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Summary:

The enteric nervous system (ENS) is derived from both the vagal and sacral component of

the neural crest (NC). Here, we present the derivation of sacral ENS precursors from human

PSCs via timed exposure to FGF, WNT and to GDF11, which enables posterior patterning and
transition from posterior trunk to sacral NC identity, respectively. Using a SOX2.:H2B-tdTomato/
7::H2B-GFP dual reporter hPSC line, we demonstrate that both trunk and sacral NC emerge from
a double-positive neuro-mesodermal progenitor (NMP). Vagal and sacral NC precursors yield
distinct neuronal subtypes and migratory behaviors /n vitroand in vivo. Remarkably, xenografting
of both vagal and sacral NC lineages is required to rescue a mouse model of total aganglionosis,

suggesting opportunities in the treatment of severe forms of Hirschsprung’s disease.
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Fan and colleagues present a protocol for generating sacral neural crest from human PSCs and
compare enteric neuron lineages derived from either sacral or vagal neural crest. Remarkably,
rescue of a severe model of Hirschsprung’s disease requires the combined injection of sacral and
vagal-derived neural crest lineages.

INTRODUCTION:

The enteric nervous system (ENS) is the intrinsic nervous system of the gastrointestinal (GI)
tract, which represents a complex network of neurons and glia essential for GI function
including motility, food digestion, nutrient absorption, and barrier function!. The ENS is
derived from the neural crest (NC) during development and represents the largest component
of the autonomic nervous system, with > 500 million neurons in humans comprising ~40
distinct neurotransmitter subtypes. Defects in ENS development are responsible for various
disorders including Hirschsprung disease (HSCR), a fatal congenital disorder affecting
1:5,000 live births2. HSCR is caused by the lack of ENS ganglia in the distal colon3-> and

in severe cases, loss of ENS ganglia extending into the small intestine® (total aganglionosis).
Genetic studies have identified many mutations associated with HSCR including mutations
of the EDNRB or RET receptor’8. The ENS may also contribute to CNS disorders including
Parkinson disease (PD) and other forms of dementia®10. For example, GI problems
commonly precede the onset of PD motor symptoms , and it has been proposed that PD
pathology can initiate in the gut with (-synuclein accumulation that spreading from the gut
to the brain via the vagal nervell.12, Despite the important roles of the ENS in PNS- and
CNS-related diseases, its developmental origin and function remain poorly understood due
to the lack of an easily accessible human model system.

During development the ENS is derived from two major NC sources , the vagal NC located
anteriorly (somite 1-7), and the sacral NC located posteriorly (caudal to somite 28). The
vagal NC is thought to colonize the gut along an anterior to posterior axis. In contrast, the
sacral NC is thought to invade the gut caudally, and migrate along a posterior to anterior
axis to meet and intermingle with vagal-derived ENS lineages 3. However, the extent of
sacral NC contribution during human ENS development remains unclear. For example,
most studies argue that HSCR is caused by defects in the migration of vagal-derived ENS
lineages!4. However, the disease is typically characterized by distal colon aganglionosis, the
site where sacral NC invades and likely contributes to distal gut function 2. Accordingly,
it will be important to explore whether sacral-derived ENS lineages may also contribute to
HSCR pathogenesis.

Human pluripotent stem cells (hPSCs) present a powerful system to study human

ENS development and to access diverse ENS lineages. A first step in generating hPSC-
derived ENS precursors is the derivation of NC, which typically involves inhibition of
TGFp signaling, low level BMP activation and activation of WNT signaling. Under
these conditions, hPSCs differentiate into cranial NC lacking HOX gene expression16-19,
Combining NC induction with timed exposure to retinoic acid (RA) induces vagal NC
specification and differentiation into vagal NC-derived ENS precursors20. In contrast,
there is limited information on the signals that induce posterior NC with some studies
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suggesting a role for WNT and FGF signaling?1-22, Recent work proposed that posterior
NC lineages may emerge from a distinct neuromesodermal progenitor (NMP)23:24. NMPs
are characterized by co-expression of Brachyuryand SOXZ2 and give rise to both neural
and paraxial mesoderm lineages 2526, While several studies have reported the derivation of
NMP-like cells from mouse or human PSCs23:26-31 \whether NMPs give rise to NC23.24
remains an unresolved question.

The derivation of both vagal and sacral NC from hPSCs could offer new insights into human
development and disease and present therapeutic opportunities in regenerative medicine.
Currently, the only effective treatment for HSCR is the surgical removal of the affected
aganglionic gut segment. Although lifesaving, the treatment can result in chronic Gl
dysfunction in some children, and the surgical approach is particularly problematic cases of
total aganglionosis32:33, The development of cell therapies based on grafting hPSC-derived
ENS precursors presents a promising alternative for the treatment of HSCR to mitigate Gl
dysfunction and to potentially obviate the need for removal surgery completely. We have
previously reported a preclinical proof-of-concept by xenografting hESC-derived vagal ENS
precursors into the £anrt®/s! mouse model of HSCR and shown that this approach can
prevent HSCR-related death in the transplanted animals20. However, the work also raised
the question whether complete restoration of ENS function will require the injection of both
vagal and sacral derived ENS lineages, and whether a combined transplantation approach
could rescue even more severe, total aganglionosis models of HSCR affecting both the large
and small intestine.

Derivation of sacral NC from hPSCs

During development, the NC is generated along the anterior to posterior (AP) axis, giving
rise to cranial, vagal, trunk and sacral NC, respectively. Each NC domain shows distinct
lineage potential and is characterized by the expression of distinct HOX genes34. To direct
differentiation into sacral NC lineages, we screened candidate patterning factors known to
drive posterior fates during embryonic development, including modulators of FGF, WNT
and RA signaling. (Figure 1A, S1B). By monitoring expression of both HOX genes and

key NC markers SOX10and SNA/Z, we found that early exposure to activators of WNT

and FGF signaling triggers robust expression of trunk level HOX genes without interfering
with the expression of NC markers at D20 (Figure 1B, C). Treatment with CHIR99021
(CHIR) and FGF2 further induced expression of HOX regulatory genes such as the CDX
transcription factors (CDX1, CDX2, CDX4, Figure S1A). However, despite robust induction
of trunk level HOX genes, sacral HOX genes were not expressed under any of the conditions
tested (Figure 1C, right panel). Exposure to RA, in addition to FGF2 and CHIR, did not
increase expression of either trunk or sacral HOX genes (Figure S1B). These data suggest
that additional patterning factors are required to induce sacral NC.

We focused on GDF11 as such a candidate factor. GDF11, also known as BMP11, is a
TGFB family member expressed in the posterior neural tube and tailbud mesoderm3:36,
GDF11 has been implicated in the trunk to tail transition with Gdf11 KO mice exhibiting
extended trunk and reduced hindlimb and tail structures36-40, We observed that early GDF11
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exposure, in combination with FGF2 and CHIR treatment triggered a selective increase in
sacral HOX gene expression (HOXL10-13) without affecting expression of anterior HOX
genes (HOX4-9) (Figure 1D). Sacral level HOX gene expression did not interfere with NC
induction as illustrated by the co-expression of HOXC9and HOXD13with SOXI10 (Figure
1E) and the expression of HOXC9and HOXD13in GDF11 treated cultures, enriched by
sorting for NC marker CD49D20 (Figure S1C & D). Based on temporal marker analysis, we
outline three distinct stages of sacral NC differentiation (Figure S1E). Immunocytochemical
analysis in GDF11 treated cells for co-expression of SOXI0with HOXCY9, HOXD13and
Ki67 (Figure S1IF& G-I) alongside qRT-PCR analysis (Figure S1J)confirmed sacral NC
identity and proliferative state*. To validate robustness of the sacral NC protocol, we
assessed multiple independent hESC and hiPSC lines for HOX gene expression by gRT-PCR
and for NC lineage markers via p75NTR and CD49D flow cytometry 20 (Figure SIK&L).
Our results demonstrate a robust protocol for the induction of trunk and sacral NC. In
combination with work on cranial and vagal NC 192042 our study offers modular access to
all four regional NC domains (Figure 1G).

GDF11-mediated expression of 5’ HOX genes via modulation of RA signaling

The temporospatial sequence of HOX gene expression along the AP axis is evolutionarily
conserved*344, Co-linearity in HOX gene expression from 3’ to 5’ is maintained in our
hPSC platform with 3> HOX genes HOXB4 induced first, followed by HOXC9and finally
the most 5 HOX genes such asHOXD13 (Figure 2A). Given the key role of GDF11

for enabling expression of the most 5 HOXgenes (Figure 1D), we next assessed GDF11-
mediated changes in gene expression and chromatin accessibility during NC differentiation
(Figure 2B). Principal component analysis (PCA) of RNAseq and ATACseq data showed
time as the main driver of variance (Figure 2C&D). Nevertheless, GDF11 treatment induced
a clear segregation within PCA space at D3, D7 and D14 of differentiation. Analysis of
HOX gene expression confirmed the temporal progression from anterior (3°) to posterior
(57) HOX genes (Figure 2E; S2A). We next integrated RNAseq and ATACseq data to
identify candidate genes mediating GDF11 action (Tables S2, S3 and Figure S2B). One
class of genes coordinately regulated by GDF11 were GRHL transcription factors, which
showed a significant decrease following GDF11 exposure in both gene expression (Figure
2F) and chromatin accessibility (Figure 2G). GRHL factors have been shown to regulate
pathways involved in HOX gene expression including RA signaling®>46 and methylation
of H3K2747 and H3K 448, During mouse development, RA can cause truncation of tail
structures, a phenotype exacerbated in Gaf11 KO mice and partially rescued by RA
inhibition?®. Interestingly, we observe that direct targets or mediators of RA signaling

such as CRABP2Y51 and CYP26A 11 showed reduced expression upon GDF11 treatment
(Figure 2H, S2D). Previous work on trunk NC development showed that RA promotes
premature EMT and NC induction®2. Therefore, GDF11 treatment may act by reducing RA
signaling and thereby protecting axial progenitors from differentiation and allowing then
to reach sacral HOX gene levels prior to depletion of progenitor pool (Figure 21). This
hypothesis is supported by increased expression of stem cell-related factors such as SOX2
and MYC (Figure 2J; S2E) in GDF11 treated cultures. To directly test this hypothesis, we
assessed how RA signaling affects the patterning of trunk (BMP) versus sacral (BMP +
GDF11) NC (Figure 2K). We validated activation of RA signaling and RA inhibition by
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AGN exposure by monitoring CRABPZ expression (Figure 2L). RA promoted expression
of anterior HOX genes including HOXBZ2and HOXB6 (Figure 2M S2F) but reduced
HOXC9expression while RA inhibition resulted in increased HOXC9 expression (Figure
2N).Importantly, RA inhibition in trunk NC promoted the expression of HOXC10 (Figure
20) partially mimicking the effect of GDF11 treatment. Finally, RA activation in GDF11
treated cultures shifted expression towards anterior HOX genes and suppressed HOXC11
and HOXC13expression (Figure S2G&H).

Beyond modulating RA signaling, GDF11-mediated induction of sacral HOX genes involves
likely additional mechanisms. GO analysis of differentially expressed genes at D3 identified
multiple terms related to chromatin regulation (Table S3). We observed increased gene
expression for H3K27Me3 demethylases JMJD6 and KDM6B and decreased levels of H3K4
methyltransferases such as SMYDZ2 following GDF11 treatment (Figure S2I). These data are
consistent with a role of chromatin modification in mediating of GDF11-mediated induction
of sacral HOX genes. To test this hypothesis, we performed CUT&RUN experiments

for the histone modifications H3K27Me3 and H3K4Me4 at D3 and D14. PCA analysis
showed a clear segregation of treatment conditions for H3K37Me3 at D3 and for H3K4Me
at D14 (Figure S2J). GDF11 samples showed weaker H3K27Me3 signal at all HOX

loci at D4 and stronger H3K4Me3 signal at posterior HOX genes loci (Figure S2K),
indicating a faster removal of histone modifications associated with gene repression and

gain of modifications associated with gene activation at posterior HOX genes (Figure S2K).
Differential H3K27Me3 and H3K4Me3 signals between the BMP and GDF11 conditions are
listed in Tables S4.

Sacral NCCs are derived from an NMP-like posterior precursor population

There is clear evidence that NC precursors (D6) can adopt vagal instead of cranial identity
following RA exposure?0. In contrast, the induction of trunk and sacral NC in the current
study requires activation of FGF, WNT and GDF11 signaling at much earlier differentiation
stages of (D0-3) prior to the emergence of any NC cells. Accordingly, we postulate that
trunk and sacral NC are generated not by further caudalizing anterior NC precursors, but
by inducing an early, distinct precursor state competent for posterior HOX gene expression.
Indeed, by day D3, both trunk and sacral NC protocols gave rise to a SOX2+ precursor
population co-expressing CDX2and Brachyury (T) (Figure 3A), markers characteristic of
NMPs>3-56_ Gene expression analysis confirmed high SOX2, Tand CD.X2 levels at D3
(Figure 3B). Flow cytometry showed that around 70% of the cells are SOX2/T/CDX2 triple
positive (Figure 3C) and that the proportion of NMPs in the trunk versus sacral protocol is
comparable (Figure S3B&C). RNA seq analysis of D3 cells, patterned using either trunk or
sacral protocol, showed a strong overlap in gene expression matching the markers previously
reported for hPSC-derived NMPs23 (Figure 3D—F, Table S5). Our data suggest that both
trunk and sacral NC induction involve a transient NMP-like progenitor stage followed

by the progressive induction of NC markers such as SOX10 and SNAI2 from a CDX2+
precursor population by day 14 and day 20 of differentiation (Figure S3A). However, while
many D3 cells were triple positive for SOX2, T, and CDX2, it left the possibility that

NC precursors are derived from a minor population of non-NMP cells. To address this
concern, we established a dual reporter hPSC line for SOX2.:H2B-tdTomato; 7::H2B-GFP
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(Figure S3D-H) to purify NMP-like cells at D3 followed by differentiation towards NC
lineage (Figure 3G). FACS-purified NMP-like cells (SOX2+/T+ cells) at D3 (Figure 3H;
S3l) yielded CD49D+ NC cells at very high efficiencies and with robust co-expression of
SOX10and HOXD13 confirming their sacral NC identity (Figure 31). Therefore, our data
demonstrate that hPSC-derived NMP-like cells efficiently contribute to sacral NC lineages
and suggest that the induction of trunk and sacral NC involves a distinct precursor and
patterning mechanism from that of cranial and vagal NC (Figure 3J).

Sacral NC can be directed to diverse enteric and non-enteric NC fates

Developmental studies in the chick and mouse embryo suggest that sacral NC gives rise
to enteric, sympathetic and melanocytic lineages34°7-60, To assess whether hPSC-derived
sacral NC exhibit similar lineage potential, we established conditions to direct sacral NC
differentiation towards each of those lineages (Figure 4A). We isolated purified NC cells
via sorting for CD49D, and differentiated them towards enteric neurons in the presence

of glial-cell-line derived neurotrophic factor (GDNF) and Ascorbic Acid (AA). By 7

days of differentiation (ENS D30), most sacral NC cells had lost SOX10expression

and adopted expression of early neuronal marker TUJ1 while maintaining HOXD13
expression (Figure 4B). At D40, most of the cells had differentiated into neurons while
retaining immature morphologies (Figure 4C). At D80, the sacral NC-derived neurons
displayed more mature features with complex neuronal morphologies. We observed Tyrosine
hydroxylase (TH), GABA (y-aminobutyric-acid-positive), nitric-oxide-synthase-positive
(NOS)+, Choline acetyltransferase (ChAT), and serotonin-positive (5-hydroxytryptamine,
5-HT) neurons (Figure 4D&H) indicating that sacral NC cells generate a broad diversity
of enteric neuron subtypes. Gene expression data further confirmed progressive neuronal
differentiation by decreased expression of SOX10 (Figure 4E) and the enteric precursor
marker EDNRB (Figure 4F). In contrast, SOX2 expression was retained until D80 (Figure
4G) suggesting the continued presence of neural precursor or immature glial populations
during enteric neuron differentiation (Figure S4B). Interestingly, several neuron subtypes
such as TH positive neurons showed clustering within distinct domains of the culture dish
suggesting derivation from temporally or spatially linked precursors populations (Figure
S4A). Those findings are compatible with Edu labeling studies in the mouse in vivo showing
that distinct neuron subtypes exit the cycle at different ages 61-63

To direct differentiation of sacral NC towards sympathetic neurons, CD49D purified

cells were treated with high doses of BMP4 and SHH to facilitate differentiation into
sympathetic precursors®4. The resulting precursors were differentiated into sympathetic
neurons in the presence of GDNF, AA and Nerve growth factor (NGF) (Figure 4A, middle).
Interestingly, sympathetic neurons displayed a distinctive morphology and formed extensive
fiber bundles projecting radially (Figure 41; Figure S4C). Most neurons expressed TH and
DBH compatible with sympathetic neuron identity (Figure 41). We also observed expression
of /SL1 under this condition, especially in cells located along neurite bundles emanating
from sympathetic neuron clusters (Figure S4D). Sympathetic neuron identity was further
confirmed by gene expression analysis (Figure 4J).
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To direct melanocytic differentiation, cells were treated with EDN3 at the final stage of
sacral NC induction to prime NC lineage towards melanoblast fate and were purified for
co-expression of p75NTR and c-Kit at D20. Further differentiation into melanocytes was
achieved by using our previously published differentiation protocol?2:65 (Figure 4A, bottom)
which resulted in maintenance of SOXZ0expression and melanocytic differentiation via a
melanoblast-like intermediate (Figure S4E). Melanocytes were characterized by pigment
accumulation and acquisition of more mature melanocyte morphologies (Figure S4F;

Figure 4K). Further gene expression analysis confirmed expression of melanocytic makers
including SOX10, hAMITF, ¢-KIT and pigment related marker: 7YPL1and PMEL (Figure
4L). The successful derivation of sacral NC-derived melanocytes provides access to acral
melanocytes, a population of melanocytes located at distal structures such as soles and palms
suitable for modeling acral melanoma biology?®®.

Vagal and Sacral NC exhibit distinct behavior both in vitro and in vivo

In quail-chick interspecies studies, it has been shown that vagal and sacral NC exhibit
distinct migratory behaviors within the gut®7:68, However, vagal and sacral ENS lineages are
intermingled within the gut making it difficult to isolate and study their specific properties /n
vivo, a challenge particularly pertinent for human studies. Our ability to generate sacral and
vagal NC from hPSCs in vitro offers the opportunity to directly compare their properties.

To this end, we generated vagal NC from a hPSC lines with ubiquitous RFP and sacral

NC with ubiquitous GFP expression. In each case AP identity was confirmed through the
expression of specific HOX genes (Figure 5A&B). We established NC-derived spheroids of
either vagal or sacral NC alone or comprised of a 1:1 mixture of both lineages and subjected
them to various functional assays /n vitro and /n vivo. Vagal NC showed higher propensity
for invasion in trans-well invasion assay (Figure 5C) and enhanced migratory capacity in
migration and scratch assays (Figure 5D; S5A) compared with sacral NC. An obvious
co-culture phenotype was the pronounced self-sorting effect. Although evenly mixed at the
start of the experiment (Figure 5E), we noticed that vagal (red) and sacral (green) NC cells
segregated under co-culture conditions within just a few days. The same phenotype was
observed when switching RFP and GFP cell lines, while no self-sorting occurred when cells
of the same NC type were mixed (Figure S5B). We next assessed whether the self-sorting
behavior is dependent on cell stage. Vagal and sacral NC spheres, mixed 1:1, were plated
and maintained under ENS differentiation conditions for 10 days. Vagal and sacral cells
again showed a mutually repellent behavior (Figure 5F, left panel). In contrast, dissociation
of D10 cells followed by replating and maintenance under ENS conditions for another 20
days were now evenly mixed with no repelling behavior (Figure 5F, right panel). These data
indicate that the repelling effect is a NC stage-specific feature.

Differences in cadherins and ephrins have been shown to mediate a broad range of cell-cell
interactions during development89-75. To explore the mechanism underlying the striking
repellent behavior observed, we compared RNA seq data from cranial versus vagal NC20,
We examined both ephrin and cadherin families (Figure 5G; S5D) and found vagal NC
and sacral NC exhibited distinct expression patterns. Posterior trunk and sacral NC showed
increased EPHAZ, A4, A7ligand and EFNA3 and A5 receptor expression, while anterior
cranial and vagal NC show increased £EPHBZ, B4and EFNB1, B2 expression (Figure 5G).
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Vagal and sacral NC shared commonly expressed cadherins, including CDH1, CDHZand
CDH3but also expressed unique sets of cadherins, including CDH11, CDH18, CDH19,
CDHZ20, CDH23in sacral and PCDH1, PCDHB5, PCDHB15 in vagal NC. (Figure S5D).

To compare the functional maturation of enteric neurons derived from vagal versus sacral
NC, we performed recordings of electrical activity using a high density multielectrode

array (MEA) system. In both groups, electrical activity increased over time in concert

with neuronal maturation (Figure S5E). The vagal and sacral-derived enteric neurons show
comparable synapse density (Figure 5L; Figure S5F). However, sacral enteric neurons
showed a significantly higher spike frequency and increased bursting events when compared
to vagal-derived neurons (Figure 5H-K). We further observed that vagal and sacral NC gave
rise to different ratios of enteric neurons and glia. For example, vagal NC generated a higher
proportion of S100B+ glial progenitors while sacral NC lineages were enriched in NOS+
neurons (Figure S5G). Interestingly, studies in mice indicate the presence of more NOS+
neurons in colon (50%) than small intestine (38%) 76.

Even more striking was the differential /n vivo behavior of vagal and sacral NC after
injection into the cecum of adult NSG mice (carried out in both WT and £dnrb KO HSCR
model; Figure 6A&B, S6). While sacral NC migrated exclusively towards the distal colon,
vagal NC spread both anterograde into the colon and retrograde into the small intestine, with
retrograde being the preferred route for vagal NC in the combined sacral/vagal injections
(Figure 6C; Figure S6A). Such migratory behavior may reflect a predisposition of each
NC lineage to re-populate those regions of the gut normally targeted during early ENS
development. Similar mixing experiments carried out in £dnrb KO mice, confirmed the
presence of both vagal (RFP) and sacral (GFP) in various sections of the gut but yielded
higher proportions of vagal cells in the small intestine (Figure 6D, upper) versus increased
proportions of sacral cells in the distal colon (Figure 6D, bottom). A subset of those cells
projected toward villi structures (Figure S6B) and differentiated into ENS neuron subtypes
such as CHAT and NOS (Figure S6C).

Combined vagal and sacral NC for treating HSCR mouse model of total aganglionosis

Mutations of EDNRB are among the most common genetic alterations in HSCR. For

the current study, we used the B6.129S7-Ednrt"™1YWa/Fryk] mouse, in which Exon 3

of the Ednrb gene is replaced by a neomycin resistance cassette. This mouse exhibits
extensive aganglionosis and suffers from a megacolon phenotype. To allow for xenografting
studies, we crossed Ednrb KO with NSG mice (NOD.Cg- PrkdcScid /2rg?™IWilSz)) for 10
generations. The lack of enteric neurons in KO mice was confirmed by staining with TUJ1
and H&E staining (Figure 7A; S7B). Interestingly, £dnrb KO mice on the NSG background
showed a very severe megacolon phenotype with all the animals dying between D28-D30
(Figure S7A). In contrast, £dnrb KO mice on a B6.129S7 background showed broader
survival rates (D28-D50; Figure 7B). In the Ednrb KO / NSG mice, the aganglionosis
extended beyond the colon into the small intestine, which may explain the severity of the
HSCR phenotype (Figure S7D). Those mice also exhibited a much thinner gut wall and
impaired villi structure compared to age-matched WT NSG mice (Figure 7C&D, Figure
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7C). Therefore, we used Ednrb KO / NSG mice as a model of total aganglionosis and tested
the potential of hPSC-derived NC lineages for rescuing the most severe form of HSCR.

Ednrb KO mice (2 weeks of age) were injected at the level of the caecum with either vagal,
sacral, or a 1:1 mix of vagal and sacral NC cells, or with Matrigel (control) only (Figure
S6A). All control mice (Matrigel only) died within a month after birth and displayed a
megacolon phenotype at autopsy. Mice injected with sacral NC failed to show any rescue
effect. Mice injected with vagal NC showed a small increase in life span, but none of the
mice survived past D40. In contrast, a subset of the mice injected with a 1:1 mixture of
vagal and sacral NC showed clear improvements in survival time beyond one month with a
maximal lifespan in excess of 9 months, referred to as “rescued mice” (Figure 7E). While
untreated HSCR mice displayed an extremely thin gut wall, this phenotype was partially
rescued in the combined vagal + sacral NC grafted animals (Figure 7F&G, Figure S7F). We
also observed a progressive gain in body weight in rescued mice although at slower rate
compared with their healthy siblings (Figure 7H).

To confirm the restoration of gut motility, we performed video imaging of colonic migration
motor complexes (CMMCs) in rescued mice. CMMCs were observed in 9 months old KO
mice that had received transplantation of vagal + sacral NCCs, which clearly demonstrated
that rescued mice showed restored gut motility (Figure 7K; Figure S7G). However, rescued
mice showed a higher frequency and velocity of CMMCs compared with age-matched WT
mice (Figure 7L). The colon width of rescued mice at proximal colon and distal colon

was comparable with WT but showed a higher width at mid-colon region (Figure 7M).
Interestingly, data of gastric emptying and small intestine transit showed no difference
between WT and rescued mice (Figure 61&J). Finally, we performed whole mount staining
of the gut portion with restored function to determine the structure and composition of
neuronal networks. We confirmed the presence of graft-derived vagal (RFP) and sacral
(GFP) neurons (TUJ1%) in different regions of the gut and, most notably, the formation

of neuronal networks in the aganglionic segments (Figure 7N). We further observed the
presence of some human-derived non-neuronal lineages (Figure 7Q), which might reflect
glial cells or immature precursors based on morphology. Our data demonstrates that
combined PSC-derived vagal + sacral NC injections can rescue a very severe HSCR mouse
model with aganglionosis in both the large and small intestine (Figure 7R), a model which
was not rescued by transplantation with either vagal or sacral NC cells alone.

DISCUSSION

A human PSC-based platform for all major NC populations along the AP axis

Our study offers access to all major human NC lineages including cranial, vagal, trunk
and sacral NC. While there is evidence for considerable NC fate plasticity based on
quail-chick chimera studies’”-80, previous work from our group (including current study)
and from others’9:81-85 indicate that hPSC-derived NC cells of distinct axial identities
exhibit biased lineage potential. The derivation of some NC lineages such as sympathetic
or enteric neurons is restricted to specific NC domains such as trunk and sacral NC while
other cell types such as melanocytes can be derived from NC cells at all AP levels86. It
remains unclear what drives distinct differentiation potential across NC domains, but our
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hPSC-based data suggest intrinsic factors govern their differential behavior under identical
in vitro conditions. The NC protocols presented here should provide a powerful platform for
studying NC development and disease and for applications in regenerative medicine.

HOX gene expression and the sequential generation of NC cells

We report that FGF and WNT signaling promotes the expression of posterior HOX genes
without impacting NC differentiation potential. However, we observe a delay in NC
induction in response to increasing levels of FGF and WNT signaling, (Figure S1M),
reminiscent of the delay in sacral NC migration observed 7 vivé®’. Such delayed induction
in vitro may reflect the spatiotemporal sequence of generating NC domains along the AP
axis /n vivo, starting at cranial and vagal levels before progressing sequentially to trunk or
sacral levels. Given the well-known role of WNT and FGF signaling in promoting precursor
cell proliferation and maintenance of stem cell-like states, it seems plausible that prolonged
periods of precursor cell identity may facilitate the sequential progression of HOX gene
expression from anterior 3’ to posterior 5* genes. A similar effect of FGF and WNT
signaling on AP identity has been previously reported for the development of limb88 and the
generation of presomitic mesoderm?®,

Axial progenitors and the role of GDF11 in sacral level HOX gene induction.

A critical step in deriving sacral NC was the identification of GDF11 as a factor driving
the transition from trunk to sacral identity. However, the mechanism by which GDF11
exerts this function remains poorly understood. We report decreased expression of GRHL
transcription factors and a sustained, negative regulation of RA signaling by transient
GDF11 treatment, and we could partially mimic the effect of GDF11 by inhibiting RA
signaling. Studies in the mouse suggest that axial progenitor proliferation is dependent
on LIN28A while GDF11 controls the balance between proliferation and differentiation
via regulation of HOX13 genes8. Another study shows that LIN28A/let-7 pathway
regulates HOX expression via polycomb-related genes®. Both studies reported an inhibitory
relationship between L/N28A and HOX13similar to that we observed in our current data
set.

Our data indicate that SOX2/ T double positive NMPs give rise to posterior NC lineages
including trunk and sacral NC. NMPs can contribute to spinal cord and paraxial mesoderm
lineages /n vitro?5-28.91 and in viv?®26:54.92-96 The contribution of hPSC-derived NMPs
to NC development has been previously reported for trunk NC lineages?3. A key unresolved
question is whether our /n vitro data reflect an in vivo requirement for an NMP-intermediate
during trunk NC development. A recent study in zebrafish integrated single cell epigenomics
and transcriptomics data of NMPs and NC cells to conclude that at least a portion of the
posterior NC in zebrafish is derived from NMPs24, It will be critical to address this question
in additional model organisms.

Difference between vagal and sacral NC-derived enteric neural lineages

The direct comparison of vagal and sacral NC lineages revealed differences in migratory
behavior, relative proportion of neuronal and glial subtypes and neuronal activity. Further
studies will be required to determine the mechanisms driving differential migration
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behavior such as the role of differentially expressed surface markers (Figure 5G; S5D)

or differential responses to extrinsic factors present in small versus large intestine, such as
GDNF and EDN3 (Figure S5C). Studies of chick development indicate that colonization

of colorectal region by the enteric NCCs is a complex process. Vagal NCCs initially

migrate within the submucosa, then move towards the myenteric plexus, while sacral

NCCs are initially located primarily in the myenteric plexus and subsequently migrate
towards the submucosal region®’. Local repelling effects may contribute to those distinct
migratory pathways. The repellent effects observed in our study could be a manifestation

of developmental mechanisms guiding vagal versus sacral NCCs but being accentuated by
the high number of vagal and sacral cells interacting at the injection site. Moreover, host
tissue microenvironment, graft location and development stage of the transplanted cells may
also be important factors. Finally, it would be interesting to purify or select specific neuronal
subtypes from either vagal and sacral NC to address whether there are intrinsic differences
for each neuronal subtype or whether functional differences between sacral and vagal NC
are due to differences in relative subtype composition. Access to defined neuronal subtypes
will be relevant for applications in disease modeling and regenerative medicine beyond
HSCR, such as the use of NOS+ neurons for the potential treatment of diabetic neuropathy.

A role of sacral NC in stem cell-based cell therapy for HSCR

There has been considerable interest in developing cell-based therapies for the treatment

of HSCR and other ENS disorders®. Our past workZ® provided proof-of-concept for the

use of hPSC-derived NC in preclinical HSCR models. Advantages of hPSC-derived ENS
precursors include scalability, and access to the earliest stages of ENS development, when
cells are capable of extensive in vivo migration®”. While grafting sacral NC alone could

not rescue the severe £dnrb KO model, we demonstrate long-term in vivo engraftment in

wt X NSG mice giving rise to neuronal cells (Figure S6D), and non-neuronal cells (Figure
S6H), of which some are perhaps glial-like cells based on the morphology. A key result

was requirement for combined vagal and sacral NC injections to rescue a total aganglionosis
model of HSCR. While future studies are required to address the mechanisms underlying
this requirement, it is possible that the self-sorting behavior of the two lineages may promote
a more rapid and widespread migration of each NC lineage /7 vivo. Given the prominent
small intestine phenotype in our Ednrb KO model, robust re-population of the small intestine
by vagal NC cells in combined grafts may mediate enhanced survival by improving small
intestine function including food absorption and barrier function. If enhanced migration and
repopulation of the small intestine is key, this requirement may be bypassed in humans by
performing multiple injections along the small intestine, a strategy not feasible in the much
smaller mouse gut. If the rescue depends on the unique combination of cell types present

in combined sacral and vagal grafts, it will be important to include both populations for
future translation. In either case, the ability to rescue a mouse model of total aganglionosis
indicates considerable therapeutic potential in patients with severe HSCR.

Limitations of the study

A limitation of our study is that we injected cells only at the NC stage, based on their
predicted migration ability, while no later stage cells were tested. Similarly, more studies are
needed to define optimal injection sites, cell numbers, cell composition and other parameters
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critical for eventual translation. Second, we used a mouse model representing a very severe
form of HSCR, which leaves a very narrow time window for surgery and for the transplanted
NC cells to migrate and trigger recovery in the host tissue. Therefore, it will be important
to assess the effect of combined vagal / sacral grafts in milder models of HSCR, and to
assess their relative contribution to recovery. Third, due to current technical limitations, all
the functional studies were end-point assays, which prevented us from defining predictable
criteria for long survival at earlier stages post transplantation. Novel assays that enable
real-time assessment of the transplanted cells are required. Finally, while we demonstrate
functional rescue including restoration of gut motility, we do not yet understand the relative
contribution of various mechanisms to the overall rescue in survival, such as the impact of
the grafted cells on barrier function, maintenance of gut wall thickness, gut motility or food
absorption.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Lorenz Studer (studerl@mskcc.org).

Materials availability—The SOX2.:Tomato/ 7::GFP dual reporter line is available for
distribution through the SKI stem cell research facility via MTA. The study did not generate
other unique reagents.

Data and code availability—RNA-seq (GSE199439), ATAC-seq (GSE199440) and
CUT&RUN (GSE199441) data have been deposited at GEO and are publicly available as of
the date of publication. Microscopy data reported in this paper will be shared by the lead
contact upon request. This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS.

Human cell lines—Experiments are largely carried out using the human embryonic stem
cell (hESC) line H9 (WA-09) or reporter lines derived from H9 (WA-09). The human
embryonic stem cell (hESC) lines H1 (WA-01), HUES6 and MEL1 were also used to repeat
the experimental results generated with H9. Human induced pluripotent stem cell (iPSCs)
lines 348.7, 706.3 and 864.3 (previously published in% 9 were also used to repeat critical
experiments.

Reporter lines used in this study are as follows: The H9-derived SOX10.:GFP
reporter line was generated as reported previously8. The H9-derived GFP and mCherry
lines were generated by lentiviral infection. The H9 and H1-derived SOX2.:Tomato/ 7::GFP
dual reporter lines were generated through a CRISPR knock-in method, which was validated
by PCR and sequencing. All cell lines used were karyotypically normal as assessed by G-
banded chromosomal analysis. All modified cell lines used were generated by the MSKCC
Stem Cell Core as described in the methods section below.
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All cell lines are authorized to use under the supervision of Tri-SClI ESCRO Committee. The
culture conditions are described below in method details.

Animals—All experimental procedures involving mice were done in accordance with
approved protocols by the Institutional Animal Care and Use Committee (IACUC) and
Research Animal Resource Center (RARC) at Memorial Sloan Kettering Cancer Center
(MSKCC), and the mice were handled in accordance with the principles and procedures
of the Guide for the Care and Use of Laboratory Animals under the approved protocol
18-01-001. All mouse strains were maintained on a predominantly NSG background.
Genotyping is performed by Transnetyx. Animals were weaned 21 to 28 days after birth
and handled and euthanized according to procedures approved by RARC of MSKCC. Mice
of both sexes were used in all experiments, and they were either randomly assigned to the
experimental groups or used with littermate controls. Mouse strains used in this study are
NSG (NOD.Cg-Prkdcscid 112rgtm1W;jl/SzJ) mice and an NSG derived disease model line
carrying the Ednrb™1YWa/Fryk] mutation8100,

METHOD DETAILS

Culture of hESC and iPSC in Essential (E8) medium—hESC or iPSC were plated
on 10 cm dishes coated with Vitronectin (1:100 diluted in DPBS and coated in cold room
overnight) and maintained in E8 medium (Thermo Fisher, A1517001). The E8 medium was
changed every day and the cells were passaged every 3-5 days at 70-85% confluence. The
cells were passaged using EDTA dissociation (0.5 mM EDTA + 1.8g/l (30.8 mM) NaCl
(Sigma-Aldrich) in DPBS) at 1:15 ratio as described previously9°.

NC differentiation—The basic NC differentiation protocols used in this study are based
on previous work19:20, Briefly, matrigel (Thermo Fisher, A1413201) was diluted at 1:100
ratio in DMEMF-12 (Thermo Fisher, 21331020) and plates were coated with the diluted
matrigel overnight at 4°C. For inducing differentiation, hESCs or iPSCs were dissociated

at 70%-80% confluence using EDTA dissociation buffer and replated as a single cell
suspension on matrigel-coated 24-well plates at a density of 100K cells/cm? in E6 medium
containing 10 pM ROCK-inhibitor (Y-27632; R&D, 1254). The cells were kept in E6
medium (Thermo Fisher, A1516401) + Y-27632 overnight. The next day, the medium was
switched to NC induction medium. For cranial differentiation, the cells were kept in E6
medium containing 10 uM SB431542 (R&D, 1614), 1ng/ BMP4 (R&D, 314-BP), and
0.6uM CHIR (R&D, 4423) for the first 2 days and then switched to E6 medium containing
10 uM SB431542 and 1.5uM CHIR for 10 days. For vagal NC the same conditions were
used with an additional 1uM RA (Sigma, R2625) added to the medium starting from D6.

To establish the sacral NC protocol, the cranial NC protocol was modified with varying
concentrations of FGF2 (R&D, 233-FB/CF), CHIR and GDF11 (Peprotech, 120-11), added
at different time points as detailed in the results section. For the generation of melanocytes,
100nM EDN3 (American Peptide company, 88-5-10B) was added to the sacral NC protocol
from day 14 to day 20. In experiments testing the RA hypothesis, the sacral NC protocol was
modified using either 1uM RA (Sigma, R2625) or 100nM AGN (Tocris, 5758) as detailed in
the experimental design section.
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RNA extraction and RT-gPCR—RNA was prepared from samples collected with the
Zymo Direct-zol Kit and extracted using the Direct-zol RNA MiniPrep kit. cDNA was
generated using the iScript Reverse Transcription Supermix for RT-gPCR. For gPCR
analysis, primers were obtained from QIAGEN (Quantitect Primer assays, see key resources
table and Table S1 for details) or IDT and the reactions were performed following
manufacturers’ instructions using SsoFast EvaGreen® Supermix. The Assays were run

on Bio-Rad CFX384 Real-Time PCR machine. Results were normalized to GAPDH
housekeeping genes.

Immunostaining for cultured cells—Cultured cells were fixed with 4% PFA for 10-20
minutes, then blocked and permeabilized in IF buffer (PBS + 1% BSA + 0.3% Triton
X-100). Primary antibodies were diluted according to the manufacturer’s recommendation
in IF buffer + 5% normal donkey serum or 5% normal goat serum. The fixed cells were
incubated with primary antibody overnight at 4°C. Primary antibody was washed with
PBS+0.01% Tween-20 (PBS-T) for 10 minutes, repeated 3 times. Cells were then incubated
in secondary antibody conjugated with Alexa Fluor 488- 555-, or 647- diluted at 1:500

in IF buffer + 5% normal donkey serum or 5% normal goat serum for 1 hour at room
temperature. The secondary antibody was also washed with PBS-T 3 times, 10 minutes each
time. Between the second wash and third wash, cells were stained with 4”, 6-diamidino-2-
phenylindole (DAPI) for 10 minutes.

Flow cytometry—Cells were disassociated with Accutase for 20-40 minutes depending on
cell types at 37 °C. After neutralizing with DMEMF-12 containing 2% FBS and washing
once with DMEMF-12, cells were filtered with 40um filter. If the cells were derived with
reporter lines, the cells were resuspended in DMEMF-12 containing 2% FBS and 10uM
DAPI and sorted or analyzed directly by BD LSRFortessa'" or BD FACSAria™. If the

cells needed to stain for cell surface markers, the cells were resuspended in DMEMF-12
containing 2% FBS and diluted primary antibodies following manufacturers’ instruction and
incubated on ice for 30 minutes. The cells were washed with DMEMF-12 twice and then
resuspended in DMEMF-12 containing 2% FBS and 10uM DAPI for sorting or analysis.

If the cells needed to be stained for intracellular markers, the cells were resuspended 1x
PBS with 2 pg/ propidium iodide to determine the live or dead population. Then the cells
were washed with PBS, then fixed and permeabilized using BD Cytofix/Cytoperm (BD
Bioscience, 554722) on ice for 30 min. Fixed cells were then permeabilized and stained
using 1x BD Perm/Wash Buffer (BD Bioscience, 554723) following the manufacturer’s
instructions. Results were analyzed using FlowJo.

RNA sequencing (RNA-seq)—Cells were disassociated with Accutase for 20 minutes
at 37 °C. The cells were collected into 15mL falcon tubes and DMEMF-12 containing 2%
FBS was added to neutralize the enzyme. The cells were spun down and washed with PBS
twice. The cells were spun down again in 1.5mL Eppendorf tube and resuspended in 500uL
TRIzol (ThermoFisher catalog # 15596018) and stored at —80°C. When all data points were
collected, the samples underwent RNA extraction and RNA-seq as performed by the IGO
core at MSKCC.
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Briefly, phase separation in cells lysed in ImL TRIzol Reagent was induced with 200pL
chloroform and RNA was extracted from the aqueous phase using the miRNeasy Mini

Kit (Qiagen catalog # 217004) on the QlAcube Connect (Qiagen) according to the
manufacturer’s protocol with 350pL input. Samples were eluted in 15uL RNase-free water.
After RiboGreen quantification and quality control by Agilent BioAnalyzer, 500ng of total
RNA with RIN values of 9.6-10 underwent polyA selection and TruSeq library preparation
according to instructions provided by Illumina (TruSeq Stranded mRNA LT Kit, catalog #
RS-122-2102), with 8 cycles of PCR. Samples were barcoded and run on a HiSeq 4000 in a
PE100 run, using the HiSeq 3000/4000 SBS Kit (Illumina). An average of 53 million paired
reads was generated per sample and the percent of mRNA bases averaged 85%.

RNA-seq bioinformatics—STAR aligner9 was used to map reads to the human genome
(GRCh37). The 2-pass mapping method192 was used, in which the reads are mapped twice.
SAM files were processed and converted to BAM format using PICARD tools and then
HTseq was used to compute the expression count matrix from the mapped reads. DESeq2103
was used to normalize the raw counts (Median of Ratios method) and perform differential
gene expression analysis. Data are presented on a gene-by-gene basis as normalized counts
or after carrying out a variance-stabilizing transformation followed by PCA analysis.

ATAC sequencing (ATAC-seq)—Cells were disassociated with Accutase for 20 minutes
at 37 °C. The cells were collected into 15mL falcon tubes and DMEMF-12 containing 2%
FBS was added to neutralize the enzyme. The cells were spun down and washed with PBS
twice. The cells were spun again in a 1.5mL Eppendorf tube and resuspended in 500uL stem
cell banker cell freezing buffer and stored at liquid nitrogen tank. When all data points were
collected, the samples were sent to IGO core. ATAC-seq was performed by 1GO core at
MSKCC.

Profiling of chromatin was performed by ATAC-Seq as described in194. Briefly, 50,000
viably frozen neural crest cells were washed in cold PBS and lysed. The transposition
reaction was carried out using TDE1 Tagment DNA Enzyme (lllumina catalog # 20034198)
incubated at 37°C for 30 minutes. The DNA was cleaned with the MinElute PCR
Purification Kit (QIAGEN catalog # 28004) and material was amplified for 5 cycles using
NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs catalog# M0541L).
After evaluation by real-time PCR, 7-10 additional PCR cycles were done. The final product
was cleaned by aMPure XP beads (Beckman Coulter catalog # A63882) at a 1X ratio, and
size selection was performed at a 0.5X ratio. Libraries were sequenced on a HiSeq 4000 in a
PEZ100 run, using the HiSeq 3000/4000 SBS Kit (Illumina). An average of 42 million paired
reads were generated per sample. Transposition of native chromatin for fast and sensitive
epigenomic profiling of open chromatin, DNA-binding proteins, and nucleosome position.

ATAC-seq bioinformatics—ATAC-seq data was processed following the
recommendations of the ENCODE consortium (The ENCODE Consortium ATAC-seq

Data Standards and Prototype Processing Pipeline https://www.encodeproject.org/atac-seq/).
Reads were aligned to the human reference genome (GRCh37) with BWA-backtrack9°,
Post-alignment filtering was done with samtools16 and Picard tools!07 to remove
unmapped reads, improperly paired reads, non-unique reads, and duplicates. To identify
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regions of open chromatin represented by enrichments of reads, peaks were called with
MACS2108, Peaks with an adjusted P < 0.01 were merged, quantified, and normalized
using DiffBind v3.2.1109, ATAC-seq signal profiles were created with bamCoverage
from the deepTools suite!10 using the following parameters: -bs 10 --normalizeUsing
RPGC --effectiveGenomeSize 2776919808 --blackListFileName hg19-blacklist.v2.bed
--ignoreForNormalization chrX chrY --ignoreDuplicates --minFragmentLength 40.
Blacklisted regions!1! were retrieved from https:/sites.google.com/site/anshulkundaje/
projects/blacklists.

Generation and validation of H9 SOX2::tdTomato/T::GFP dual reporter line—
H9 SOXZ.:tdTomato/ 7::GFP dual reporter lines were generated using CRISPR/Cas9 based
HDR method 112, Briefly, the syRNA were designed to target a sequence close to the

stop codon of the SOX2or T gene. Each target sequence was cloned into the pX330-U6-
Chimeric_BB-CBh-hSpCas9 vector (Addgene plasmid #42230) to make the gene targeting
constructs. For SOX2 targeting, a donor plasmid containing a 400 bp left homology arm,
followed by a P2A-H2B-tdTomato cassette, and a 400 bp right homology arm was used

as the template for HDR. The sgRNA and the donor plasmid were electroporated into

H9 cells using a Lonza 4D-Nucleofector instrument with Solution “Primary Cell P3”,

and Pulse Code “CB-150". 4 days after electroporation, tdTomato+ cells were sorted out
and expanded. Single-cell clones were then isolated, and the following PCR and Sanger
sequencing were used to verify knock-in. The 7::GFP reporter cells were generated on top
of the validated SOX2::tdTomato cells. For 7 targeting, a donor plasmid containing a 400
bp left homology arm, followed by a P2A-H2B-GFP cassette, a floxed puromycin selection
cassette (loxP-PGK-puro-loxP) and a 400 bp right homology arm was used as the template
for HDR. The sgRNA and the donor plasmid were electroporated in to H9 SOX2.:tdTomato
cells. 0.5 pg/mL Puromycin was added to the 3 days post-electroporation for 4 days. Single-
cell clones were generated, PCR and Sanger-sequencing were used to identify correctly
knock-in clones. The dual reporter cells expressed SOX2-tdTamato at the hESC stage, and
expressed 7::GFP in hESC-derived mesoendoderm stage, which performed using a 1-day
mesoendoderm differentiation protocol 112, The dual reporter showed a normal karyotyping
(G-banding).

The sg RNA and primers used were listed in Table S1_Primers.

Generation of lentivirus based H9::mCherry and H9::GFP cyto-reporter line.—
The Lentiviral vectors: PLVX-EFla-mcherry and PLVX-EF1a-GFP were purchased from
Takara. The Lenti-virus were made in HEK293T cells with packaging plasmid: psPAX
(Addgene: 12260), and envelope plasmid pMD2.G (Addgene 12259). H9 cells were infected
with the lentivirus. The mCherry or GFP expression cells were sorted at day 4 post-infection
and expanded. Fluorescent images showed the H9::mCherry or H9::GFP constitutively
express mCherry or GFP, respectively . The cells maintained as normal karyotype.

Enteric neuron differentiation—/n vitro differentiation of NC to enteric neurons was
carried out as previously described?0, Briefly, the vagal NC or sacral NC cells were
purified by FACS by the cell surface marker CD49D. The purified NC were then cultured
in neural spheroid medium for 4 days in ultra-low attachment plates. Neural spheroid
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medium is comprised of neurobasal (NB) medium supplemented with I-glutamine (Gibco,
25030-164), N2 (Stem Cell Technologies, 07156), B27 (Life Technologies, 17504044) and
NEAA, CHIR99021 (3uM, Tocris Bioscience, 4423) and FGF2 (10nM, R&D Systems,
233-FB-001MG/CF). The aggregated NC spheroids were plated on polyornithine/laminin/
fibronectin (PO/LM/FN)-coated plates. The method PO/LM/FN coated plates preparation
has be previously described*2. Then the cells were switched to enteric neuron differentiation
medium, containing neurobasal (NB) medium supplemented with I-glutamine (Gibco,
25030-164), N2 (Stem Cell Technologies, 07156), B27 (Life Technologies, 17504044)
and NEAA, containing GDNF (25ngmL~-1, Peprotech, 450-10) and ascorbic acid (200uM,
Sigma, 4034-100g). The cells were fixed for immunostaining or collected for gene
expression analysis at different days of differentiation.

Sympathetic neuron differentiation—/n vitro differentiation of NC to sympathetic
neurons was carried out as described?3. Briefly, the sacral NC cells were purified using
FACS on the basis of the cell surface marker CD49D. The purified NC were then cultured
in neural spheroid medium for 4 days in ultra-low attachment plates. The aggregated NC
spheroids were plated on poly-ornithine/laminin/fibronectin (PO/LM/FN)-coated plates. The
cells were then cultured in a medium containing high BMP4 and SHH for 4 days. This
medium consisted of neurobasal (NB) medium supplemented with I-glutamine (Gibco,
25030-164), N2 (Stem Cell Technologies, 07156), B27 (Life Technologies, 17504044),
NEAA, BMP4 (50ng/mL , R&D, 314-BP) and recombinant SHH (C25I1) (50ng/mL, R&D,
464-SH). Following this, the cells were switched to sympathetic neuron differentiation
medium, containing neurobasal (NB) medium supplemented with I-glutamine (Gibco,
25030-164), N2 (Stem Cell Technologies, 07156), B27 (Life Technologies, 17504044),
NEAA, ascorbic acid (200uM, Sigma, 4034-100g), NGF (10ng/mL, Peprotech, 450-01),
BDNF (10ng/mL, R&D, 248-BDB) and GDNF (10ng/mL, Peprotech, 450-10). The cells
were fixed for immunostaining or collected for gene expression analysis at different days of
differentiation.

Melanocyte differentiation—EDN3 (100nM, American Peptide company, 88-5-10B)
and BMP4 (5ng/ml, R&D, 314-BP) was added from day 14 to day 20 on top of the sacral
neural crest differentiation. At D20, the cells were purified by FACS by P75NTR and cKIT
cell surface marker, and double positive population were sorted out. The sorted melanoblasts
were plated onto dried PO/LM/FN dishes as droplets. After 30 minutes, melanocyte medium
was slowly added to the plate. The melanocyte medium contains neurobasal (NB) medium
supplemented with I-glutamine (Gibco, 25030-164), N2 (Stem Cell Technologies, 07156),
B27 (Life Technologies, 17504044) and NEAA, SCF (50ng/mL, R&D, 255-SC-MTO),
CAMP (500 pM, Sigma, D0627), FGF2 (10ng/mL, R&D, 233-FB/CF), CHIR (3 pM,

R&D, 4423), BMP (25ng/mL, R&D, 314-BP), EDN3 (100nM, American Peptide company,
88-5-10B). The cells are fed every 2-3 days and passaged when the cells reach 70-80% of
confluency, using Accutase for 20min at 37 C for cell detachment. The cells were fixed for
immunostaining or collected for gene expression analysis at different days of differentiation.

Immunostaining of tissue sections—The gut tissue collected from mouse was cleaned
with cold PBS using a syringe with a pipette tip stuck to the end. The gut tubes were then
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opened using scissors and flatted as a sheet. The flatted gut tubes were rolled up (“Swiss
Roll” technique) and were fixed with 4% PFA overnight at 4°C. They were then washed

3 times with PBS and transferred to 70% ethanol for Paraffin embedding. The paraffin
embedding, slide preparation and Hematoxylin and Eosin (H&E) staining were performed
by the Sloan Kettering Institute, Molecular Cytology Core. For immunofluorescent staining,
the slides were brought to room temperature for 1 hour before staining. We used the Trilogy
kit (Cat#920P-07) from Cell Marque and followed the protocols from the manufacturer for
antigen retrieval. In brief, the slides were placed in Trilogy buffer and subjected to high
pressure and temperature using an Electric Pressure Cooker set to “high” for 15 minutes.
The slides were rinsed in clean hot Trilogy buffer for 5 minutes and washed 3 times in PBS.
The slides were then processed following the normal immunostaining protocol as described
above for cultured cells before being sealed with anti-fade medium and cover glass prior to
imaging.

Whole-mount dissections and Immunostaining of gut tissue from grafted mice
—Freshly dissected distal ileum (3cm) and full-length colon were placed on a sylgard-
coated petri dish and cut open along the mesenteric border to reveal the mucosal surface.
Flat laminar preparations, mucosal-side up, were obtained by stretching and pinning out

the tissue prior to fixation with 4% PFA overnight at 4°C. After washing three times with
PBS, tissues were micro-dissected to remove the mucosa from the submucosal plexus (SMP)
and the underlying circular muscle, to obtain preparations of longitudinal muscle-myenteric
plexus (LMMP). Both SMP and LMMP preparations were incubated in 1% Triton X-100

in PBS for 30-45 minutes at room temperature followed by three washes with PBS prior

to incubation with primary antibodies for 48-72 hours at 4°C. Following incubation with
primary antibodies, tissues were incubated with secondary antibodies as described above for
two hours at room temperature. Preparations were then washed with PBS and mounted on a
glass slide using DAKO fluorescent mounting media (Agilent Technologies).

Migration and co-differentiation assays

Transwell assay: To test capacity of NC cells for invasion, we used the CytoSelect 24-Well
Cell Invasion Assay, Basement (Cell Biolabs). We plated 200K cells per chamber in neural
spheroids medium and added 500uL of neural spheroid medium containing 10% fetal bovine
serum to the lower well of the invasion plate and incubated the plate for 48h at 37°C in 5%
CO2 atmosphere. Cells that crossed through the invasion chamber were stained with the Cell
Stain Solution, provided with the kit (Cell Biolabs), and examined under the microscope.
The stained cells were then lysed and measured by plate reader for quantification.

Migration assay: Vagal or sacral neural spheroids were generated as described in enteric
neuron differentiation section. Those spheroids were plated down on a 2D PO/LM/FN
coated plated for assessing surface migration or embedded in 3D Matrigel for assessing
migration within a Matrigel pellet. Pictures were taken at sequential time points post plating
to trace the migration process.

Scratch assay: Vagal or sacral NC cells were plated on PO/LM/FN coated 24 well plates at
density of 100 x 103 cells per cm?2. After 24 h, the culture lawn is scratched manually using a
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pipette tip. Live images are taken at different time points after the scratch was made to trace
the migration.

Transplantation of NC in adult colon—The procedure for colon transplantation has
been previously described?0.

All mouse procedures were performed following NIH guidelines and were approved by the
local Institutional Animal Care and Use Committee (IACUC), the Institutional Biosafety
Committee (IBC) as well as the Embryonic Stem Cell Research Committee (ESCRO).

We used 4-6 weeks old male NSG (NOD.Cg-Prkdcscid 112rgtm1Wjl/SzJ) mice or 2-3
weeks old Edrnrb KO/NSG homozygous mice for these studies. Animal numbers were
based on availability of homozygous hosts and on sufficient statistical power to detect

large effects between treatment versus control as well as for demonstrating robustness

of migration behavior (NSG). Animals were randomly selected for the various treatment
models but assuring for equal distribution of male/female ratio in each group. All in

vivo experiments were performed in a blinded manner. Animals were anaesthetized with
isoflurane (1%) throughout the procedure. A small abdominal incision was made, abdominal
wall musculature lifted, and the caecum is exposed and exteriorized. Warm saline was

used to keep the caecum moist. Then 20uL of cell suspension (2—4 million GFP+ or

RFP+ CD49D-purified human ES-cell-derived NC cells) in 70% Matrigel (BD Biosciences,
354234)/PBS or 20 pL of 70% Matrigel in PBS only (control-grafted animals) was slowly
injected into the caecum (targeting the muscle layer) using a 27-gauge needle. Use of 70%
matrigel as carrier for cell injection assured that the cells stayed in place after the injection
and prevented backflow into the peritoneum. After injection that needle was withdrawn,
and a Q-tip was placed over the injection site for 30s to prevent bleeding. The caecum was
returned to the abdominal cavity and the abdominal wall was closed using 4-0 vicryl and

a taper needle in an interrupted suture pattern and the skin was closed using sterile wound
clips. After wound closure animals were put on paper on top of their bedding and attended
until conscious and preferably eating and drinking. The tissue was collected at different time
points (ranging from two weeks to 9 months) after transplantation for histological analysis.

Intestinal Motility—Motility of stomach, small intestine, colon were evaluated as
previously described 113

Gastric Emptying and Small Intestinal Transit: 9-month-old Mice were orally gavaged
rhodamine B dextran (100mL, 10mg/mL in 2% methylcellulose; Invitrogen, Waltham, MA)
using a 21-gauge feeding needle. 15 minutes after gavage, mice were euthanized, and their
stomach and small intestine were removed and the small intestine was divided into 10
segments. The stomach and all segments of the small intestine were then placed in 0.9%
NaCl, homogenized and centrifuged (2000 g). One ml of the supernatant was extracted

for measurement of fluorescence using a fluorescent plate reader (BioTek Synergy Neo2,
Winooski, VT). Rhodamine B dextran (1:400 dilution) and 0.9% NaCl were used as positive
and negative controls, respectively. Gastric emptying was calculated as the fluorescence

of the stomach over the total fluorescence of the stomach plus the 10 sections of small
intestine. For small intestinal transit, the fluorescence of each small intestinal segment was
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first evaluated as a proportion of the total fluorescence. The sum of all 10 segments was then
obtained as the final geometric center measurement of each animal13.114,

Video imaging of Colonic Migrating Motor Complexes: To evaluate ex vivo colonic
motility for ENS-driven peristaltic contractions, the entire colon of each mouse was
extracted and immediately placed in an organ bath under physiologic conditions where

it continuously superfused with carbogenated (95% 02; 5% CO2) Krebs solution at
33-37°C. Each colon was cannulated at both the proximal and distal ends to maintain
consistent intraluminal front and back pressure, respectively. After cannulation, colons were
equilibrated for 30 minutes in the organ bath before baseline measurements were obtained
for one hour. Colonic contractions were visualized using a Logitech Quickcam pro camera
(Newark, CA) positioned above the organ bath. 15-minute video recordings were obtained
throughout the experiment which were then converted into spatiotemporal heat maps using
an edge-detection software13-116_gSpatiotemporal maps were then visualized using the
MATLAB R2014a software with a custom-written Analyse2 plugin.

Multi-electrode array recording (MEA assay)—hPSC-derived vagal NC or sacral

NC were seeded onto poly-I-lysine-coated complementary metal oxide semiconductor multi-
electrode arrays (CMOS-MEA) probes (3Brain). A 100-uL droplet of medium containing
150K cells was placed on the recording area. After 1h incubation, 1.5 of ENS differentiation
medium were added to the probe and replaced every 3-5 days. Recordings were performed
at different time points. 1 minute of spontaneous activity was sampled from 4096 electrodes
using the BioCAM system and analyzed using BrainWave 4 software. Spikes were detected
using a sliding window algorithm on the raw channel traces applying a threshold for
detection of 9 standard deviations. Bursts were defined as a minimum of 5 spikes occurring
within a 100ms window in a given channel.

Synapse Quantification—Neural Crest cells were cultured for 28 days from the time
of sacral or vagal specification. Cells were then fixed with 4% Paraformaldehyde for 15
minutes, permeabilized and blocked for 15 minutes at RT using blocking solution (0.1%
Triton X-100 and 3 % BSA in PBS). Primary antibodies were diluted in blocking solution
and cells were incubated at 4°C overnight under constant agitation. The following primary
antibodies were used: Synapsin-1 (Rabbit, Cell Signaling Technologies #5297S, 1:1000),
PSD-95 (Mouse, ThermoFisher #MA1-045, 1:500) and Map2 (Chicken, Abeam # ab5392,
1:2000). Cells were washed 2x with PBS with 0.5% Tween 20 (PBST) and then incubated
with secondary antibodies and DAPI (1:1000) at RT for one hour under constant agitation.
The following secondary antibodies were used: ThermoFisher Alexa Fluor Rabbit-488,
Mouse-555, Chicken-647; all 1:500. Cells were then washed 3x with PBST and 1x with
PBS. Images were acquired using a Nikon ALRHD25 confocal microscope equipped with a
20x oil objective using 2.5x optical zoom. Synapsin-1 and PSD95 puncta were manually
counted using FIJI softwarell’, and Map2+ dendritic length was measured using the
NeuronJ plugint18,

The number of synapsin-1 and PSD95 puncta was normalized to 100um dendritic length. A
total of 3 independent differentiations were used for these experiments, and at least 3 images
were taken per condition and differentiation.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as Mean + SD and were derived from at least three independent
experiments. Data on replicates (n) is given in figure legends. Statistical analysis was
performed using the Unpaired t-test, also known as Student’s t-test (comparing two groups)
or ANOVA with Dunnett test (comparing multiple groups against control). Distribution of
the raw data approximated normal distribution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. GDF11 enables transition from trunk to sacral neural crest in human PSCs.
Posterior neural crest emerges via a neuro-mesodermal progenitor in vitro.

Vagal and sacral neural crest exhibit distinct migratory behaviors.

& w N

Combined vagal/sacral neural crest injection induces rescue in severe HSCR
model.
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Figure 1. |. Derivation of sacral NC from hPSCs
(A) Diagram of the FGF and CHIR titration experiment.

GoF1

(B) qRT-PCR of neural crest genes at D20 under all conditions compared with LSB control,
which generates neurectoderm. CNC, cranial neural crest. N= 3 biological replicates.

(C) gRT-PCR of HOX genes that indicate regional identity corresponding to distinct axial
levels at D20. HOXB4: vagal level; HOXCY: trunk level;, HOXD13: sacral level. N= 4

biological replicates

(D) gRT-PCR of HOX genes with or without GDF11 at D20. N=

Cell Stem Cell. Author manuscript; available in PMC 2024 March 02.
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(E) Immunocytochemistry of sacral NC at D20. Co-staining for SOX10 with posterior HOX
proteins HOXC9 and HOXD13 shows most cells become sacral NC. Scale bars, 50 um.

(F) Flow cytometry of sacral NC for CD49D and p75NTR at D20. Left: representative plot.
Right: quantitative data of CD49D+ cell percentage. N= 7 biological replicates.

(G) Summary of protocols that generate NC cells at different axial levels.

Data are present as Mean + SEM; Statistical analysis was performed using the Unpaired
t-test or ANOVA with Dunnett test.
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Figure 2. |. GDF11-mediated expression of 5 HOX genes via modulation of RA signaling
(A) gRT-PCR analysis showing the progressive expression of HOX genes from 3’ to 5°. N=

4 biological replicates.

(B) Diagram of RNA seq and ATAC seq experiments.

(C-D) PCA plots of the RNA and ATAC sequencing data respectively.
(E) Heat map of HOXA genes, showing increased expression of HOXA genes over time
and greater expression of posterior HOXA genes under GDF11 treatment. Presented as

normalized counts scaled by row.
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(F) Expression of GRHL factors from RNA seq. N= 3 biological replicates.

(G) Chromatin accessibility status of GRHL3locus from ATAC seq. N= 3 biological
replicates.

(H) Expression of RA binding protein CRABPZ. N= 3 biological replicates.

(1) Schematic drawing of proposed mechanism where GDF11 promotes the generation of
sacral NC by RA inhibition.

(J) Expression of stem cell marker SOX2. N= 3 biological replicates.

(K) Experimental design to test the RA hypothesis.

(L-O) gRT-PCR data showing expression of various genes related to RA signaling and
AP identity for the experiment depicted in (K), N= 3 biological replicates. (L) Expression
of CRABPZ, confirming the effect of RA and RA inhibitor AGN. (M-0) HOXBZ2 was
promoted by RA and HOXC9and HOXC10was promoted by RA inhibition.

RNA sequencing data presented as counts normalized using the Median of Ratios method
(DESeq2). Data are presented as mean + SEM; Statistical analysis was performed using the
unpaired t-test or ANOVA with Dunnett test.
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Figure 3. |. Sacral NC cells are derived from an NMP-like posterior precursors
(A-C) Analysis of D3 cells for expression of NMP key markers: SOX2, Tand CDXZ, by IF

(A), gRT-PCR (B) and flow cytometry (C), showing most cells are triple-positive NMPs. N=
3 biological replicates. Scale bars, 50 pm.

(D) Venn diagram of differentially expressed genes (|log2(FC)|>1) representing D3 cells of
our trunk differentiation protocol (BMP D3), sacral differentiation (GDF D3) and D3 NMP
cells from Frith et al., study (NMP-Trunk D3) 23,

(E) GO analysis of GDF D3 cells.

(F) Top 25 most up and down regulated genes from the common genes in the Venn diagram.
(G) Experimental design depicting use of SOX2.:TdTomato and 7::GFP dual reporter hESC
line to test if a pure NMP-like population can give rise to sacral NC.

(H) Flow cytometry data of D3 cells using dual reporter line or H9 WT control (left). Purity
of sorted NMPs is confirmed with immunostaining for SOX2 and T (right). Scale bars, 50
pm.
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(1) Flow cytometry data of D20 cells from unsorted and sorted NMPs (left). The sacral
NC identity from pure NMPs is confirmed with immunostaining of SOX10 and HOXD13
(right). Scale bars, 50 pm.

(J) Summary of anterior and posterior NC domains originating from different precursors.
Data are presented as mean + SEM; Statistical analysis was performed using the unpaired
t-test.
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Figure 4. |. Sacral NC can be directed to diverse enteric and non-enteric fates
(A) Diagram of protocols to specify sacral NC cells towards enteric neurons (ENS, upper),

sympathetic neurons (SNS, middle) and melanocytes (MN, bottom).

(B-D) Immunostaining of cells at D30 (B), D40 (C) and D80 (D), indicating cells transit
from sacral precursors (B) to mature neurons that contains different subtypes (D). Scale
bars, 50 pm.

(E-G) Gene expression of NC marker SOX10, enteric NC precursor marker EDNRB and
neuronal marker SOX2 over time. N= 3 biological replicates.
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(H) Neuron subtype composition within the culture at D80. N= 2 biological replicates.

() Immunostaining of SNS at D80. Neurons form bundle-like structures composed of long
neurites. Scale bars, 100 pm (left) and 50 pm (the rest).

(J) Gene expression of sympathetic neuronal markers over time. N= 4 biological replicates.
(K) Live imaging of MN at D60 using a SOX10.:GFP reporter line under florescent
microscope (left 3 panels) and BF microscope (right panel), showing continuous expression
of SOXI0and pigmentation. Scale bars, 100 pm.

(L) Expression of melanocyte markers: SOX10, hMITF, c-KIT and pigment-related genes
TYPL1 PMEL over time. N= 3 biological replicates.

Data are presented as mean + SEM; Statistical analysis was performed using the ANOVA
with Dunnett test.
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Figure 5. |. Vagal and Sacral NC exhibits distinct behavior in vitro
(A) Schematic drawing of experimental design. RFP-tagged hPSC line was used for vagal

lineages and GFP-tagged line for sacral lineages.
(B) gRT-PCR of SOX10and HOX genes to confirm the VNC and SNC identity. N= 6

biological replicates.
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(C) Invasion assay of VNC and SNC. Cells crossed the membrane are visualized (left) and

quantified using plater reader (right). Scale bars, 50 um. N= 3 biological replicates.
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(D) Migration assay of VNC and SNC on PO/LM/FN surface. Cells migrated out of
spherical aggregate were imaged (left) and migration distance were quantified (right). Scale
bars, 500 um. N= 3 biological replicates.

(E) 3D Matrigel embedded migration assay of co-cultured VNC and SNC. Fluorescence
image of cells at 24 hours (upper) and 96 hours (lower), show self-sorting activity. Scale
bars, 500 pm.

(F) Co-cultured VNC (red) and SNC (green) cells undergoing ENS differentiation with
replating at D10. Scale bars, 100 um.

(G) Heat map of cadherins in NC samples of different axial levels. Presented as normalized
counts.

(H) Representative traces of electrical activity in NC-derived neurons as recorded by MEA
system in over a period of 1 second. (1) Spike raster gram showing 1 m of activity. (J-K)
Quantification of mean firing rate and number of bursting electrodes.

(L) Immunostaining of synaptic markers in enteric neurons derived from VNC and SNC.
Data are presented as mean + SEM; Statistical analysis was performed using the unpaired
t-test.
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Figure 6. Vagal and Sacral NC exhibits distinct behavior in vivo
(A-B) Schematic drawing of mice transplantation experiments. NC cells are cultured

under non-adherent conditions to form small spheres composed of either vagal, sacral, or
combined vagal/sacral NC and injected into the mouse cecum.

(C) Fluorescent images of mouse gut that were transplanted with different axial types of NC
cells: VNC (left), SNC (middle), VNC+SNC (right). The images are taken at sequential time
points after transplantation: 1 Hour (upper), 2 weeks (middle), 4 weeks (bottom).
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(D) Immunostaining of 9-month-old KO mouse that received VNC+SNC transplantation.
RFP for VNC, indicated by white solid arrows and GFP for SNC, indicated by open arrows.
Small intestine (upper); Cecum (middle), Distal colon (bottom). Scale bars, 100 pm.
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Figure 7. Developing a cell-based therapy for HSCR disease in Ednrb KO mouse model
(A) Staining with TUJ1 in distal colon of WT and Ednrb KO (HSCR) mice. Scale bars, 50

pm.

(B) Comparison of life spans of £dnrb KO mice in different genetic backgrounds. N= 10
different mice.

(C-D) Gut wall thickness in distal colon of 4-week-old WT and HSCR mice without any
treatment. Scale bars, 100 pum.
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(E) Survival curve of NSG/Ednrb KO mice that received various transplantation paradigms.
N=12 for KO grafted with VNC+SNC and N= 7 mice for all other groups.

(F-G) Gut wall thickness of 9-month-old WT and HSCR mice with VNC+SNC
transplantation. Scale bars, 100 pm.

(H) Body weight of WT mice and HSCR mice with VNC+SNC transplantation post
transplantation. N= 3 different mice.

(1-J) Gastric emptying and Sl transit measured by rhodamine dextran dye gavage. N= 3
different mice for WT. N= 2 different mice for £dnrb KO.

(K-M) Representative spatiotemporal maps and quantification of video imaging of colonic
migration motor complexes (CMMCs) in 9 months old WT mice and rescued HSCR mice.
Completed CMMCs in rescued mice indicated restored ENS function. N= 3 different mice
for WT. N= 2 different mice for Ednrb KO.

(N-Q) Wholemount staining for neurons (N) and non-neurons (Q) of 9-month-old rescued
HSCR mouse. RFP for VNC (solid arrows) and GFP for SNC (open arrows). Scale bars, 100
pm.

(R) Schematic drawing to illustrate combined VNC and SNC transplantation rescues severe
HSCR.

Data are presented as mean + SEM; Statistical analysis was performed using the unpaired
t-test.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti SOX10 Santa Cruz Cat#sc-17342, RRID:AB_2195374
Mouse anti SOX10 Santa Cruz Cat#sc-365692, RRID:AB_10844002
Mouse anti HOXC9 Abcam Cat#ab50839, RRID:AB_880494

Rabbit anti HOXD13 Abcam Cat#ab19866, RRID:AB_733004

Mouse anti Ki67 Dako Cat# M7240, RRID:AB_2142367
Mouse anti CDX2 BioGenex Cat#MU392A-5UC, RRID:AB_2650531

Goat anti Bra/T

R&D Systems

Cat#AF2085 , RRID:AB_2200235

Rabbit anti SOX2

Cell signaling Tech

Cat#35795, RRID:AB_2195767

PE conjugated Mouse Anti-Human CDX-2

BD Biosciences

Cat#563428, RRID:AB_2738198)

APC-conjugated Human/Mouse Bra/T

R&D Systems

Cat#1C2085A, RRID:AB_2891298

Alexa Fluor® 488 Mouse anti-Sox2 Clone 030-678

BD Biosciences

Cat#561593, RRID:AB_10894382

Rabbit anti SNAI2

Cell signaling Tech

Cat#9585, RRID:AB_2239535

Rabbit anti TUJ1 Covance Cat#MMS-435P, RRID:AB_2313773
Chicken anti TUJ1 Abcam Cat#ab107216, RRID:AB_10899689
Mouse anti TUJ1 Biolegend Cat#801201, RRID:AB_2313773
Rabbit anti GABA Sigma Cat#A2052, RRID:AB_477652
Mouse anti TH Immunostar Cat#22941, RRID:AB_572268
Rabbit anti nNOS Millipore Cat#07-571, RRID:AB_11211970
Goat anti CHAT Millipore Cat#AB144P, RRID:AB_2079751
Rabbit anti 5’"HT Sigma Cat#S5545, RRID:AB_477522
Rabbit anti SST Millipore Cat#mab354, RRID:AB_2255365
Rabbit anti DBH ImmunoStar Cat#22806, RRID:AB_572229

Rabbit ISL1

Developmental Studies Hybridoma
Bank

Cat#39.4D5, RRID:AB_2314683

Rabbit anti S100-beta Abcam Cat# ab52642, RRID:AB_882426
PE/Cy7 conjugated CD49D Biolegend Cat#304314, RRID:AB_10643278
APC conjugated CD49D Biolegend Cat#304308, RRID:AB_2130041

PE conjugated HNK1 Biolegend Cat#359611, RRID:AB_2562758
APC conjugated P75NTR Biolegend Cat#345107, RRID:AB_10639737
APC conjugated c-kit (CD117) eBioscience Cat#17-1179-42, RRID:AB_10596820
Chicken anti GFP Abcam Cat#ab13970, RRID:AB_300798
Rabbit anti RFP Rockland Cat#600-401-379, RRID:AB_2209751
Mouse anti Stem121 TaKaRa Cat#Y 40410, RRID:AB_2801314
Mouse anti RET R&D systems Cat#MAB718-100, RRID:AB_2232594
Rabbit anti EDNRB Biorbyt Cat#orb37019, RRID:AB_10995764

Anti-rabbit 1gG, HRP-linked

Cell Signaling Tech

Cat#7074S, RRID:AB_2099233

Rabbit anti LaminB1

Abcam

Cat#ab16048, RRID:AB_443298
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Human anti ANNA-1

Gift from Dr V. Lennon

(King, Redden et al. 1999)

Donkey anti-Human IgG H&L (AMCA)

Jackson Immuno

Cat# 709-155-149
RRID: AB_2340529

Donkey anti-Human Dylight 405

Jackson Immuno

Cat# 709-475-149
RRID: AB_2340553

Donkey anti-goat 19G H&L (Alexa Fluor®488)

Invitrogen

Cat#A11055, RRID:AB_2534102

Donkey anti-mouse 19G H&L (Alexa Fluor®488)

Invitrogen

Cat# R37114, RRID:AB_2556542

Donkey anti-rabbit IgG H&L (Alexa Fluor®488)

Invitrogen

Cat#A21206, RRID:AB_2535792

Donkey anti-mouse 19G H&L (Alexa Fluor®555)

Thermo Fisher

Cat#A31570, RRID:AB_2536180

Donkey anti-rabbit IgG H&L (Alexa Fluor®568)

Invitrogen

Cat#A10042, RRID:AB_2534017

Donkey anti-goat 19G H&L (Alexa Fluor®568)

Invitrogen

Cat#A11057, RRID:AB_142581

Donkey anti-mouse 1gG H&L (Alexa Fluor®647)

Thermo Fisher

Cat#A31571, RRID:AB_162542

Donkey anti-rabbit IgG H&L (Alexa Fluor®647)

Thermo Fisher

Cat#A31573, RRID:AB_2536183

Goat anti-chicken 19G H&L (Alexa Fluor®488)

Thermo Fisher

Cat#A11039, RRID:AB_142924

Goat anti-chicken 1gG H&L (Alexa Fluor®555)

Thermo Fisher

Cat#A32932, RRID:AB_2762844

Chemicals, peptides, and recombinant proteins

EDTA-free Protease Inhibitor Sigma Cat#11836170001
Y-27632 R&D Systems Cat#1524
SB431542 R&D Systems Cat#1614

BMP4 R&D Systems Cat#314-BP
CHIR R&D Systems Cat#4423

RA Sigma Cat#R2625

FGF2 R&D Systems Cat#233-FB/CF

Growth/Differentiation Factor-11, BMP-11

Peprotech

Cat#120-11

EDN3 American Peptide company Cat#88-5-10B
AGN Tocris Cat#5758
GDNF Peprotech Cat#450-10
AA Sigma Cat#4034-100g
SHH R&D Systems Cat#464-SH
NGF Peprotech Cat#450-01
BDNF R&D Systems Cat#248-BDB
SCF R&D Systems Cat#255-SC-MTO
cAMP Sigma Cat#D0627

E8 medium Thermo Fisher Cat#A1517001
E6 medium Thermo Fisher Cat#A1516401
DMEM/F12 Thermo Fisher Cat#21331020
Neurobasal medium Gibco Cat#21103049
N2 Stem Cell Technologies Cat#07156
B27 Life Technologies Cat#17504044
L-glutamine Gibco Cat#25030-164
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REAGENT or RESOURCE SOURCE IDENTIFIER
MEM non-essential amino acids (NEAA) Sigma Cat#M7145
4’,6-diamidino-2-phenylindole (DAPI) Invitrogen Cat#D1306
Critical commercial assays

CytoSelect™ 24-Well Cell Invasion Assay, Basement Cell Biolabs Cat#CBA-110
iScript™ Reverse Transcription Supermix for RT-gPCR Biorad Cat#1708840
SsoFast™ EvaGreen® Supermix Biorad Cat#1725201
NuPAGE™ 4-12% Bis-Tris Protein Gels, 1.5 mm, 15-wells | Thermo Scientific Cat#NP0336BOX

Trilogy Cell Marque Cat#920P-06
Deposited data

RNA seq data This study GEO: GSE199439
ATAC seq data This study GEO: GSE199440
CUT and RUN data This study GEO: GSE199441

Experimental models: Cell lines

Human embryonic stem cell (hESC) lines H9 (WA-09)

(Thomson, ltskovitz-Eldor et al.
1998)

RRID:CVCL_9773

Human embryonic stem cell (hESC) lines H1 (WA-01)

(Thomson, ltskovitz-Eldor et al.
1998)

RRID:CVCL_9771

Human embryonic stem cell (hESC) lines HUES6

(Cowan, Klimanskaya et al. 2004)

RRID:CVCL_B194

Human embryonic stem cell (hESC) lines MEL1 (Adewumi, Aflatoonian et al. 2007) N/A

Induced pluripotent stem cell (iPSCs) lines 348.7, 706.3 (Cornacchia, Zhang et al. 2019) N/A

and 864.3

H9 derived SOX10::GFP reporter line (Chambers, Qi et al. 2012) N/A

H9 derived SOX2::H2B-Tomato/ T::H2B-GFP dual This study N/A

reporter line

H1 derived SOX2::H2B-Tomato/ T::H2B-GFP dual This study N/A

reporter line

H9 derived mCherry reporter line This study N/A

H9 derived GFP reporter line This study N/A
Experimental models: Organisms/strains

Mouse: NSG (NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ) JAX 005557
Mouse: B6.129S7-Ednrb tm1Ywa/FrykJ JAX 021933
Mouse: NSG (NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ)- This Study N/A

Ednrb tm1Ywa/FrykJ

Oligonucleotides

Hs_SOX10 1_SG QuantiTect primer assay Qiagen QT00055405
Hs_FOXD3 1_SG QuantiTect Primer Assay Qiagen QT00221928
Hs_SOX2_1_SG QuantiTect Primer Assay Qiagen QT00237601
Hs_CDX2 1_SG QuantiTect primer assay Qiagen QT00037807
Hs_7_1_SG QuantiTect Primer Assay Qiagen QT00062314
Hs_GAPDH 1_SG QuantiTect Primer Assay Qiagen QT00079247
Hs_POU5FI_1_SG QuantiTect Primer Assay Qiagen QT00210840
Hs_NANOG _1_SG QuantiTect Primer Assay Qiagen QT01025850
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REAGENT or RESOURCE SOURCE IDENTIFIER
Hs_WNT3A_1_SG QuantiTect Primer Assay Qiagen QT00220542
Hs_EDNRB_1_SG QuantiTect Primer Assay Qiagen QT00014343
All other primers are listed in table S1 Qiagen and IDT N/A

Software and algorithms

FlJI Open source Schindelin et al. 117 https://imagej.net/software/fiji

Flow Jo FlowJo LLC https://www.flowjo.com

DESeq2 Love et all03 https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

Prism 9 GraphPad Software https://www.graphpad.com

Biorender Biorender https://biorender.com

Caseviewer 3dhistech https://www.3dhistech.com/solutions/

caseviewer/

Matlab R2014a

Open source

https://www.mathworks.com/company/
newsroom/mathworks-announces-
release-2014a-of-the-matlab-and-
simulink-product-families.html
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