and dorsal markers, including PAX3 and MSX1 in CFS cells (Figure 3B). Contrastingly, CS
cells expressed only the dorsal subset of these genes with additional enrichment in other dorsal
neural tube markers like PAX7, ZIC1, MSX2, and GSX1. The scRNA-seq analyses of HUES6 and
HMGU1 CFS and CS cell lines demonstrated consistent phenotypes with the undifferentiated CFS
and CS cells from the H9 line, with these phenotypes being maintained in early and late passage
(Figure S4F). We observed higher expression levels of EN1 and SOX3 and a lower level of CDX2 in
CFS HUESG cells, potentially indicating a more advanced neural progenitor state. Taken together,
these data support classifying CFS cell lines as late NMPs with characteristics of mesoderm
potential, and CS cell lines as posterior neural tube progenitors with bias towards dorsal fates.
This corroborates the proposed hierarchy, positioning CFS upstream of the CS cell lines.

To interrogate the stem cell states of CFS and CS cell lines, we examined their
chromatomes (https://axialstemcells.shinyapps.io/atlas). Inspection of the arrangement of the

samples in principal component analysis revealed that the global difference between CFS and CS
to ES cells is greater than between CFS and CS cell states. Loading of the coefficients assigned to
individual proteins, confirmed the contribution of NMP markers, dorsal markers, and multiple
HOX genes to the CFS cell state, and of neural tube dorsal markers to the CS cell state (Figure
3C,D). It suggested that the regulation of stemness by SOX2 and SALL4 is common to CFS, CS and
ePSCs, without the involvement of the pluripotency factors such as OCT4, NANOG, and PRDM14.
Despite propagation being reliant on Wnt/B-catenin signaling in both CFS and CS cell lines, a
higher enrichment was found in the association of several Wnt/B-catenin transcription factors
such as LEF1, SP5, SP6, and SP8 with the chromatin of CFS cells. Conversely, transcription factors
associated with retinoic acid and nuclear hormone receptors such as NR2F1, NR2F2, and CRABP1,
MEIS1 and MEIS21', were enriched in the chromatin of CS cells. Lastly, inspection of disparities
between the chromatome and scRNA-seq, highlighted that PAX3 displays equal association with
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chromatin in CFS and CS cells, and the neural crest marker TFAP2A is associated with chromatin
of CS cells. These data aligned the NMP-like phenotype of CFS cell with the involvement of Wnt/B-
catenin in NMP differentiation to paraxial mesoderm®?, and the neural tube progenitor
phenotype of CS cells with the role of retinoic acid in posterior development of the neural tube.>3

At the next stage, we analyzed the proteome data to gain insights about metabolic and
bioenergetics regulation of CFS and CS cell lines. Unsupervised clustering revealed grouping of
differentially expressed proteins in 7 clusters with clusters 1 and 2 being specific to CFS and CS
cells respectively. GO terms analysis of cluster 1 supported the NMP association of CFS cells,
displaying enrichment in terms related to mesoderm, nerve, axonal and glial cell development,
while the neural tube progenitor association of CS cells was apparent in cluster 2 with enrichment
of neuronal development terms (Figure 3E). Notably, the presence of hundreds of metabolic and
mitochondrial proteins in the upregulated clusters 3 and 4 pointed to a metabolic reprogramming
during the transition from pluripotency to CFS and CS cell states. Specifically, cluster 3
encompassed terms related to the TCA cycle, acetyl-CoA catabolism, and protein catabolism.
Aligning with the elevated abundance of proteins implicated in oxidative phosphorylation, cluster
4 highlighted terms pertaining to mitochondrial biogenesis and mitochondrial protein translation
elongation, initiation, and termination. To determine the energetics outcomes we conducted
Seahorse assays, revealing that while CFS, CS, and ES cells have a similar anaerobic glycolytic
capacity, CFS and CS cells produced a substantially higher total amount of ATP via oxidative
phosphorylation relative to ES cells (Figure 3F). Moreover, the maximal potential for ATP
production via oxidative phosphorylation of CFS and CS cell lines was found to be approximately
5- and 3-fold higher than ES cells, respectively. We observed several isoforms of PFK, which
facilitate irreversible commitment of fructose-6-phosphate to glycolysis, among the most sharply
downregulated proteins in CFS and CS cells (Figure S4G). This implied that to maintain a similar
glycolytic capacity in CFS, CS and ES cells other enzymes must be compensating. Accordingly.
candidate compensatory enzymes, FOXK1 and FOXK2, were found to be enriched in CFS and CS
cells (Figure S4G). Lastly, GO terms that were associated with clusters 6 and 7 revealed the
downregulation of intracellular membrane trafficking, glycoprotein biogenesis, ion transports in
CFS and CS cell lines. This multifaceted regulation is likely linked to the motile behaviour of CFS
and CS cells, manifested by the downregulation of tight junction proteins such as CLDNSG,
upregulation of N-Cadherin, and induction of EOMES, which promotes epithelial-to-
mesenchymal transformation (EMT) in mesoderm progenitors (Figure S4G).>* We concluded that
the bioenergetics of human CFS and CS cells are significantly elevated compared with PSCs due
to a global reprogramming of metabolic and mitochondrial proteins.

Differentiation of CFS and CS to neural tube and neuroglia
We next explored the correspondences between the NMP characteristics of CFS cells, the dorsal
neural tube phenotype of CS cells, and the differentiation outcomes. We induced neuronal
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differentiation by neurotrophic factors®®, conducted time-course scRNAseq, imaged cellular
morphologies, and measured electrophysiological activity (Figure 4A). Cells were classified based
on markers indicative of ventral and dorsal spinal cord subdomains, which included motor
neurons, interneurons, trunk neural crest, preEMT cells, neuroglial cells, and sensory neurons
from the dorsal root ganglion (Figure S5A).2>32 Time-lapse imaging revealed neuronal
morphologies emerging as early as days 3-4 for the CS cell lines and by day 7 for the CFS lines
(Figure 4B, Video S2). Consistently, approximately 80% of CS cells were in the G1 phase by the
second day of differentiation, suggesting a transition to a postmitotic state earlier than CFS cells
(Figure 4C). Moreover, the differentiation of CFS cells produced a population of CS-like cells that
exhibited distribution of cell cycle phases indicating a proliferative CS population in the
differentiation hierarchy (Figure 4C and Figure S5B). These findings align with the
abovementioned evidence that CFS cells, as parental NMPs, possess a broader differentiation
potential compared than CS cells.

We subsequently generated cell clusters in the scRNA-seq data, and analyzed the clusters
according to the ventral-to-dorsal ordering of the neural tube domains and spinal cord cell types,
including of the trunk neural crest (Figure 4D). In differentiated CFS cells from day 14-28 we
noticed the expression of V0-V1 ventral interneuron markers, such as EVX1 and EVX2, as well as
EN1, across several clusters, but not in differentiated CS cells (Figure 4E and S5B). Additionally
multiple cell clusters showed expression of the motor neuron marker MNX1, with some showing
expression with EN1. This pattern suggested that the ventral differentiation of CFS lines occurs
via ventral progenitor intermediate(s) which are distinct from CS cells. Assessing dorsal neural
tube markers, we identified distinct clusters expressing dl2-3 and dI5-6 markers, including
coexpression of POU4F1 with POU4F2, FOXD3, or OTP (dI2 and dI3 respectively) on day 14 and
28 CFS cells, and expression of LMX1B and DMRT3 (dI5 and dI6 respectively) in both CFS and CS
cells (Figure S5C). This indicated that both CFS and CS possess the potential to differentiate into
dorsal spinal cord interneurons.

Additionally, we examined markers of sensory neurons and neuroglial cells. We noticed
in separate clusters coexpression of POU4F1 with sensory neuron markers DRGX and TAFA1, or
ISL1 and PIEZO2 (Figures 4D and S5C), thus indicating potential of CFS and CS lines to differentiate
into two subtypes of sensory cells. Inspection of the coexpression of preEMT neural crest markers
BMPER and GDF7, as well as the Schwann cell markers SOX10, MPZ, S100B and CDH19 showed
that they were detected in separate clusters of differentiating CFS cells. The cells with
mesenchymal morphology that were noticed during the differentiation of CFS cells may
correspond to these populations (Figures 4B,E and S5C). Additionally, we identified clusters that
coexpressed the neural crest markers ETS1 and PRRX1 during the differentiation of both CFS and
CS cells. Yet apart from EMT markers including SNAI1, SNAI2, and TWIST1, other well established
were characterized lineage markers were absent. This suggested that these clusters might
represent a transient neural crest state populated with proliferative cells, as evidenced by the
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high proportion of cells in the G1/S phase (Figure 4C). We confirmed the differentiation of cells
displaying motor and sensory neuron markers in additional CFS and CS cell lines using RT-gPCR
and immunocytochemistry (Figure S6A,B). Taken together, these data indicate that CFS cells
possess a broad differentiation potential that spans the dorsoventral axis of the spinal cord,
dorsal root ganglion and neuroglia, including CS-like progenitors that are restricted to dorsal
interneurons and sensory neurons.

Finally, we investigated the electrophysiological properties of CFS and CS neurons using
whole-cell patch-clamp recordings. Voltage-clamp experiments at 2-3 and 7-8 weeks of
differentiation revealed fast inward Na+ currents followed by slow outward K+ currents (Figures
4F and S6C). Further, current-clamp experiments demonstrated action potentials of consistent
amplitudes when neurons were stimulated to their threshold potential (Figure 4F). Remarkably,
input resistance and resting membrane potentials were similar at early and late time points,
which indicate early maturation (Figure S6C). We confirmed these results by analyzing HMGU1
CFS and CS neurons which consistently generated action potentials albeit their maturation was
slower (Figure S6D,E). Lastly, we noticed spontaneous excitatory postsynaptic currents in CFS
neurons at the late time point, indicating network activity and formation of functional synapses
(Figures 4F and S6D). In conclusion, we demonstrate that both CFS and CS neurons can achieve
functional maturity in just two weeks of differentiation.

Embryonic chimerism and mesoderm potential of CFS cell lines

We first assessed the capacity for paraxial mesoderm differentiation by directing human CFS and
CS cells towards skeletal myocytes and engrafting mouse CFS cells in embryos. To achieve this,
we modified a 2D protocol, specifically omitting the NMP induction step (Figure 5A).% After a 5-
week differentiation period, CFS cells demonstrated upregulation in skeletal muscle markers
MYOD (except CFS_3), CDH15 (M-cadherin), and MYOG °7°8, whereas the CS cells did not (Figures
5B and S7A-C). Notably, early paraxial mesoderm markers TBX6 and MSGN were not expressed.
Immunocytochemistry confirmed the expression of myocyte markers MYOD, MYOG, M-cadherin,
and myosin heavy chain (MYHC), and revealed multinucleated cells in differentiated CFS cells but
not in CS cells (Figures 5C and S7A-C). To evaluate muscle innervation, we cocultured C2C12
mouse myotubes with human CFS derived neurons, observing acetylcholine receptor (AChR)
clusters in close proximity to myocytes, suggesting neuromuscular junction formation (Figure
5D). These findings highlight the alignment of CFS lines with NMPs, showcasing their potential
for paraxial mesoderm differentiation.

Significantly, we conducted ex vivo studies in which CFS cells were functionally challenged
for integration within the endogenous NMP environment and differentiation according to
intrinsic cues. Mouse CFS cells that were derived from EpiSCs (mCFS_1 line) were labelled with
lipophilic dyes (Dil or DiO) and then grafted into the node/streak border region of E8.5 (6-8
somite stage) mouse embryos (Figure 5E). Post injection, these embryos were cultured ex vivo
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for 24-48h. At both 24h and 48h (E9.5 and E10.5), we noticed a significant contribution of graft-
derived cells in the presomitic mesoderm and the neural tube (Figure 5F). This was verified by
overlapping Sox2 staining with Dil (Figure 5G). To further assess the contribution of mouse CFS
to somitic mesoderm structures, grafted E10.5 embryos were immunostained using a Pax3-
specific antibody. Given that Pax3 is expressed both in somites and the neural tube3?48, we
concurrently performed immunostaining with a Sox2-specific antibody to distinguish somite
integration.>®® Remarkably, we observed Dil positive somites that expressed Pax3 but not Sox2
(Figure 5H). Additionally, we analyzed the sections for Meox1 expression, a known marker somite
marker®®>°, and identified Meox1 positive cells overlapping with Dil in somites (Figure S7D).
Moreover, within the tail bud region where the endogenous NMP cell population of the chordo-
neural hinge (CNH) resides at E10.5, we identified intermingled cells with triple labelling of Dil,
Sox2, and Brachyury, suggesting integration of grafted CFS cells in the NMP niche (Figure 5I). In
all these cases, we observed similar levels of immunofluorescence in host and their equivalent
graft-derived cells. Moreover, we identified in some of the embryos sections where a labelled
secondary neural tube (Figure S7E), indicated that grafted cells had formed ectopic neural tube.
In conclusion, our data highlight that the NMP characteristics of CFS cells functionally correspond
with robust contributions to the paraxial mesoderm, neural tube, and the native niche of NMPs.
Thus, CFS cell lines fulfil the classification of multipotent self-renewing in vitro maintained NMP-
like stem cells.
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DISCUSSION

We explored multipotent AxSCs that embody NMPs and posterior neural tube progenitors
because knowledge about human embryogenesis around Carnegie stages 6-12, the period of
gastrulation, somite, and neural tube development, is very limited. Similar to NMPs and neural
tube progenitors, the pluripotent cells present in periimplantation embryos are transient.
However, these cells can be converted to self-renewing ES cells by modulation of self-renewal
and differentiation pathways.’™#2 Our success in converting both human and animal ES and iPS
cells into NMP- and neural tube-like AxSCs leverages these insights. Rather than utilizing
embryos, we subjected human ES cells to a brief period of NMP induction®, subsequently
engaging in the serial passaging of cells that exhibited expression of critical NMP markers such as
T, CDX2, and SOX2, but lacked expression of pluripotency factors. This likely provides a
competitive advantage for the NMP- and posterior neural tube-like cells to outgrow other cell
types, analogous to the growth advantage of ES cells over extraembryonic cells.®® The
maintenance of telomeres is also likely crucial, suggesting a potential for unlimited expansion of
undifferentiated AxSCs. Although it has not been directly proven, the derivation of CS lines (N-
AxSCs) from ES and iPS cells likely occurs via one or more transient NMP states. This inference is
drawn from the evidence that we were able to derive CS cell lines from CFS cells, and that CS-like
cells emerged during the neural differentiation of CFS cell lines. Supporting this notion, CS cells
only differentiated into the dorsal subset of neural tube cells that CFS cells are capable of
differentiating into.

The discovery of N-AxSCs is paramount, as these stem cells represent posterior neural
tube progenitors markedly different from those derived through the dual SMAD inhibition
protocol used in differentiating anterior neurons and cerebral organoids.6>%3 Accordingly, in
terms of the molecular phenotype, we identified differences between NPCs derived through dual
SMAD inhibition and AxSCs. Moreover, from a signaling perspective, the necessity for WNT/B-
catenin signaling in the self-renewal of AxSCs aligns with the expression of Wnt ligands in the
tailbud region.”?1%4 Given the high effectiveness of AxSCs for neural differentiation in terms of
purity and speed, e.g. demonstrated by the emergence of electrically active cells within 14 days
of differentiation, we posit that the derivation of both types of AxSCs can establish a pivotal
framework for probing the mechanisms underlying both normal and aberrant human posterior
development. As an initial demonstration, we have embarked on deciphering the lineages and
ontogeny of the human neural tube, occurring at developmental time points where embryo
analysis is severely constrained. Our current model suggests that the bifurcation of the neuroglial
lineage from trunk neural crest takes place before the transition from NM-AxSCs to N-AxSCs, with
the latter representing a developmental stage preceding the neural crest's delamination from
the neural tube.

As N-AxSCs were derived both following NMP induction and directly from NM-AxSC lines
by cultivation in CS media, we postulate that N-AxSCs act as a posterior neural tube stem cells,
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hierarchically downstream to NMPs. In support of this, we detected a subset of differentiated
NM-AxSCs closely resembling N-AxSCs. Furthermore, N-AxSCs, in contrast to NM-AxSCs, did not
differentiate into myocytes and specifically expressed canonical neuronal progenitor markers,
including anterior trunk HOX genes. This differentiation was constrained to the dorsal subsets of
neurons, a pattern also observed in NM-AxSC differentiation. Such a multistep posterior
hierarchy, embodied by NMP- and neural tube-like stem cell states, can offer a robust framework
for exploring mechanisms underlying both normal and aberrant human posterior development.

Human NM-AxSCs express trunk HOX genes and non-canonical Wnt ligands, however akin
to late mouse NMPs, they lack the posteriormost HOX genes.?! This raises the possibility that
NM-AxSCs may emulate late NMPs. MNX1 expression in human NM-AxSCs supports this notion,
as it is specifically expressed in late NMPs.'3 In the process of deriving mouse CFS cells from
embryos, we have noted both HES5 positive and negative mouse NM-AxSCs from early and late
somite stages, respectively, for the first 10 passages, suggesting that additional state(s) of AxSCs
might be captured. Collectively, our results point to the potential of deriving additional AxSC
states using these conditions.

While the pluripotency circuitry of OCT4 and NANOG is evidently terminated in both NM-
and N-AxSCs, the stem cell characteristics manifested in these multipotent stem cells are likely
connected to expression of pluripotency-and reprogramming associated factors, namely MYCN,
LIN28B, and SALL4.38 SALL4 may be of particular relevance here, given its crucial role in the
proliferation of NMPs.%> The exchange of chromatin factors and metabolic reprogramming may
also be tied to the transition of pluripotency to AxSC states. Both NM- and N-AxSCs exhibit
significantly higher TCA cycle and OXPHOS activity than ES cells. This suggests a connection
between catabolism of acetyl-CoA and a decline in DNA methylation and histone acetylation,
processes which are associated with exit from pluripotency.®® Of note, the specific concentrations
of CHIR99021 are crucial for induction and maintenance of AxSCs as we discovered that the
derivation of human and murine AxSCs is possible within a narrow range of CHIR99021
concentration. The importance of cultivation of AxSCs under hypoxia might be connected with
the enhanced stability of NMPs in vitro when maintained in hypoxic conditions.3> Thereby, the
capture of AxSCs lays an essential groundwork for exploring the epigenetic mechanisms and
other pivotal factors that drive the differentiation of NMPs and neural tube progenitors. Such
insights hold the potential to guide the direct reprogramming of NM-AxSCs from somatic cells.

Ultimately, the representation of NMP development within AxSCs could pave the way for
medical breakthroughs. The identification of stem cells with a limited differentiation capacity is
the cornerstone of innovative cell therapies, such as the transplantation of hematopoietic stem
cells for treating blood malignancies®’, and epidermal stem cells for curing fatal skin disorders.%®
Analogously, the AxSCs that we identified, and potentially future subtypes, represent genetically
unmanipulated, specific origins of the neural tube, nerves, and muscles. Thus, there is merit in
exploring them in regenerative medicine, for example in spinal cord injury. Fundamentally, AxSCs
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are straightforward to derive and cultivate, they are suitable for large-scale cultivation, GMP
manufacturing, and cell therapy banking. Since AxSCs are obtained without transgenes, and lack
teratoma formation ability, these cell lines, along with their differentiated progeny, are likely to
be safer in cellular transplantation compared to cells differentiated directly from ES and iPS cells.

The developmental restriction of AxSCs also signify benefits for investigating abnormal
congenital development and peripheral neurodegeneration and neuropathies. Compared to
cerebral models employing for example the dual SMAD inhibition protocol®®, posterior
neurulation remains under-characterized. Consequently, AxSCs may serve as pivotal tools,
offering an alternative to the forced expression of transgenes or the employment of morphogen

gradients’%72

, Which pose challenges in the production of pure cellular populations. These
potential applications hold particular relevance in examining mechanisms linked to spinal cord
defects. In both sporadic and familial genetic instances, understanding the disrupted processes
that affect the elongation of the neural tube and the formation of complex layers of interneurons,
efferent motor neurons, afferent sensory neurons, and neuroglial cells is crucial. Similarly, efforts
to model conditions like lower amyotrophic lateral sclerosis (ALS) and severe pain syndromes’?,
which impair spinal cord motor and sensory neurons, respectively, are poised to benefit

significantly.
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FIGURE LEGENDS

Figure 1 | Capture and characterization of long-term renewing putative NMP and neural tube
multipotent stem cell lines from human ES cells. A, A schematicillustrating the screening process
for capturing undifferentiated posterior stem cells from human ES cells following 24h WNT/B-
catenin induction (CHIR99021) and cell splitting in conjunction with cultivation with cocktails of
small molecule and growth factors (as indicated) for 10 passages. Cultures were dissociated to
single cells when passaged on Matrigel-coated platesin 5% CO2 /5% O, and B27 medium without
vitamin A or antibiotics. B, The green rectangles indicate conditions that enabled successful
establishment of cell lines for >10 passages, and gray rectangles represent cell lines that were
discontinued after 9 passages. Crossed-out rectangles represent screened conditions that did not
support the establishment of renewing cell lines. CFS and CS denote cell lines that were
established in CHIR99021, FGF2, and TGF-B pathway inhibitor SB431542, or without FGF2,
respectively, with passaging every 3-4 and 5-7 days respectively. The analysis of CH and CF lines
is shown in Figure S1E-F. C, RT-qPCR characterization of H9 CFS and CS lines using pluripotency
and NMP markers. n=3 independent derivations of CFS and CS lines (marked CFS/CS_1-3) induced
from different passages of parental H9 ES cells at passage range 55-60 (error bars represent the
SEM for three cell line per condition). D, Phase contrast images displaying the distinct loose
colony morphologies of H9 CFS and CS lines which are markedly distinct from parental H9 ES cells
(scale bars: 50 uM). E, Representative images of H9 CFS and CS lines (p26-28) immunostained for
SOX2, T (BRA), CDX2, and PAX6 (scale bars: 40 um). F, A heatmap derived from the LC-MS
chromatome analysis of CFS and CS lines 1-3 (p14-15), and undifferentiated parental H9 ES cells
(p61) displaying canonical chromatin bound NMP marker proteins (Figure S2). G, UMAP
visualization of the single cell RNA-seq data of CFS_2, CS_2 (p14) cell lines, and H9 ES parental
cells (10504, 12603 and 8671 single cells respectively), displaying NMP markers. H, Assessment
of the teratoma formation potential of CFS and CS lines following injection to the kidney capsule
of immunodeficient mice. Histological H&E images showing a tumor mass 4 weeks after the
injection of control parental H9 ES cells (n=4), and tumor-free kidneys following H9 CFS and CS
injection (n=9 and 4 respectively; scale bar: 2 mm). I-J, A heatmap (I) based on chromatome mass
spectrometry, and a dotplot (J) based on scRNA-seq data, displaying stemness and pluripotency
genes. K, RT-gPCR quantification of the relative telomere length in CFS_1-3, CS_1-3 lines and
undifferentiated H9 ES cells over 10-20 passages.

Figure S1 | Related to Figure 1. A-D, Schematic representation of the bulk RNA-seq (A) data
analysis and representative genes (B) following CHIR99021 treatment and doxycycline activation
of B-catenin AN9O integrated in human H9 ES cells to pinpoint the temporal point of NMP
induction. B, Note the upregulation of primitive streak T (BRA) and posterior embryo CDX2
transcription factors at 24h, followed by the downregulation of SOX2. Additionally, there is a
steep rise in mesoderm and endoderm-associated transcription factors and morphogens,
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including TBX6, FGF17, BMP4, and GATA6 between 24-48h. C, A heatmap displaying upregulated
genes and developmental associations, i.e. ectoderm, mesoderm, neural tube and neural crest.
Expression was normalized to untreated undifferentiated cells (n=2). D, An analysis of the over-
represented signaling pathways in the differentiation time course. Activated pathways at 24h
were the basis for screening pathway agonists and antagonists of Wnt/B-catenin, FGF, TGF-B, and
BMP pathways. E-F, The characterization of putative human CH and CF cell lines, derived by 5
mM CHIR99021 (CH), or CHIR99021 and 100 ng/ml FGF2 (CF) via RT-gPCR (E) and immunostaining
(F) using pluripotency and NMP markers (error bars represent SEM). G, UMAP visualization of the
single cell RNA-seq data of CFS_2, CS_2, and H9 ES parental cell lines (Figure 1G) displaying HES5
expression. H-1, Histological hematoxylin and eosin images showing representative sections of
the injection sites of H9 CFS and CS cell lines (H), and a tumor mass displaying trilineage features
of teratomas following injection of undifferentiated H9 ES cells (I) in the kidney capsule of
immunodeficient mice (scale bars: 50 um).

Figure S2 | Related to Figures 1 and 3. A, Schematic detailing the workflow of mass spectrometry
proteomes of whole cells and chromatome (chromatin capture) along with the quantification
strategy. Chromatome sample preparation was based on Chromatin Aggregation Capture (ChAC)
protocol followed by Data-Independent MS Acquisition (DIA). B, The total number of identified
proteins across various DIA search strategies using MS raw data analysis tools, Spectronaut 16
and DIA-NN 1.8., which facilitated matching peptide identifications between samples. The
chromatomes were processed either alone or by including proteome samples, resulting in
increased peptide identification through sample matching. Search strategies with an additional
Data-Dependent MS Acquisition (DDA-) based peptide spectrum library and/or an additional DIA-
based peptide spectrum library were used in parallel. For downstream analysis, we chose a hybrid
DDA and DIA library because it yielded the largest number of identified proteins (error bars
represent SEM). C, R2 correlations of chromatomes and proteomes across H9 ES, CFS_1-3, and
CS_1-3 cells lines. D, A principal component analysis of the proteomes showing that component
1 and 2 together account for approximately 90% of the variance. E, Analysis of total number of
proteins that display significant changes between the proteomes and chromatomes of the
respective H9, CFS and CS cell lines (Student’s t-test, p-value < 0.05, log2 fold change > 1).

Figure 2: Elucidating of the irreversible commitment of CFS and CS cells, derivation from human
iPS cells, and mouse CFS lines. A, A schematic representation of media swap experiments where
CFS were transitioned to CS conditions, and reciprocally, CS were transitioned to CFS conditions.
B, qRT-PCR analysis and cellular morphology during and following the reciprocal media swap
experiments at passages 1-6 (depicted left and right). C, Derivation and characterization of CFS
and CS cell lines from hiPSC line HMGU1.1-3 and hESC HUES6 with markers as in Figure 1C (gene
expression normalized with the respective parental undifferentiated cells). D-F A schematic
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representation of a strategy for protocol screening for the derivation of mouse posterior stem
cells from EpiSCs (p38-p43, E14.1 mESC line). Cells were passaged by single cell splitting to
Matrigel (route 1, E) or inactivated MEFs followed by transfer to Matrigel at p10 (route 2, F).
Screening included small molecules and growth factors pertaining to the derivation of human CFS
and CS derivation with the addition of mouse FGF8. Green rectangles represent successful
derivations of cell lines cultured with cell splitting of >10 passages, labeled 1 through 5 (E-F).
Phase contrast images of mouse CFS cell lines successfully derived on both Matrigel (mCFS_1)
and MEFs-Matrigel (mCFS_2) are shown. G, RT-qPCR analysis of a representative mCFS_1 line
using pluripotency, NMP, and paraxial mesoderm markers. H, A schematic illustration detailing
the strategy for dissection of the CLE region of E8.5 mouse embryos and grouping according to
somite stage 7/8 and 16/17. Cells were dissociated and plated on Matrigel in mouse CFS medium
as mCFS_1 line. After p7, cells were passaged either on Matrigel or MEFs. |, Phase contrast images
showing the distinct colony morphologies of CFS cells derived from 7/8 and 16/17 somite stage
(SS) embryos (scale bars: 50 uM). J, RT-gPCR analysis of mouse CFS lines derived from embryos
(p11), using pluripotency, NMP, and paraxial mesoderm markers (error bars represent SEM).

Figure S3 | Related to Figure 2. A, Venn diagrams representing the total count of the genes
expressed in >50% of the cells in human ES H9, HUES6, and iPS cell HMGU1 derived CFS (p15-18)
and CS (p12-14) lines based on scRNA-seq (CFS H9: 3215, CFS HUES6: 2660, CFS HMGU1: 7059,
CS H9: 6777, CS HUESG6: 833, CS HMGU1: 8757 single cells). B, Representative immunostaining
images of mCFS_1 (p21) for Sox2, Brachyury (T ortholog), and Cdx2 (scale bar: 20 um). C, RT-gPCR
analysis of mouse CFS lines for pluripotency, NMP, and paraxial mesoderm markers
corresponding to mCFS_2-5 lines related to Figure 2E-F (relative expression normalized to
parental cells (n=4). D, Schematics of protocol used for the derivation of Sumatran orangutan
(Pongo abelii) female iPS cells (Pongo) CS_1-2 cell lines. E-F, RT-gPCR and representative
immunofluorescence images used for characterization of Pongo CS 1-2 lines (error bars
represent SEM, and scale bars: 20 um).

Figure 3: Omics and metabolic characterization of human CFS and CS cell lines. A, On the left a
model of an E8-E10.5 mouse embryo illustrating the approximate locations of transcription
factors expressed in NMPs and axial structures, including the neural tube and somitic mesoderm
along the rostrocaudal axis. On the right a model of the neural tube progenitor domains at around
Carnegie stages 12-19.32 B, The expression of the markers categorized as per (A), is analyzed
based on scRNA-seq data of CFS_2, CS_2 and ES cells H9 (10504, 12603 and 8671 single cells
respectively). C, A principle component analysis (PCA) derived from the chromatome data of
CFS_1-3, CS_1-3 and ES cells H9, highlighting component 1 and 2 which combined, account to
approximately 70% of the variance. D, The figure presents Individual loadings of the PCA with
NMP and pluripotency markers, HOX proteins, and downstream factors of the WNT and retinoic
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acid pathways. E, A heatmap displaying seven clusters of differentially expressed proteins based
on a global proteome analysis of CFS_1-3, CS_1-3 and ES cells H9. Selected subset of the GO terms
corresponding to the respective clusters are showed. F, Figure comparing the extracellular
acidification rate (ECAR) and oxygen consumption rate (OCR) to pinpoint metabolic differences
and energy production pathways in CFS_2, CS_2 and H9 ES cells. ECAR and OCR rates indicate
glycolytic metabolism, and mitochondrial oxidative phosphorylation metabolism together with
non-mitochondrial respiration, respectively. ECAR and OCR are normalized by cell number. Error
bars represent SEM; unpaired t-tests. ns, not significant; *, p<0.05; **, p<0.005; ****, p<0.0001.

Figure S4 | Related to Figure 3. A, The top 50 differentially expressed genes in the scRNA-seq
data of CFS_2, CS_2, and ePSCs-H9, as described in Figure 3B. Markers that provide additional
insights regarding CFS cell lines include MLLT3, a hematopoietic regulator and downstream
effector of T(BRA)’4, SPRY4 a promoter of ESC stemness’>’¢, and SPRY2 which is associated to

with both mesodermal and neural development.”’

Markers that provide additional insights
regarding CS cell lines include, PRTG, which is suggested to suppress of neural differentiation in
early mouse embryos’®, ZFHX4 which is upregulated during neural commitment’®, ZFHX3 and
ZIC2 both involved in the regulation of both muscle and neural development8°-8 and CRABP1
which is a target of RA receptors. B, Schematics of the dual SMAD inhibition differentiation
protocol of neural progenitor cells (NPCs). C, RT-gPCR characterization of NPCs using pluripotency
and NPC markers. D-E, UMAP visualization (D) and a dotplot (E) of the single cell RNA-seq data of
CS_2 (Figure 1G), and NPC (p3) lines displaying dorsoventral spinal cord markers and HOX genes.
F, The expression of the markers categorized as per Figure 3A and 3B in the scRNA-seq data of
human ES H9, HUES6, and iPS cell HMGU1 derived CFS and CS cell lines (Figure S3A). G, Protein
rank based on the relative log2 fold change with respect to proteomes of CFS_1-3 versus H9 ES
cells, CS_1-3 versus H9 ES cells, and CFS_1-3 versus CS_1-3. The annotation of proteins is based
on CFS, CS and pluripotency markers and GO term categories in Figure 3E.

Figure 4: Single cell RNA-seq and electrophysiology of the neural differentiation of human CFS
and CS cell lines. A,B, A schematic illustration of the neural differentiation protocol omitting NMP
induction (A), and the corresponding phase contrast images at the respective time points (B)
(scale bar: 50 um). CFS_2 and CS_1 cell lines were dissociated and subject 10x chromium scRNA-
seq at the indicated time points. C, UMAP analysis and quantification of G1, G2M and S cell cycle
phases derived from the time course scRNA-seq data. D, An illustration depicting marker genes
of the annotated cell types along the ventral — dorsal axis of the neural tube, and arrows
connecting CFS and CS cell lines with the respective progeny (preEMT NC: pre-epithelial-to-
mesenchymal transition neural crest cells, NC_d: neural crest derivative). E, Annotations of cell
clusters in CFS Day14 (upper panel), CFS Day28 (middle panel) and CS DAY14 (lower panel) within
the scRNA-seq data based on markers identified in D and Figure 5SA. Clusters representing cells
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that display similar transcriptional signatures are labelled with the same coloring scheme across
samples. Expression of ventral spinal cord neuron markers (MNX1, EN1, EVX1, EVX2) in CFS
datasets, and dorsal spinal cord neuron markers (LMX1B, DMRT3, POU4F1, ISL1) in CS dataset
are color labelled in corresponding UMAP plots (right panel). F, Representative current- and
voltage-clamp data illustrating passive and active membrane properties of CFS_2 and CS_2 cells,
at time points 2-3 weeks and 7-8 weeks into neuronal differentiation. Displayed are voltage
clamp recordings (left column), current clamp recordings of evoked action potentials (AP, middle
column) and spontaneous excitatory postsynaptic currents (right column). Currents in the left
column were evoked in response to increasingly depolarizing voltage (steps of 20mV; 300ms).
Fast-inward Na* current (downwards) were followed by slow outward K* currents (upwards).
Voltages shown in the middle column were responses to both hyperpolarizing (downward)
current injection and depolarizing (upward) current injection (steps of 20 pA; 300ms), showing
multiple evoked APs in response to continued stimulation. The current trace in the right column
reveals spontaneous excitatory postsynaptic currents during CFS cell differentiation, indicating
spontaneous neural network activity with functional synapses. G, Summary of peak Na*currents,
AP peak amplitudes, and the total number of evoked APs per cell at each time point for
measurements of 14-21 days CS, n=23; CFS, n=13; 49-56 days CS, n=11; CFS, n=16.

Figure S5 | Related to Figure 4. A, An overview of neural tube domains and their associated
markers. B, Dotplots showing the expression of undifferentiated CS markers in clusters from CFS
and CS neural differentiation (Figure 4E). In the same manner, dotplots representing ventral
spinal cord neuron markers in differentiated CS cells. C, Dotplots showcasing the (co)expression
of marker genes corresponding to the cell clusters identified in Figure 4D,E.

Figure S6| Related to Figure 4. A, Replications of the neural differentiation of additional CFS and
CS cell lines. RT-qPCR analysis of ISL1, MNX1 and POU4F1 at differentiation Day28 (Figure 4A)
showing H9 ES cell derived CFS lines 1-3 and CS lines 1 and 2 (Figure 1C) (P: parental
undifferentiated CFS and CS cells, N: neural differentiation day 28, error bars represent SEM). B,
Confirmation of the sensory and motor neuron differentiation by immunostaining and imaging.
Day28 cells were stained with BRN3A, MNX1, ISL1, and TUBB3 antibodies (scale bar: 50 uM). C,
A summary of the peak K* currents, cell input resistance, and resting membrane potential at each
time point for measurements of 14-21 days CS, n=23; CFS, n=13; 49-56 days CS, n=11; CFS, n=16).
D, Representative current- and voltage-clamp data illustrating the passive and active membrane
properties of HMGU1 CFS and CS cells at the indicated times of differentiation. Displayed are
voltage clamp recordings (left column), current clamp recordings of evoked action potentials (AP,
middle column) and spontaneous excitatory postsynaptic currents (right column). Currents
shown in the left column were evoked in response to increasingly depolarizing voltage (steps of
20mV; 300ms). The fast-inward Na* current (downwards) was followed by slow outward K*
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currents (upwards). Voltages shown in the middle column were in response to both
hyperpolarizing (downward) current injection and depolarizing (upward) current injection (steps
of 20 pA; 300ms), showing multiple evoked APs in response to continued stimulation. The current
trace in the right column reveals spontaneous excitatory postsynaptic currents during CFS
differentiation, indicating spontaneous neural network activity with functional synapses. E, A
summary of peak Na+, peak K+ currents, and the total number of evoked APs at each time point
for measurements of HMGU1 14-21 day CS cells, n=23; CFS cells, n=6; 49-56 days CFS cells, n=28.

Figure 5: Skeletal muscle differentiation and E8.5 mouse embryo complementation assays with
CFS cells. A-C, A schematic illustration of skeletal muscle differentiation omitting NMP induction
(A) an RT-qPCR analysis (B) and immunostaining (C) of NMP, somitic mesoderm, and skeletal
muscle markers at Day35-38 (P: parental undifferentiated CFS cells, SKM: skeletal muscle
differentiation of CFS cells, error bars represent SEM, scale bars: 50 um and 20 um for high and
low magnification). D, Immunofluorescence analysis of neuromuscular junction formation by a-
bungarotoxin staining of day 21 neuronally differentiated CFS cells that were cocultured with
C2C12 myoblasts for additional 12 days. E, An illustration depicting the microcapillary grafting of
fluorescently labeled (Dil or DiO) undifferentiated mouse CFS cells (Figures 2D-E, G and S3B) into
E8.5 mouse embryos in the node-streak border (NSB) region, and regions where fluorescently
labeled cells were detected at the 24h or 48h follow-up time points. F, A table summarizing the
number of embryos transplanted at E8.5, and observed Dil or DiO signal in axial structures, as
follows, somites (som), neural tube (NT), presomitic mesoderm (PSM), chordo-neural hinge
(CNH) and tailbud mesoderm (TBM) (Emb: embryo, Ect: ectopic, sp: somite pairs). Additionally,
the notochord was labelled in 2 embryos, and labelled putative neural crest cells were observed
in an additional 2 embryos. In 1 embryo a clump of labelled cells was present in the hindgut
lumen. G, Representative images showing the transplantation site of mouse CFS cells labeled
with Dil (E8.5) and incorporation into somites (som) and neural tube (NT) at the E10.5 follow-up.
H, A transverse section of embryo 2 showing Dil labelled cells (red) in the neural tube, and Sox2
(green) immunostaining of the same section, and an overlay image. The white outline shows the
position of Dil-labelled cells, noting that the Sox2 signal in the grafted cells was at a similar level
to the endogenous host cells. I, A transverse section of embryo 4 showing Dil label in one of the
somites. Maximum intensity projections of z-stack images taken from the same section with
double-immunostaining of Sox2 (green) and Pax3 (magenta). J, A transverse section of the tail
bud of embryo 2 showing Dil labelled cells in the epithelium (arrowhead) and mesenchyme
(lower panel, right). Maximum intensity projections of z-stack images taken from the same
section double-immunostained for Sox2 (green) and Brachyury T (red). Dil-labelled cells are
outlined in white, noting that the signal of Sox2 and T were similar to neighboring endogenous
unlabeled host cells.
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Figure 7S | Related to Figure 5. A, Representative images of multinucleated cells in skeletal
muscle differentiation of CFS cells at day 38 that were immunostained as in Figure 5C (scale bars:
50 uM for phase contrast and 20 uM for immunostaining images). B,C, The phase contrast images
of day 35 differentiation of CS cells (scale bar: 50 um) (B), and RT-qPCR analysis (C) of markers as
in Figure 5B at Day 35 (ND: not determined, P: parental undifferentiated CFS cells, SKM: skeletal
muscle differentiation of CFS cells). D, A transverse section of embryo 2 (Figure 5H) showing Dil-
labelled cells in the neural tube (NT) and somite (som). Immunostaining images of Sox2 (green)
and Meox1 (red) are shown below. Labeled cells correctly express Sox2 and Meox1 in NT and
somites respectively. E, Representative images showing the transplantation site of mouse CFS
cells labeled with DiO at E8.5 (i) and incorporation into presomitic mesoderm (PSM), som, NT,
chordo-neural hinge (CNH) and tailbud mesoderm (TBM) at E9.5 (ii). Embryos sectioned at the
indicated site at E10.5 (iii), and immunostained for Sox2 (red) and Hoechst (blue). Cells arranged
in auxiliary neural tube structures were derived from mouse CFS cells (green: DiO labeled) (iv-xii).
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KEY RESOURCES TABLE

REAGENT or RESOURCE ‘ SOURCE IDENTIFIER
Antibodies
Rabbit anti-Sox2 Cell Signaling Cat#: 2738
Technology
Rabbit anti-Brachyury Abcam Cat#: ab209665;
RRID:AB_2750925
Goat anti-Brachyury R&D Systems Cat#: AF2085;
RRID:AB_2200235
Rabbit anti-CDX2 Cell Signaling Cat#: 12306;
Technology RRID:AB_2797879
Rabbit anti-Pax6 Biolegend Cat#: 901301,
RRID:AB_2565003
Rabbit anti-Islet 1 Abcam Cat#: ab20670;
RRID:AB_881306
Mouse anti-Brn3a Santa cruz Cat#: sc-8429;
RRID:AB_626765
Mouse anti-Mnx1 Santa cruz Cat#: sc-515769
Chicken anti-B3 tubulin Novus Cat#: NB100-1612;

RRID:AB_10000548

Mouse anti-Myod

Life Technologies

Cat#: MA1-41017,;
RRID:AB_2282434

Rabbit anti-M-Cadherin

Cell Signaling
Technology

Cat#: 40491S;
RRID:AB_2799178

Mouse anti-Myogenin

Life Technologies

Cat#: 14-5643-82;
RRID:AB_1907431

Mouse anti-Sox2 R&D Systems Cat#: MAB2018;
RRID:AB_358009
Mouse anti-Pax3 DSHB RRID:AB_528426
Goat anti-Meox1 Santa cruz Cat#: sc-10185;
RRID:AB_2143425
Mouse anti-neurofilament DSHB RRID: AB_531793
Rabbit IgG isotype control GeneTex Cat#: GTX35035;
RRID:AB_10623175
Mouse IgG isotype control GeneTex Cat#: GTX35009;

RRID:AB_10618187

Goat anti-Chicken IgY (H L) Secondary Antibody, Alexa

Life Technologies

Cat#: A11042;

Fluor 594 RRID:AB_2534099
Goat anti-rabbit IgG (H+L), Alexa Fluor 488, highly cross- | Life Technologies Cat#: A11034;
absorbed

RRID:AB_2576217

Goat anti-mouse 1gG (H+L) Alexa Fluor Plus 647, highly
cross-absorbed

Life Technologies

Cat#: A32728;
RRID:AB_2633277

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488

Life Technologies

Cat#: A21202;
RRID:AB_141607
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Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 594

Life Technologies

Cat#: A11058;
RRID:AB_142540

F(ab')2-Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 647

Life Technologies

Cat#: A21246;
RRID:AB_1500778

Alexa Fluor® 647 AffiniPure Goat Anti-Mouse I1gG (H+L)

Jackson

Cat#: 115-605-146;
RRID:AB_2338912

Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 488

Life Technologies

Cat#: A11001;
RRID:AB_2534069

Cy™3 AffiniPure Goat Anti-Mouse IgG, F(ab'), fragment

Jackson

Cat#: 115-165-006;

specific RRID:AB_2338681
Chemicals and recombinant proteins

DMEM/F12 Life Technologies 11320074
DMEM, high glucose, pyruvate Life Technologies 41966029
StemMACS iPS Brew XF Miltenyi Biotech 130-104-368
KnockOut DMEM Life Technologies 10829018
Neurobasal medium Life Technologies 21103049
Neurobasal-A medium Life Technologies 10888022
RPMI-1640 with L-Glutamine Life Technologies 11875093
StemFit Basic02 Nippon Genetics Basic02
B27 supplement Life Technologies 5001207
B27 supplement without insulin Life Technologies A1895601
B27 supplement without vitamin A Life Technologies 12587001
Insulin-Transferrin-Selenium (ITS -G) Life Technologies 41400045
Insulin-Transferrin-Selenium-Ethanolamine (ITS-X) Life Technologies 51500056
N2 supplement Life Technologies 17502048
Recombinant Human/Murine/Rat Activin A Peprotech 120-14E
L-Ascorbic acid 2-phosphate sesquimagnesium salt Sigma-Aldrich A8960
hydrate

Recombinant Human/Murine/Rat BDNF Peprotech 450-02
Recombinant Human BMP-4 R&D Systems 314-BP
Adenosine 3',5'-cyclic monophosphate sodium salt Sigma-Aldrich A6885
monohydrate

CHIR 99021 trihydrochloride Biotechne 4953
Compound E Biotechne 6476
DMH-1 Biotechne 4126
Purmorphamine R&D Systems 4551
Recombinant Human FGF-basic Peprotech 100-18B
Recombinant Human FGF-8a Peprotech 100-25A
Recombinant Human GDNF Peprotech 450-10
Recombinant Murine HGF Peprotech 315-23
Recombinant Murine IGF-I Peprotech 250-19
LDN-193189 (hydrochloride) Biomol Cay19396
Recombinant mouse LIF protein Millipore ESG1106
Retinoic acid Sigma-Aldrich R2625
SB431542 R&D Systems 1614
Recombinant Human Sonic Hedgehog Peprotech 100-45
Recombinant Human TGF-f1 Peprotech 100-21
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Y-27632 dihydrochloride R&D Systems 1254
Collagen | BD Corning 354236
Collagen IV Santa Cruz sc-29010
Fibronectin human BD Corning FALC356008
Matrigel BD Corning 11543550
Poly-D-lysine Sigma-Aldrich A-003-E
Poly-DL-ornithine hydrobromide Sigma-Aldrich P8638
0.05% Trypsin Life Technologies 25300054
Accutase Sigma-Aldrich A6964
Passaging solution XF Miltenyi Biotech 130-104-688
TrypLE Express Life Technologies 12605010
Versene Life Technologies 15040-066
Collagenase IV Life Technologies 17104019
Papain Sigma-Aldrich P3125
Bovine Albumin Fraction V Life Technologies 15260037
Fetal Bovine Serum HyClone SH30071.03
Fetal Bovine Serum PAN-Biotech P30-3301
Horse Serum Sigma H1138
Goat Serum Cell Signaling 5425S
Technologies
GlutaMAX Life Technologies 35050038
Knockout Serum Replacement Life Technologies 10828028
Non-Essential Amino Acid Life Technologies 11140050
Penicillin/Streptomycin Life Technologies 15070063
2-Mercaptoethanol Life Technologies 31350-010
16% Formaldehyde (w/v), Methanol-free Thermo Fisher 28908
Paraformaldehyde solution 4% in PBS Santa cruz sc-281692
Ethanol Carl Roth 9065.2
Hydrochloric acid 32% Merck Millipore 100319
Isopropanol Carl Roth 6752.2
Methanol Serva Electrophoresis | 45631.02
NP-40 Sigma-Aldrich NP40S
cOmplete EDTA-free Protease Inhibitor Roche 11873580001
Deoxyribonuclease Il from bovine spleen Sigma-Aldrich D8764-150KU
Trypan Blue Stain (0.4%) Life Technologies T10282
Sodium Chloride Solution Sigma-Aldrich 59222C
Magnesium Chloride Solution Sigma-Aldrich M1028
Trizma Hydrochloride Solution pH 7.4 Sigma-Aldrich T2194-100ML
DAPI Sigma-Aldrich 10236276001
Hoechst 33342 Thermo Fisher H3570
a-bungarotoxin Invitrogen B13422
ActinRed 555 ReadyProbes reagent Invitrogen R37112
Triton X-100 Sigma-Aldrich X100
Tween-20 Sigma-Aldrich P9416
Glycine Sigma-Aldrich 23391.02
HEPES Thermo Fisher 15630056
Urea Sigma-Aldrich U1250
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EDTA Carl Roth 8043.2
UltraPure SDS Solution Invitrogen 15553027
Sera-Mag beads Sigma-Aldrich GE45152105050250
Acetonitrile Merck Millipore 1000301000
Trifluoroacetic acid Thermo Fisher 85183
Tris(2-carboxyethyl)phosphine Thermo Fisher PG82080
Chloroacetamide Sigma-Aldrich C0267
Guanidinium chloride Thermo Fisher 24110
Ammonium hydroxide Supelco 1054280250
Formic acid Sigma-Aldrich 94318

LysC Protease Thermo Fisher 90051
Trypsin Protease Thermo Fisher 90058

SYBR Green Mastermix Applied Biosystems 4309155
Tagman Gene Expression Mastermix Applied Biosystems 4369514
ProLong Glass Antifade Mountant with DAPI Life Technologies P36935
TURBO Dnase Life Technologies

Commercial assays

RNeasy Mini Kit Qiagen 74106
SuperScript lll First-Strand Synthesis System Life Technologies 18080051
Wizard SB Genomic DNA Purification System Promega A2361
Pierce™ BCA Protein Assay Kit Thermo Fisher 23225
Relative Human Telomere Length Quantification gPCR ScienCell 8908-SC
Assay Kit

Chromium Next GEM Single Cell 3' GEM, Library & Gel 10X Genomics 1000121
Bead Kit v3.1

Chromium Next GEM Single Cell 3' GEM, Single Index Kit | 10X Genomics 1000213
TSet A

Chromium Next GEM Single Cell 3' GEM, Dual Index Kit | 10X Genomics 1000215

TT Set A, 96 rxns

HumanCytoSNP-12 v2.1 BeadChip Kit llumina WG-320-2101
Agilent High Sensitivity kit Agilent 5067-4626
SP Reagent Kit v1.5/ 100 cycles llumina 20028401
S4 Reagent Kit v1.5 /200 cycles lllumina 20028313
RNeasy Minelute RNA cleanup kit Qiagen 74204
Agilent 2100 Bioanalyzer with RNA Pico 6000 kit Agilent 5067-1513
RiboZero Gold (Human/Mouse/Rat) kit lllumina RS-122
TruSeq Stranded total RNA LT kit llumina 20020596
Agilent 2100 Bioanalyzer DNA 1000 kit Agilent 5067-1504
Qubit dsDNA HS Assay Kit Life Technologies Q32854

Deposited data

Human developing spinal cord single cell RNA
sequencing

Rayon et al.*?

GEO: GSE171892

Human reference genome GRCh38

Genome Reference
Consortium

https://www.ncbi.nl
m.nih.gov/datasets/
genome/GCF_00000
1405.26/
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Experimental models: Cell lines

H9 WICELL Research https://www.wicell.
Institute org

HUES6 Rao et al.*° https://pubmed.ncbi
.nlm.nih.gov/267484
19/

HMGU1 Kunze et al.>® https://pubmed.ncbi
.nlm.nih.gov/291196
08/

EpiSCs Kurek et al.® https://pubmed.ncbi
.nlm.nih.gov/255445
67/

Orangutan iPSC Geuder et al.** https://pubmed.ncbi
.nlm.nih.gov/335687
24/

H9-AN90-B-catenin This paper

C2C12 ATCC https://www.atcc.or

g/products/crl-1772

Oligonucleotides

Primers Sigma-Aldrich Table 1

Probes Thermo Fisher Table 1

Software and algorithms

Quantstudio Thermo Fisher https://www.therm

ofisher.com/de/en/
home/technical-
resources/software-
downloads/quantstu
dio-12k-flex-real-

time-pcr-
system.html
ZEN Microscopy Software Zeiss https://www.zeiss.c
om/microscopy/en/
products/software/z
eiss-zen-lite.html
Fiji National Institutes of | https://imagej.net/s
Health oftware/fiji/downlo
ads
Python Python Software https://www.python
Foundation .org/
GraphPad Prism GraphPad Software https://www.graphp
ad.com/features
Adobe Illustrator Adobe http://www.adobe.c
om
Demuxlet Kang et al.8 https://github.com/

statgen/demuxlet
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CellRanger v6.1.2 10X Genomics https://support.10xg
enomics.com/single-
cell-gene-
expression/software
/pipelines/latest/ins
tallation

Scanpy v1.6.1 Wolf et al.®° https://github.com/
scverse/scanpy

Solo Bernstein et al.®® https://github.com/
calico/solo

CarDEC Lakkis et al.®’ https://github.com/j
lakkis/CarDEC
pandas v1.1.3 https://github.com/
pandas-dev/pandas
numpy v1.19.5 https://numpy.org/
louvain 0.7.0 https://github.com/t
aynaud/python-
louvain

R The R Foundation https://www.r-
project.org/

shiny v1.7.1 https://github.com/r
studio/shiny
shinydashboard v0.7.2 https://github.com/r
studio/shinydashboa
rd

shinyHeatmaply v0.2.0 https://github.com/
cran/shinyHeatmapl
y

plotly v4.10.0 https://github.com/
plotly/plotly.R
heatmaply v1.3.0 https://github.com/t
algalili/heatmaply
tidyverse v1.3.1 https://github.com/t
idyverse

tidyr v1.2.0 https://github.com/t
idyverse/tidyr
dplyrv1.0.9 https://github.com/t
idyverse/dplyr
ggplot2 v3.3.6 https://github.com/t
idyverse/ggplot2
Kallisto v0.43.0_3 Bray et al.%® http://pachterlab.git
hub.io/kallisto/
Tximport v1.10.1 Soneson et al.% http://bioconductor.
org/packages/releas
e/bioc/html/tximpor
t.html
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DESeq2 v1.22.2 Love et al.®° http://www.biocond
uctor.org/packages/
release/bioc/html/D
ESeq2.html

Genomatix software suite Precigen http://mygga.genom

Bioinformatics atix.de

Enrichr Kuleshov et al.™! https://maayanlab.cl
oud/Enrichr/

JENSEN tissue expression database Santos et al.*? https://tissues.jense
nlab.org

DATA AVAILABILITY

Proteome and chromatome data have been deposited in ProteomeXchange with identifier
PXD046087, <can also be explored at the following integrative website
https://axialstemcells.shinyapps.io/atlas. Single cell RNA sequencing data is available on NCBI
Gene Expression Omnibus under accession number GSE247215. The publicly available bulk RNA
sequencing dataset on NCBI Gene Expression Omnibus with accession number GSE130381 was
used in this study.

METHOD DETAILS

Maintenance of pluripotent stem cells

All cell culture of all species was maintained at 37°C with 5% CO2 and 5% 02 on Matrigel (1:100,
BD Corning) coated plates unless otherwise specified. After passaging cells, 10 uM Y-27632 (R&D
Systems) was always added to the medium for the first 24 hours. Medium was refreshed daily,
unless otherwise specified. All cell culture components were purchased from Life Technologies
unless specified otherwise.

Human pluripotent stem cells (hPSCs), including H9 (WiCell Research Institute), HUES6%°,
and HMGU#12°, were cultured using StemMACS iPS-Brew XF medium (Miltenyi Biotec). Cells
were split using StemMACS Passaging Solution XF (Miltenyi Biotec) at a ratio of 1:10.

E14 mouse embryonic stem cells (mESCs)-based epiblast stem cells (EpiSCs)*® were
cultured in 1:1 DMEM/F12 and Neurobasal medium, supplemented with 0.5X N2, 0.5X B27,
0.033% BSA, 50 uM B-mercaptoethanol, 1X GlutaMAX, 1X penicillin/streptomycin, 20 ng/ml
Activin A (Peprotech), 12 ng/ml FGF2 (Peprotech), and 2 uM IWP2 (Santa Cruz). The cells were
split using 1X TrypLE Express at a ratio of 1:20-1:40.

Pongo abelii Sumatran orangutan induced pluripotent stem cells (iPSCs)** were cultured
in StemFit Basic02 medium (Nippon Genetics) supplemented with 1X penicillin/streptomycin and
100 ng/ml FGF2. The cells were regularly split using Versene at a ratio of 1:10.

Maintenance of C2C12 myoblast cells
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C2C12 myoblast cells (ATCC) were cultured in DMEM with 4,5 g/L D-glucose, 4 mM L-glutamine
and 1mM pyruvate (Thermo Fisher) containing 10% fetal bovine serum (FBS) and 0.5%
penicillin/streptomycin. Cells were cultured 37°C with 5% CO2. Medium was replenished every 2
days. C2C12 cells were passaged to uncoated culture dishes when cells reach 70-80% confluency
using 1X TrypLE Express. Myoblasts differentiation was induced at 90% confluency by changing
the medium to DMEM supplemented with 2% horse serum (HS) and 0.5%
penicillin/streptomycin. Differentiation medium was refreshed every other day.

Generation AN90 B-catenin hESC line

To generate tetracycline-inducible overexpression of constitutively active B-catenin (with a
deletion of the first 90 amino acids from the N-terminus), H9 cells were transfected with the PB-
GFP-P2A-ANBCAT plasmid and a Piggybac transposase-coding plasmid using the P3 primary cell
4D nucleofector kit (Lonza). After 48 hours, the cells were transferred to a 10-cm dish and
subjected to selection with 50 pg/ml Hygromycin B for a duration of 2 weeks. Subsequently, the
polyclonal stable line was maintained following the same protocol as the parental H9 line, but
with the addition of 25 pg/ml Hygromycin B.

Induction of WNT signaling and time course analysis

Cells were split using Accutase (Sigma) at a density of 2.5x10° cells per well in mTesR1 medium.
After 24 hours, the medium was replaced with differentiation medium composed of RPMI-1640
with L-Glutamine and 1X B27 without insulin, supplemented with 10 uM CHIR99021 (Tocris). For
beta-catenin overexpression the CHIR99021 was substituted with 1 pg/ml doxycycline
(Clontech).

Derivation of human axial stem cells

H9 and HUES6 PSCs were adapted to single cell splitting through passaging with TrypLE Express
at 37°C for 6 minutes, for a minimum of 3 passages. Subsequently, PSCs (between passage 55-
60) were plated at a density of 71.5x103 cells/cm? in StemMACS iPS-Brew XF. After 24 hours the
cells were washed with PBS and incubated for 24 hours in RPMI-1640 supplemented with 1X B27
without insulin and 10 uM CHIR99021. Next, the cells were dissociated using TrypLE Express for
5 minutes at 37°C and centrifuged at 300 g for 3 minutes. The pellet was resuspended either in
human CFS medium, (RPMI-1640, 1X NEAA, 1X B27 without vitamin A, 100 ng/ml FGF2, 5 uM
CHIR99021, and 10 uM SB43152), or in human CS medium (RPMI-1640, 1X NEAA, 1X B27 without
vitamin A, 5 uM CHIR99021, and 10 uM SB43152). For the first 7 passages, the cells were split
twice a week at a ratio between 1:5-1:20 using TrypLE Express for 4-5 minutes for CFS and 4
minutes for CS at 37°C. After passage 7, both cell lines were split at a ratio between 1:10-1:20,
with CS cells being split once a week and CFS cells being split twice a week, on average.
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HMGU1 AxSCs were derived using a similar method with minor differences. The cells were
split at a ratio of 1:20 - 1:30 in either human CFS or CS maintenance medium. Routine splitting
was performed at a 1:10-1:20 dilution using either StemMACS Passaging Solution XF or Versene.

Derivation of mouse axial stem cells

EpiSCs were split using TrypLE Express and plated at a dilution of 1:20-1:40 directly in mouse CFS
medium (RPMI-1640, 1X NEAA, 1X B27 without vitamin A, 50 ng/ml FGF2, 3 uM CHIR99021, and
10 uM SB43152). The cells were continuously maintained on either a Matrigel-coated plate
(1:100) or on mitotically inactivated fibroblast feeders seeded at a density of 1x10° cells/cm? until
passage 10. After that, they were maintained on Matrigel-coated plates (1:100). The cells were
split two or three times per week by incubating them with TrypLE Express at 37°C for 4 minutes
and then seeded at a dilution of 1:20-1:40.

Stem zone regions of Foxa2VenusFusion x mTmG litters were dissected at E8.5. Mice were
kept and experiments performed at the central facilities at Helmholtz Munich German Research
Center of Environmental Health in accordance with the German animal welfare legislation and
acknowledged guidelines of the Society of Laboratory Animals (GV-SOLAS) and of the Federation
of Laboratory Animal Science Associations (FELASA). Mice are kept under SPF conditions in animal
rooms with light cycle of 12/12 hours, temperature of 20-24°C and humidity of 45-65%. Mice
receive sterile filtered water and standard diet for rodents ad libitum. For embryo generation
mice at the age of > 8 weeks were used. Embryonic tissues were centrifuged at 400 g for 4
minutes. The supernatant was discarded, and the pellet was dissolved in 0.25% Trypsin, then
incubated at 37°C for 15 minutes. After incubation, FBS was added, followed by centrifugation at
400 g for 4 minutes. The pellet was then resuspended in mouse CFS medium and seeded on
Matrigel-coated plates. For the first three passages 1X penicillin/streptomycin was added to the
medium. The cells were split twice a week by incubating them with TrypLE Express at 37°C for 4
minutes, and then seeded at a dilution of 1:20-1:40. After passage 7, the cells were plated on
feeder cells or Matrigel-coated plates.

Derivation of orangutan axial stem cells

Sumatran orangutan iPSCs were treated for 24 hours with an induction medium comprising
RPMI-1640, 1X B27 without insulin, and either 5 or 10 uM CHIR99021. Next, the cells were
dissociated using StemMACS Passaging Solution XF and resuspended in human CS medium as
described earlier. The cells were split at a dilution of 1:10-1:20 once or twice a week, using
StemMACS Passaging Solution XF.

Derivation of human neural progenitor cells
H9 cells were rinsed with PBS twice and incubated with Collagenase IV (2 mg/ml) for 30 minutes
at 37°C followed by plating 1:1 onto low-attachment 6-well plate in a medium consisting of
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DMEM/F12,20% KSR, 1% GlutaMAX, 1% NEAA, 1 uM DMH-1, 10 uM SB431542, 3 uM CHIR99021,
0.5 uM Purmorphamine (PMA), 10 uM Y-27632. The next 2 days, fresh medium was applied
without Y-27632. On Day3 and Day4, the medium was replaced with 1:1 DMEM/F12 and
Neurobasal-A medium, 1:100 B27 without vitamin A, 1:200 N2, 1% GlutaMAX, 1 uM DMH-1, 10
MM SB431542, 3 uM CHIR99021, 0.5 uM PMA. On Day5, the medium was changed to 1:1
DMEM/F12 and Neurobasal-A medium, 1:100 B27 without vitamin A, 1:200 N2, 1% GlutaMAX, 1
UM DMH-1, 50 pg/ml Ascorbic acid (AA). On Day6, the Day5 medium with 5 ng/ml FGF2 was
added. On Day7, cells were plated on a Matrigel-coated (1:100) 6-well plate at 1:1 ratio in a
medium consisting of 1:1 DMEM/F12 and Neurobasal-A medium, 1:100 B27 without vitamin A,
1:200 N2, 1% GlutaMAX, 1 uM DMH-1, 50 ug/ml AA, 20 ng/ml FGF2 (NPC medium). NPC medium
was changed daily until Day14 and then every other day. On Day14 and Day21, cells were washed
with PBS and treated with Collagenase IV (2mg/ml) at 37°C for 15 minutes and TrypLE Express in
37°C for 4 minutes respectively. Cells were plated on Matrigel-coated (1:100) plates at a ratio
between 1:4-1:6. After Day21, NPCs were passaged using TrypLE Express when the confluency
reached >70%. Cells were maintained at 37°C, 5% CO2 and 5% 0O2.

Neural differentiation from human axial stem cells

Plates were coated with 20 pg/ml Poly-D-lysine (Sigma) and 20 pg/ml Poly-ornithine (Sigma) in
PBS and incubated overnight at 37°C. The following day, the coating solution was replaced with
20 pg/ml Collagen | (BD Corning) and 20 pg/ml Fibronectin (BD Corning) in PBS and incubated
overnight at 37°C. The next day, the coating solution was substituted with 10 pg/ml Collagen IV
(Santa cruz) in 0.05M HCI (Merck) and incubated for 2-4 hours at 37°C, followed by 2 washes with
PBS. For immunostaining experiments, cells were directly differentiated on either coverslips or
chamber slides coated as described above.

Human CFS and CS lines were dissociated using TrypLE Express and plated on the pre-
coated plates in the respective medium, at a density of 28.5x103 cells/cm? for CFS and 71.5x10°
cells/cm? for CS. The next day, the medium was replaced with differentiation medium consisting
of a 1:1 mixture of DMEM/F12 and Neurobasal-A medium, 1X B27, 1X N2, 0.1 uM Retinoic acid
(RA) (Sigma), 100 ng/ml SHH (Peprotech), 100 uM cAMP (Sigma), 10 ng/m| GDNF (Peprotech), 10
ng/ml BDNF (Peprotech), 10 ng/ml IGF (Peprotech), and 0.1 uM Compound E (Biotechne). The
medium was changed every other day.

For myotube-neuronal co-culture, 1.25x10* cells/cm?2 of CFS cells were plated on Matrigel
coated dishes in CFS medium. After 24h, medium was changed to neuronal differentiation
medium. Differentiated neuron clusters were harvested after 18 days of differentiation by 10 min
incubation with TrypLE Express. Cells were replated on top of three-day old myotubes, which
were differentiated from myoblasts separately. Myoblasts were cultured in DMEM with 10% FBS.
Cells were grown until 80-90% confluency after which medium was changed to DMEM with 2%
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HS. After replating the neural cells on top of the myotubes medium was changed to co-culture
medium consisting of DMEM with 2% HS, 10 ng/ml BDNF, 10 ng/m| GDNF.

Skeletal muscle differentiation from human axial stem cells

Human CFS and CS lines were dissociated using TryplLE Express and seeded on Matrigel
(incubated for >4 hours). The cells were seeded in their respective medium at a density between
1.5-2.5x10* cells/cm?. The following day, the medium was changed to DMEM/F12 supplemented
with 1X NEAA, 1X ITS-G, 3 uM CHIR99021, 0.5 uM LDN193189 (Biomol), 5 ng/ml FGF2, and 10 nM
RA. On Day 2, FGF2 and RA were replaced with 34 ng/ml SHH. On Day 6, the medium was changed
to DMEM/F12 with 1X NEAA, 1X ITS-G, 10 ng/ml FGF2, and 10 ng/ml HGF. On Day 10, the cells
were split by washing with PBS and incubating with TrypLE Express for 6-7 minutes at 37°C. The
cells were then harvested, centrifuged at 400 g for 4 minutes, and the supernatant was removed.
The pellet was resuspended in DMEM/F12 with 1X NEAA, 1X ITS-G, 10 ng/ml FGF2, and 10 ng/ml
HGF (Peprotech) and plated at a density of 2-2.8x10* cells/cm?. From Day 12 onwards, the
medium was changed to DMEM/F12 with 1X NEAA, 1X ITS-X, and 10 ng/ml HGF. Fresh medium
was applied every other day during the differentiation process.

Quantitative RT-PCR

RNA extraction was conducted using the RNeasy Mini Kit from Qiagen following the
manufacturer's instructions. The extracted RNA samples were then reverse-transcribed using the
SuperScript lll First-Strand Synthesis System (Life Technologies), according to the manufacturer's
instructions. RT-gPCR was performed in 384-well plates using either the Power SYBR Green PCR
Mastermix or the Tagman Gene Expression Assay Mastermix (Applied Biosystems), with a total
volume of 10 pl. The reaction was carried out under the following conditions: for Power SYBR
Green Mastermix, 2 minutes at 50°C, 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C and 1
minute at 60°C; and for Tagman Gene Expression Assay Mastermix, 2 minutes at 50°C, 10 minutes
at 95°C, 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The primers and probes used
(Thermo) are listed in Table 1. For the analysis of orangutan AxSCs, human primers were used,
except for PAX6. The Delta-Delta Ct method was employed to calculate the relative expression
levels, which were normalized to the GAPDH housekeeping gene. The data were visualized using
GraphPad Prism 8.0.

Immunocytochemistry

For the goat anti-Brachyury antibody (R&D Systems, Table 2), the following protocol was
employed. Cells cultured on either coverslips or chamber slides were washed with 0.1% BSA in
PBS and fixed with 4% paraformaldehyde (Thermo) for 20 minutes at room temperature (RT).
After two washes with 0.1% BSA in PBS, permeabilization was carried out using 0.2% Triton X-
100 (Sigma) in PBS for 10 minutes. Samples were blocked with 5% BSA in PBS for 1 hour at RT and
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incubated overnight at 4°C with primary antibodies diluted in 0.5% BSA/1% Tween-20 (Sigma) in
PBS. Following two washes with 1% Tween-20 in PBS for 5 minutes each, the cells were treated
with secondary antibodies diluted 1:750 in 0.5% BSA/1% Tween-20 in PBS for 3 hours at RT. After
two additional washes with 1% Tween-20 in PBS for 5 minutes each and one wash for 10 minutes,
coverslips or chamber slides were mounted using Prolong Gold Antifade and incubated overnight
at RT. For other antibodies, cells cultured on either coverslips or chamber slides were washed
twice with PBS, followed by fixation with 4% formaldehyde in PBS for 15 minutes at RT. After
washing with PBS, cells were permeabilized with 0.2% Triton X-100 in PBS for 5 minutes at RT.
Subsequently, the cells were blocked with 3% BSA for 30 minutes at RT and incubated overnight
at 4°C with primary antibodies diluted in 0.1% Triton X-100/3% BSA in PBS. The next day, cells
were washed three times with PBS for 5 minutes each and incubated with secondary antibodies
diluted 1:1000 in 0.1% Triton X/3% BSA in PBS for 1 hour at RT. After washing with PBS three
times for 10 minutes each, coverslips or chamber slides were mounted using Prolong Gold
Antifade and incubated overnight at RT. The primary and secondary antibodies used are listed in
Table 2. Imaging was performed using an Axio Observer Z1 microscope.

Immunocytochemistry for neuromuscular junction analysis

Culture medium was removed, and cells were washed once with 1X PBS. Cells were fixed with 2%
paraformaldehyde (Santa cruz) in PBS for 20 min on ice. Cells were washed once with PBS and
subsequently permeabilized and blocked with 0.1% Triton X-100 (Sigma) and 1% goat serum (Cell
Signaling Technologies) in PBS for 15 min on RT. ActinRed 555 ReadyProbes reagent (Invitrogen)
was used for fluorescent staining of actin. Primary (mouse anti-neurofilament (DSHB)) and
secondary antibodies (Alexa Fluor® 647 AffiniPure Goat Anti-Mouse IgG (Jackson), Goat anti-
Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody (Life Technologies), Alexa Fluor™ 488,
Cy™3 AffiniPure Goat Anti-Mouse IgG, F(ab'), fragment specific (Jackson)) were diluted in 0.1%
Triton X-100 and 1% goat serum in PBS (Table 2). Primary antibodies were incubated overnight
at 4°C, and were washed off after washing three times with PBS (3x10min). Cells were incubated
with the secondary antibodies and 2 pg/ml a-bungarotoxin (Invitrogen) for 2 hours at RT.
Secondary antibodies were washed off by 3x10 min washing with PBS. Nuclei were stained with
Hoechst (1:10000) (Invitrogen) for 10 min in PBS. Cells were imaged using a Nikon Eclipse Ti
confocal microscope.

Genomic DNA extraction and telomere length assay

DNA extraction was carried out using the Wizard SB Genomic DNA Purification System kit with a
minor modification. Prior to elution, to the 250 pl nuclease-free water, 2 ul of RNAse A solution
was added, followed by a 10-minute incubation at RT. For the telomere length assay, a total
reaction volume of 20 ul was prepared consisting of either 2 ul of telomere primers or 2 pl of SCR
primers from the Relative Human Telomere Length Quantification qPCR kit (ScienCell), 1 pl of
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genomic DNA template (5 ng/ul), 10 pl of Power SYBR Green PCR Mastermix, and 7 ul of nuclease-
free water. The reaction was run under the following cycling conditions: 2 minutes at 50°C, 10
minutes at 95°C, followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The relative
expression levels of telomeres, normalized to the SCR, were calculated using the Delta-Delta Ct
method.

RNA sequencing
1. Sample preparation and sequencing

3 ug of total RNA were treated with TURBO DNase (Life Technologies) and purified using RNeasy
Minelute RNA cleanup kit (Qiagen). RNA quality was assessed using microcapillary
electrophoresis on Agilent 2100 Bioanalyzer with RNA Pico 6000 kit (Agilent) and only RNA with
RIN values >8 was processed further. Per RNA-seq library, 1 ug of DNAse-treated RNA was treated
with RiboZero Gold (Human/Mouse/Rat) kit (lllumina) to remove rRNAs, followed by RNA
cleanup using the RNeasy Minelute RNA cleanup kit. Sequencing libraries were prepared from
equal quantities of rRNA-depleted RNA using TruSeq Stranded total RNA LT kit (lllumina)
according to manufacturer’s instructions using 11 cycles of enrichment PCR. The quality of the
libraries was assessed using Agilent 2100 Bioanalyzer with the DNA 1000 kit (Agilent). Library
concentration was measured using Qubit dsDNA HS Assay Kit (Life Technologies). Multiplexing of
libraries was performed according to manufacturer’s instructions. Multiplexed libraries were
sequenced using a NextSeq 500 (Illumina) to generate 75-nt single-end reads. Sequencing depth
was 20-40 Mio reads per library.

2. Processing and downstream analysis
The reads were pseudo-aligned to human transcriptome (Ensembl version GRChg38.86) using
kallisto (version 0.43.0_3).28 Resulting estimated transcript-level abundances were aggregated
into counts per gene and exported using Tximport (version 1.10.1) pipeline.®’ Differential gene
expression analysis was performed using DESeq2 package (version 1.22.2)°° in R by comparing
gene expression at each stimulation time point to undifferentiated parental cell line. Normalized
counts were extracted from DESeq2 object. PCA plot was constructed from rlog-transformed raw
counts.

Analysis of the over-represented pathways was performed using Genomatix Pathway
System (GePS) tool from the Genomatix software suite (http://www.genomatix.de) by providing

significantly up-regulated genes from each time point and stimulation as input. Tissue and cell
type associations were analysed using Enrichr tool®® and JENSEN tissue expression database
(https://tissues.jensenlab.org). Gene lists associated with selected cell types were extracted and

their normalized expression values (from DESeq2 analysis) were used to construct heatmap of
the Figure S1C.
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Single cell RNA sequencing
1. Preparation of single cell suspensions

All parental lines, including H9 and AxSCs derived from H9, HMGU1, and HUESS6, as well as Day2
neural differentiation samples, were dissociated into single cells using TrypLE Express. The
harvested cells were then centrifuged at 300 g for 3 minutes, and the resulting pellet was
resuspended in a solution of 0.04% BSA in PBS. The cell density was adjusted to 1000 cells/ul. For
Day 14 and Day 28 CFS-derived cells, as well as Day 28 CS-derived cells, dissociation was carried
out using 0.05% Trypsin. After centrifugation at 300 g for 3 minutes, the pellet was resuspended
in a solution of 0.04% BSA in PBS. The cells were then passed through 40 um strainers, and the
cell density was adjusted to 1000 cells/pl. For Day 14 CS-derived cells, we adapted a protocol that
uses Accutase and Papain as dissociation agents.”® The cells were first rinsed with PBS and then
incubated at 37°C for 25 minutes in a dissociation buffer composed of 50% Accutase (Sigma) and
10% Papain (Sigma) in PBS. Without removing the dissociation buffer, a wash buffer containing
DMEM/F12, 33.3 pg/ml Dnase Il (Sigma), and 10 uM Y-27632 was added. The resulting cell
suspension was filtered through a 70 um strainer and centrifuged at 300 g for 3 minutes. The
pellet was then resuspended in neural differentiation medium and filtered once again using 40
pKm strainers.

2. Library preparation and sequencing

Single cell sequencing of parental human AxSC lines:

Live cells were counted using trypan blue stain (Life Technologies) with the Countess 3 automated
cell counter (Thermo Fisher Scientific). Samples with viability above 85% were used to prepare
cell suspensions containing 1000 cells/uL, which were subsequently used for the single cell library
preparation. The leftover cells were pelleted via centrifugation and collected for DNA isolation
for genotyping purposes with HumanCytoSNP-12 v2.1 BeadChip Kit (lllumina). The single cell
library preparation was done using Chromium Controller instrument, Chromium Next GEM Single
Cell 3" GEM, Library & Gel Bead Kit v3.1 (10X Genomics) and the Single Index Kit T Set A (10X
Genomics). The final sample loaded for the 10X library prep contained a mixture of 7000 cells/cell
line for a total of 21000 cells. Quality control for the library was performed using Agilent High
Sensitivity kit (Agilent) following manufacturer instructions. The final pools were sequenced on
NovaSeq 6000 platform using SP Reagent Kit v1.5/ 100 cycles (lllumina) with 28x8x91
configuration run leading to 40000 reads/cell.

Single cell sequencing of neural differentiation time course from human AxSC lines:

Counting was performed with Trypan blue for live — dead cell discrimination using Countess
automated counter. Samples with viability above 81% were used to prepare cell suspensions
containing 500-1000 cells/uL. The single cell library preparation was performed using Chromium
Controller instrument, Chromium Next GEM Single Cell 3' GEM, Library & Gel Bead Kit v3.1 (10X
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Genomics) and Dual Index Kit TT Set A, 96 rxns (10X Genomics). Quality control for the library
was performed using Agilent High Sensitivity kit (Agilent) following manufacturer instructions.
The final pool contained 16 samples each with 10000 cells per time point and they were
sequenced on NovaSeq 6000 platform using NovaSeq 6000 S4 Reagent Kit v1.5 /200 cycles
(Hlumina) with 28x10x10x90 configuration run leading to 70000 reads/cell.

3. Processing of the datasets
For human parental human AxSC lines, SNP sequencing was performed using Illumina GSA v.3 for
cells of each cell line. Next, demuxlet®* was used to confidently assigh each barcode to a specific
cell line. Briefly, demuxlet harnesses genetic variation to identify the genetic origin of individual
cells in a mixed sample. Ambiguous cells that could not be confidently matched to one of the
three cell lines were removed.

4. Downstream analysis
Downstream analysis was performed using the Scanpy (version 1.6.1), Pandas (version 1.1.3),
Numpy (version 1.19.5), and Louvain (version 0.7.0) packages. The datasets were visualized using
UMAP embedding with the pl.umap() function. Differential expression analysis for H9, CFS, and
CS datasets was conducted using the tl.rank_genes_groups() function with default parameters.
The list of differentially expressed genes (DEGs) was extracted using the get.rank_genes_groups()
function, setting 'reference' as "rest" and a log2 fold change threshold of 2. The top 50 DEG genes
were visualized using the pl.dotplot() function. Genes associated with axial development,
neural/mesodermal lineages (Fig. 3a), were summarized based on published scRNA sequencing

studies conducted on in vivo cells.1620.21,94

To assess the expression of dorsoventral spinal cord
progenitor genes, the study by Rayon et al.3? was used as a benchmark.

For the time course neural differentiation experiment, each dataset was analyzed
individually. Cell cycle phases were identified using the tl.score_genes_cell_cycle() function with
default parameters, and the percentage of cells per phase was calculated using the
value_counts() function. Clustering for each dataset was performed using the tl.louvain()
function with a 'resolution' set to 2. Marker genes that map to each domain of spinal cord
neurons identified by Rayon et al3?, as well as the accompanying database

(https://shiny.crick.ac.uk/scviewer/neuraltube/), and marker genes for neural crest

development identified by Soldatov et al.?> were utilized for cluster annotation and summarized
in Figure 5A. To evaluate specific cell types, single genes known to be specific to only one domain
in the database mentioned above were used for analysis. For cell populations that could not be
identified by a single gene, the coexpression of several genes was assessed. Clusters were
manually merged and annotated based on the expression of marker genes in the datasets.
Clusters representing the same cellular population across datasets were shown in the same color.
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Chromatome and proteome analysis

1. Nuclei isolation and sample preparation for chromatome analysis
AxSCs and H9 cells were dissociated into single cells using TrypLE Express. The cells were
incubated for 4-6 minutes at 37°C. The resulting cell suspensions were centrifuged at 300 g for 3
minutes, and the cell number was counted. For each derivation of CS and H9, 5x10° cells were
used, while for each derivation of CFS cells, 3x10° cells were used. The cells were washed twice
with PBS by centrifugation at 2300 g for 5 minutes at RT. The supernatant was discarded, and the
cell pellet was resuspended in 1 ml of ice-cold lysis buffer (3 mM MgCl2, 10 mM NaCl, 10 mM Tris
pH 7.4, 1% NP-40, and freshly added 1X cOmplete protease inhibitor (Sigma)). To ensure
thorough dissolution of NP-40, the lysis buffer was pre-incubated on an orbital shaker at mild
agitation at 4°C before being used for resuspending the cell pellet. The pellet was homogenized
by pipetting up and down and then incubated on ice for 20 minutes. The suspension was
centrifuged at 2300 g for 5 minutes at 4°C, and the supernatant was discarded. The pellet was
resuspended and incubated in 3.3 ml of PBS with 1% methanol-free formaldehyde for 10 minutes
on a rotating wheel at mild agitation at RT. The reaction was quenched by incubating the
suspension with 125 mM Glycine for an additional 5 minutes on a rotating wheel. The nuclei
suspension was then centrifuged at 2300 g for 5 minutes at 4°C and washed twice with ice-cold
PBS. After another centrifugation step at 2300 g for 5 minutes at 4°C, the supernatant was
discarded, and the pellets were snap-frozen in liquid nitrogen for 15 seconds and then stored at
-80°C. Chromatin was released from crosslinked nuclei by dissolving 300 ul of SDS buffer (50 mM
HEPES pH 7.4, 10 mM EDTA pH 8.0, 4% UltraPure™ SDS Solution from Invitrogen, along with a
newly added 1X cOmplete™ EDTA-free Protease Inhibitor Cocktail) using gentle pipetting. This
mixture was left to incubate at RT for 10 minutes before adding 900 pl of freshly prepared Urea
buffer (10 mM HEPES pH 7.4, 1 mM EDTA pH 8.0, 8 M urea from Sigma). The solution was then
carefully inverted seven times before being centrifuged at RT for 30 min at 20000 g. The
supernatant was removed, taking care not to disturb the pellet. Two additional wash steps were
performed (one wash with SDS and Urea, and one wash with only SDS). The final pellet was then
dissolved in 300 pl of Sonication buffer (10 mM HEPES pH 7.4, 2 mM MgCl2, with a freshly added
1x cOmplete™ EDTA-free Protease Inhibitor Cocktail). The chromatin specimens were sonicated
using a Bioruptor® Plus at 4°C for 15 cycles (30 s on, 30 s off). The protein concentration was
determined using the Pierce™ BCA Protein Assay Kit.

Subsequently, Protein Aggregation Capture (PAC) was performed. In this step, Sera-Mag™
beads (1 mg from Sigma) were washed three times with 70% acetonitrile for every 100 ug of
chromatin solution. After the final wash, 300 ul of the chromatin solution corresponding to 100
pug was added to the beads, followed by 700 ul of 100% acetonitrile. The chromatome-bead
mixtures were then vortexed and left to rest on a bench for 10 minutes. The samples were
vortexed again and placed into a magnetic rack. The samples were then washed with 700 pl of
100% acetonitrile, followed by 1 ml of 95% acetonitrile, and finally with 1 ml of 70% ethanol. The
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remaining ethanol was allowed to evaporate, and the beads were resuspended in 400 ul of 50
mM HEPES pH 8.5, supplemented with freshly prepared 5 mM TCEP and 5.5 mM CAA. The
samples were then left to incubate at RT for half an hour. Protease digestion was initiated by
adding LysC (protease to protein ratio of 1:200) and Trypsin (1:100) and allowing the mixture to
incubate overnight at 37°C under constant agitation at 1100 rpm. From this point forward, the
samples were handled in the same way as the total proteome samples.

2. Sample preparation for total proteome analysis
All proteomic experiments were conducted in triplicate. AxSCs and H9 cells were dissociated into
single cells using TrypLE Express. The cells were incubated for 4-6 minutes at 37°C. After
incubation, the cell suspensions were centrifuged at 300 g for 3 minutes, and the cell number
was determined. For each derivation of CS and H9, 2x10° cells were used, while for each
derivation of CFS cells, 1.5x108 cells were used. These cells were then centrifuged at 300 g for 3
minutes. The supernatant was removed, and the cell pellets were snap-frozen in liquid nitrogen
for 15 seconds, followed by storage at -80°C. Frozen cells were dissolved in 200 pl of lysis buffer
(containing 6 M guanidinium chloride, 100 mM Tris-HCl with a pH of 8.5, and 2 mM DTT) and
subjected to heating for 10 minutes at 99°C with a constant agitation rate of 1400 rpm. The
sonication of samples was then performed at 4°C using a Bioruptor® Plus sonication device
(Diagenode) at high-intensity settings, with 30 seconds on/off intervals for 15 rounds. If the
sample viscosity was adequately reduced, protein concentrations were determined; if not,
sonication was repeated. Protein concentrations were assessed using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific) in accordance with the manufacturer's instructions. After
incubating for at least 20 minutes with 40 mM chloroacetamide, 30 ug of each proteome sample
was diluted in a 30 ul lysis buffer supplemented with chloroacetamide and DTT. These samples
were further diluted in 270 ul of digestion buffer (containing 10% acetonitrile, 25 mM Tris-HCl at
pH 8.5, 0.6 pg Trypsin/sample (Pierce™ Trypsin Protease, Thermo Fisher Scientific), and 0.6
ug/sample LysC (Pierce™ LysC Protease, Thermo Fisher Scientific). Proteins were then digested
for 16 hours at 37°C with constant shaking at 1100 rpm.

To halt protease activity, 1% (v/v) trifluoroacetic acid (TFA) was added the following day
and samples were loaded onto homemade StageTips composed of three layers of SDB-RPS matrix
(Empore)®, previously equilibrated with 0.1% (v/v) TFA. After loading, two washes with 0.1%
(v/v) TFA were performed, and peptides were eluted with 80% acetonitrile and 2% ammonium
hydroxide. After the eluates were evaporated in a SpeedVac centrifuge, the samples were
resuspended in 20 ul 0.1% TFA and 2% acetonitrile. The peptides were completely solubilized by
constant shaking for 10 minutes at 2000 rpm, and peptide concentrations were determined on a
Nanodrop™ 2000 spectrophotometer (Thermo Fisher Scientific) at 280 nm.

3. Nanoflow LC-MS/MS analysis for proteomes and chromatomes
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Peptide separation before MS was accomplished using liquid chromatography on an Easy-nLC
1200 (Thermo Fisher Scientific) with in-house packed 50 cm columns of ReproSilPur C18-AQ 1.9-
pum resin. A binary buffer system was used (buffer A: 0.1% formic acid and buffer B: 0.1% formic
acid in 80% acetonitrile), with a gradual increase in buffer B concentration (from 5% initially to
95% at the end) to elute the peptides over a 120-minute period at a steady flow rate of 300
nl/min. The peptides were then introduced into an Orbitrap Exploris™ 480 mass spectrometer
(Thermo Fisher Scientific) via a nanoelectrospray source. Each set of triplicates were followed by
a washing step while the column temperature was constantly at 55°C.

Data-Dependent Acquisition (DDA) runs used a top12 shotgun proteomics method within
a range of 300-1650 m/z, a default charge state of 2, and a maximum injection time of 25 ms.
Full scan resolution was set at 60000 and the normalized AGC target at 300%. For MS2 scans, the
orbitrap resolution was set at 15000 and the normalized AGC target at 100%, with a maximum
injection time of 28 ms.

Data-Independent Acquisition (DIA) runs used an orbitrap resolution of 120000 for full
scans in a scan range of 350-1400 m/z, with a maximum injection time of 45 ms. For MS2
acquisitions, the mass range was set to 361-1033 with isolation windows of 22.4 m/z. A default
window overlap of 1 m/z was used. The orbitrap resolution for MS2 scans was set at 30000, the
normalized AGC target at 1000%, and the maximum injection time at 54 ms.

5. MS data quantification

Raw MS data acquired in DIA mode was analyzed using DIA-NN version 1.8.1.%¢ A hybrid approach
utilizing a dedicated DDA and DIA library was employed; the DDA library was generated using
SpectroMineTM (Pulsar) and the DIA library using DIA-NN. Cross-run normalization was
conducted in an RT-dependent manner. Missed cleavages were set to 1, N-terminal methionine
excision was activated, and cysteine carbamidomethylation was set as a fixed modification.
Proteins were grouped using the additional command ‘—relaxed-prot-inf’. Match-between runs
was enabled, and the precursor FDR was set to 1%.

5. Statistical analyses
Raw data outputs were analyzed downstream with Perseus (version 1.6.0.9).°” CVs were
calculated by filtering out proteins or precursors with fewer than 2 out of 3 valid values.
Downstream analyses were conducted after imputation of missing values, which was done based
on a Gaussian distribution with respect to the standard deviations of measured values (width of
0.2 and a downshift of 1.8 standard deviations). GO enrichment analyses of differentially
enriched proteins were performed against the background of total identified proteins using a
Benjamini-Hochberg FDR-corrected Fisher's Exact test of 0.05. These analyses were carried out
individually for each cluster. Student's t-tests were calculated with a permutation-based FDR of
0.05 and an s0 value of 1, unless stated otherwise. For the multiple sample test based on an
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ANOVA the FDR was set to 0.05 and the s0 value to 2. ANOVA tests of normalized chromatomes
were conducted likewise after calculating pairwise differences of ChAC-DIA and total proteome
values.

6. Web application development
Significant changes in chromatome, proteome and relative chromatin binding during axial stem
cell differentiation were displayed in an interactive heatmap as mean row differences of log2
intensities.

The web application was programmed using R Shiny with the following libraries besides
base R packages for data processing and visualization: shiny (1.7.1), shinydashboard (0.7.2),
shinyHeatmaply (0.2.0), plotly (4.10.0), heatmaply (1.3.0) and png (0.1-7). From the tidyverse
(1.3.1) family we further utilized tidyr (1.2.0), dplyr (1.0.9), and ggplot2 (3.3.6).

Electrophysiological analysis

1. Patch-clamp recordings
The whole-cell patch-clamp technique was performed to record from cells either derived from
hiPSCs (CS and CFS) or hESCs (labeled 04.06) recorded at an early (day 14-21) and late time point
(day 49-57) after start of differentiation. During recordings at RT, neurons grown on glass
coverslip were continuously perfused by artificial cerebrospinal fluid (ACSF) saturated with 95%
02 / 5% CO; at a flow rate of 2 ml/min (Ismatec IPC). ACSF contained 125 mM NaCl, 25 mM
NaHCOs, 2.5 mM KCl, 1.25 mM NaH,P0O4, 10 mM D-glucose, 2 mM CacCl,, and 1 mM MgCl, (pH,
7.3; osmolality, 310 mOsm/kg).

Whole-cell voltage-clamp recordings were performed with a patch-clamp amplifier (EPC
9, HEKA Elektronik). Individual cells were visualized using infrared differential interference
contrast video microscopy on a Zeiss Axioskop microscope and were identified based on a
spherical and bright cell body bearing 2 or more neurites. Borosilicate glass electrodes with
filaments (1B150F-3, 0.84 x 1.5 x 76mm, Science Products) were pulled with a horizontal pipette
puller (Model P-97 Flaming Brown Micropipette Puller, Sutter Instrument). Pipettes had
resistances between 4-6 MQ when filled with solution containing (in mM): 115 mM K-gluconate,
20 mM KCI, 10 mM Phosphocreatine-Na, 4 mM Mg-ATP, 0.3 mM GTP, 0.2 mM EGTA, and 10 mM
HEPES (pH, 7.3; 290 mOsm).

In voltage-clamp, input resistance was determined at -70 mV with voltage steps of -3 mV
before inward and outward currents were evoked with increasing depolarizing steps (20 mV; 300
ms). In current-clamp, the resting membrane potential (RMP) was determined and APs were
evoked with increasing current steps (20 pA; 300 ms). The amplitude of the first evoked AP was
analyzed. Spontaneous excitatory postsynaptic currents (sEPSCs) were recorded at -70 mV.

2. Data analysis
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Offline analysis was done with FitMaster (HEKA Elektronik). Spontaneous synaptic activity was
analyzed using Igor Pro (WaveMetrics, Lake Oswego, OR) and MiniAnalysis (Synaptosoft).
GraphPad Prism (version 8.2.1) was used to plot the data as mean +/- SEM and to test for
statistical differences among means of groups via one-way analysis of variance (ANOVA).

Teratoma analysis

1. Injection
Animal experiments were performed following the experimental guidelines within the animal
protocol approved by the government of Upper Bavaria with nr. ROB-55.2-2532.Vet_02-14-41.
In brief immunodeficient SCID mice were injected under the kidney capsule with 1x10° cells
resuspended in 50% Matrigel. The mice were kept under observation for the duration of 6 weeks.

2. Histopathology
The left and right kidney were harvested and immediately fixed with 4 % (w/v) neutrally buffered
formalin for a maximum of 48 hours. Kidneys were cut in a standardized manner resulting in 4
cross-sections and subsequently routinely embedded in paraffin. Sections of 3 um were stained
with hematoxylin and eosin (H&E) and scanned with an AxioScan.Z1 digital slide scanner (Zeiss)
equipped with a 20x and a 40x magnification objective. Images were obtained using the
commercially available software netScope Viewer Pro (Net-Base Software GmbH).

Energy metabolism analysis

The cells (H9, CS and CFS) were dissociated using TrypLE select and seeded in cell culture
microplate (Agilent Seahorse XF96) at a density of 50000 cells/well in presence of their full
respective media, supplemented by 10 uM of Y-27632. The next day the cells (90% confluence)
were incubated with RPMI medium (Sigma) supplemented with L-Glutamine (2 mM) with D-(+)-
Glucose (10 mM, for the measurement of Oxidative phosphorylation, or without Glucose (for
glycolysis assay) and transferred to an incubator (37 °C) without CO; for one hour before the start
of the measurement. For Mito Stress assay, the following treatments were used, respectively:
Oligomycin at 1 uM (Cayman Chemical) which inhibits the ATP synthase, Carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP, 1uM, Sigma), an uncoupling agent that disrupts
mitochondrial ATP synthesis by interfering with proton gradient across the mitochondrial inner
membrane®® and a combination of rotenone (Sigma) and antimycin A (Sigma) inhibiting complex
| and complex Il of the electron transport chain, respectively, each at a concentration of 1 uM.
For glycolysis stress test, the cells Glucose (10 mM) was first injected followed by Oligomycin (1
UM) then 2-Deoxy-D-glucose at 10 mM (Sigma). At least 30 wells were assayed for each cell type.
The measurements values were then normalized to the total protein content in each well
measured by the SRB assay. The data were then visualized using Wave software and analyzed
using GraphPad Prism 8.0.
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Embryo grafting and assessment of contribution

1. Mouse strains, staging and husbandry
Wild-type C57BL/6J mice were maintained on a 12 h light/12 h dark cycle. For timed matings,

noon on the day of finding a vaginal plug was designated as E0.5. Staging of early mouse embryos
was carried out according to Downs and Davies.”® All animal experiments were performed under
the UK Home Office project license PEEC9E359, approved by the Animal Welfare and Ethical
Review Panel of the University of Edinburgh and within the conditions of the Animals (Scientific
Procedures) Act 1986.

2. Embryo grafting

Approximately 70% confluent mouse CFS cells were grafted.'>1% The cells were topically labelled
with Dil or DiO in a 100 microlitre droplet of M2 medium (Sigma) by expelling approximately 1
microlitre of labelling solution (Thermo Fisher V22886 and C7001) to the drop. After 30 sec-1
minute labelling, cells were washed 2-4x in 100 microlitre droplets, special care was taken for Dil
to ensure all crystals were washed off. For embryos older than 6 somites, where the hindgut
covers the primitive streak, the transfer pipette was introduced to the hindgut lumen by expelling
a small volume of medium for better visualisation and to avoid damage to the hindgut. Cells were
grafted just dorsal to the hindgut end, which approximates to the node-streak border or anterior
primitive streak of these embryos.

3. Immunohistochemistry
Embryo culture, cryosectioning and immunofluorescence were performed as described

previously.0!

To prevent loss of lipophilic dyes, images were acquired before immunostaining
counterstaining nuclei with Hoechst 33342 (1:2000, Thermo Fisher). Pre- and post-
immunostaining images of each cryosection were registered using the Hoechst as a reference
channel. Imaging was performed using a Nikon Eclipse TiE widefield Inverted microscope and
Plan Apo 20x/0.8 lens. Images were processed using Photoshop (Adobe) and Image) software

(NIH).

Tables
Table 1: List of probes and primers
Probes Cat no
CDH15 Hs00979297_m1

CDX2 Hs01078080_m1
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GAPDH Hs02758991_g1
ISL1 Hs00158126_m1
MNX1 Hs00907365_m1
MSGN Hs03405514_s1
MYOD Hs00159528_m1
MYOG Hs01072232_m1
NANOG Hs02387400_g1
PAX6 Hs01088114_m1
POU4F1 Hs00366711_m1

POU5F1 (OCT4)

Hs00999632_g1

SOX2 Hs01053049_s1
TBX6 Hs00365539_m1
TBXT Hs00610080_m1
Primers Sequence Primers Sequence
Human F: TTCACCAACTGGTTCTGAG Mouse Gapdh | F: CATCACTGCCACCCAGAAGACTG
ASCL1 R: TAAAGATGCAGGTTGTGCG R: ATGCCAGTGAGCTTCCCGTTCAG
Human CDX2 | F: TCGGCAGCCAAGTGAAA Mouse Hes5 F: AAACACAGCAAAGCCTTCG
R: GATGGTGATGTAGCGACTGTAG R: CAGGGTCAGGAACTGTACC
Human DCX | F: GCCAGGGAGAACAAGGACTTT Mouse Mnx1 | F: CAGCACCTTCCAACTGGACCAG
R: CACCCCACTGCGGATGA R: TTCGGCACTTCCCCAAGAGGTT
Human F: CGCTCTCTGCTCCTCCTGTT Mouse Nanog | F: GAAATCCCTTCCCTCGCCAT
GAPDH R: CCATGGTGTCTGAGCGATGT R: CAGGCATTGATGAGGCGTTC
Human HES5 | F: TCAGCTACCTGAAGCACAG Mouse Nkx1-2 | F: CTCAGCACGGAACTCCCAAA
R: AGTAGCCTTCGCTGTAGTC R: AGCCCACTCAACAACTGCAT
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Human : CCTTCCTCCATGGATCTGCTT Mouse Oct4 F: GGCTTCAGACTTCGCCTTC
NANOG : CTTGACCGGGACCTTGTCTTC R: AGCTTAGCCAGGTTCGAGGAT
Human : CAATTTGCCAAGCTCCTGAAG Mouse Otx2 F: CTGGGCTGAACATTCCAGTT
POUSF1 : AAAGCGGCAGATGGTCGTT R: GTCCATTTCAGGTTGCTGGT
Human SOX1 : GAGAACCCCAAGATGCACAA Mouse Pax6 F: CTGAGGAACCAGAGAAGACAGG

: CCTCGGACATGACCTTCCA R:

CATGGAACCTGATGTGAAGGAGG

Human SOX2 | F: CCTCCGGGACATGATCAGCATGT | Mouse Sox1 F: CGGATCTCTGGTCAAGTCGG

: GCAGTGTGCCGTTAATGGCCGTG R: GGGACCTCGGTACAAAGTCG
Human TBX6 : CGTGTGAAGAGGAAACTGCG Mouse Sox2 F: CAAAAACCGTGATGCCGACT

: GACTACACTCACCTCCGCTC R: CGCCCTCAGGTTTTCTCTGT
Human TBXT : ATGAGCCTCGAATCCACATAG Mouse Thx6 F: TCAGCCTGAGCTTGGAGAACCA

: CTGTGATCTCCTCGTTCTGATAA R: CCAGTGACTGATACTCGGCAAG
Mouse : GAAGGGAGACCCCACCGAA Orangutan F: CAGATCTGCCACTTCCCCTG
Brachyury : TTACCTTCAGCACCGGGAAC PAX6 R: TCACTCCGCTGTGACTGTTC
Mouse Cdx2 : CTGGACAAGGACGTGAGCAT

: ACTGCGGAGGACTGACAAAG

Table 2: List of antibodies
Primary antibodies Cat no Manufacturer Dilutio
n

Rabbit anti-Sox2 2738 Cell Signaling Technology | 1:400
Rabbit anti-Sox2 ab92494 Abcam 1:200
Mouse anti-Brachyury 14-9770-82 Thermo 1:100
Goat anti-Brachyury AF2085 R&D Systems 1:100
Rabbit anti-CDX2 12306 Cell Signaling Technology | 1:200
Rabbit anti-Pax6 901301 Biolegend 1:100
Rabbit anti-Zic2 ab150404 Abcam 1:100
Rabbit anti-Hes5 NBP2-56999 Novus 1:100
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Rabbit anti-Islet 1 ab20670 Abcam 1:200
Mouse anti-Brn3a sc-8429 Santa cruz 1:100
Mouse anti-Mnx1 sc-515769 Santa cruz 1:100
Chicken anti-B3 tubulin NB100-1612 Novus 1:100
Mouse anti-Myod MA1-41017 Life Technologies 1:100
Rabbit anti-M-Cadherin 40491S Cell Signaling Technology | 1:100
Mouse anti-Myogenin 14-5643-82 Life Technologies 1:100
Mouse anti-Sox2 MAB2018 R&D Systems 1:100
Mouse anti-Pax3 AB_528426 DSHB 1:20
Goat anti-Meox1 sc-10185 Santa cruz 1:50
Mouse anti-neurofilament AB_531793 DSHB 2 pg/ml
Rabbit IgG isotype control GTX35035 GeneTex 1 pg/ml
Mouse IgG isotype control GTX35009 GeneTex 1 pg/ml
Secondary antibodies Cat no Manufacturer Dilution
Goat anti-Chicken IgY (H L) Secondary A11042 Life Technologies 1:1000
Antibody, Alexa Fluor 594

Goat anti-rabbit I1gG (H+L), Alexa Fluor 488, | A11034 Life Technologies 1:1000
highly cross-absorbed

Goat anti-mouse IgG (H+L) Alexa Fluor Plus | A32728 Life Technologies 1:1000
647, highly cross-absorbed

Donkey anti-Mouse IgG (H+L) Highly Cross- | A21202 Life Technologies 1:1000
Adsorbed Secondary Antibody, Alexa

Fluor™ 488
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Donkey anti-Goat IgG (H+L) Cross-Adsorbed | A11058 Life Technologies 1:1000
Secondary Antibody, Alexa Fluor™ 594

F(ab')2-Goat anti-Rabbit IgG (H+L) Cross- A21246 Life Technologies 1:1000
Adsorbed Secondary Antibody, Alexa

Fluor™ 647

Alexa Fluor® 647 AffiniPure Goat Anti- 115-605-146 Jackson 1:500

Mouse 1gG (H+L)

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed | A11001 Life Technologies 1:500
Secondary Antibody, Alexa Fluor™ 488

Cy™3 AffiniPure Goat Anti-Mouse IgG, 115-165-006 Jackson 1:500
F(ab'), fragment specific
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