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Summary

Yamanaka factors are essential for establishing pluripotency in embryonic stem cells, but their
function in multipotent stem cell populations is poorly understood. Here we show that OCT4 and
SOX2 cooperate with tissue-specific transcription factors to promote neural crest formation. By
assessing avian and human neural crest cells at distinct developmental stages, we characterized the
epigenomic changes that occur during their specification, migration, and early differentiation. This
analysis determined that the OCT4-SOX2 dimer is required to establish a neural crest epigenomic
signature that is lost upon cell fate commitment. The OCT4-SOX2 genomic targets in the neural
crest differ from those of embryonic stem cells, indicating the dimer displays context-specific
functions. Binding of OCT4-SOX2 to neural crest enhancers requires pioneer factor TFAP2A,
which physically interacts with the dimer to modify its genomic targets. Our results demonstrate
how Yamanaka factors are repurposed in multipotent cells to control chromatin organization and
define their developmental potential.

eTOC

Utilizing genomic analysis to survey neural crest development, Hovland and Bhattacharya et al.
identify Yamanaka factors OCT4 and SOX2 as key regulators of multipotency. The authors show
how components of the pluripotency network cooperate with tissue specific pioneer transcription
factors to generate the neural crest stem cell state.
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Introduction

In embryonic stem cells (ESCs), pluripotency is achieved by the action of the Yamanaka
factors (OCT4, SOX2, KLF4, c-MYC), which form a core regulatory network that

prevents cell fate commitment (Takahashi and Yamanaka, 2006). However, the mechanisms
supporting the enhanced plasticity of multipotent stem cell populations are less understood.
A multipotent stem cell population of remarkable developmental potential is the neural
crest. These ectodermal progenitors can circumvent the boundaries between germ layers

to give rise to cells and tissues that are generally formed by the mesoderm. Neural crest
derivatives include the craniofacial skeleton, the peripheral nervous system, the pigmentation
of the skin, and cardiac tissue (Le Douarin and Kalcheim, 1999). Classic experiments
involving the transplantation of quail cells to chick embryos identified the extensive array

of derivatives formed by the neural crest (Le Douarin, 1973). /n vivo cell labeling by
intracellular injection of vital dyes demonstrated that individual neural crest cells give rise to
multiple cell types including neurons, glia, and pigmented cells (Bronner-Fraser and Fraser,
1988). More recently, genetic fate mapping of trunk neural crest cells with Confetti mice
confirmed that both pre-migratory and migratory neural crest cells are multipotent, and that
fate restriction takes place at later stages of development (Baggiolini et al., 2015).

The formation and differentiation of neural crest cells is orchestrated by a complex

gene regulatory network (GRN), which has been substantially expanded in the last years
with genomic analysis and functional studies (Martik and Bronner, 2017; Simoes-Costa
and Bronner, 2015; Williams et al., 2019a). Yet, the features of this GRN that support
multipotency remain unresolved. While some studies suggest that neural crest cells share
part of the ESC pluripotency program, others propose that their developmental plasticity is
controlled by a tissue-specific regulatory state that emerges later in development. Buitrago-
Delgado and colleagues proposed that neural crest cells retain blastula-stage genes that are
important for pluripotency (Buitrago-Delgado et al., 2015). Zalc and colleagues examined
the expression and function of OC74 and suggested that the ESC pluripotency program

is reactivated in the cranial neural crest lineage (Zalc et al., 2021). Both studies provide
support for the idea that neural crest multipotency is related to the ESC pluripotency
network. This contrasts with the classical view that neural crest multipotency is controlled
by a unique regulatory circuit that emerges during specification (Dupin et al., 2018). This
view is supported by functional studies showing that disruption of known neural crest
factors like PAX7, FOXD3, and SOX10 leads to an imbalance in multipotency, suggesting
an independent mechanism from that of ESCs (Dottori et al., 2001; Honoré et al., 2003;
Kondoh et al., 2012; Lukoseviciute et al., 2018). Furthermore, developmental trajectories
from single-cell transcriptome analysis showed that neural crest cells diverge from the
ESC-state during ectoderm specification (Briggs et al., 2018).

Here, we re-examine these models by surveying the transcriptional and epigenomic
dynamics that accompany the transition of neural crest cells to a differentiated state. This
allowed for the identification of pluripotency factors OCT4 and SOX2 (Soufi et al., 2012) as
major regulators of the epigenomic landscape in naive neural crest cells. We found that the
OCT4-SOX2 dimer plays an important role in neural crest formation, although its genomic
targets in the neural crest are distinct from those in ESCs. Thus, while Yamanaka factors
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are important for neural crest developmental plasticity, they promote a unique chromatin
landscape specific to this cell population. These results illustrate how components of the
pluripotency network are co-opted to regulate the epigenome of multipotent stem cells.

Results

Transcriptomic and epigenomic dynamics of avian neural crest development

Genomic studies have identified additional players in neural crest development that allowed
for substantial expansion of GRN circuitry (Hovland et al., 2020; Simoes-Costa and
Bronner, 2016; Soldatov et al., 2019; Williams ef a/., 2019a). Yet, existing datasets lack

the temporal resolution for examining the transition from multipotency to differentiation. To
address this, we assembled an RNA-Seq time-course of avian neural crest cells at stages
corresponding to induction, specification, migration, and early differentiation. We labeled
neural crest cells from Hamburger and Hamilton (HH) stage 6 to HH16 using a neural crest-
specific enhancer (7fapZaEl) driving GFP expression (Attanasio et al., 2013; Hamburger
and Hamilton, 1951; Rothstein and Simoes-Costa, 2020) (Figure 1A). Unlike other neural
crest enhancers (Barembaum and Bronner, 2013; Simdes-Costa et al., 2012), 7TfapZaElis
active throughout neural crest development (Figures S1A and S1B).

We electroporated chicken embryos at HH4 with 77ap2aE1-GFPand dissected them at the
desired stages (HH6, HH8, HH10, HH12, HH14, and HH16). GFP+ cranial neural crest cells
and GFP- cells were isolated from embryonic heads with fluorescence-activated cell sorting
(FACS). We performed bulk RNA-seq with at least 5,000 cells per sample and triplicates for
each timepoint (Supplemental Table 1) (Figure 1B). Principal Component Analysis (PCA)
of our RNA-seq datasets showed that GFP+ samples align chronologically along the first
principal component (Figure 1C), while the GFP+ neural crest and GFP- embryonic head
samples separate along the second principal component (Figure S1C). Next, we compared
the transcriptomes of GFP+ and GFP- samples using a likelihood ratio test (LRT), to identify
a neural crest-specific gene signature (Supplemental Table 2) (Love et al., 2014). The
resulting gene set of 279 genes (padj <0.05 and Log2FC > 1) included bona fide markers
such as SOX10, FOXD3, and TFAPZB as well as 38 other transcription factors (Figure 1D).

Next, to characterize the transcriptional changes associated with loss of neural crest
multipotency, we performed pairwise differential gene expression analysis between neural
plate border (HH6) and differentiating neural crest cells (HH16) using a negative binomial
Wald test (Figure 1E). This analysis showed that neural plate border cells have high
expression of several canonical pluripotency genes like OCT4 (POU5F3in chick), SOXZ,
LINZ8A, and KLF5, which are lost at later developmental stages. We also observed
increased transcription of lineage-specific genes such as NEURODI1, ALX1, and PRRX2
in HH16 cells, corresponding to the early stages of neural crest differentiation (Soldatov et
al., 2019) (Figures 1E and 1G).

We further examined these gene expression changes by performing hierarchical clustering
analysis with neural crest-enriched transcription factors identified by the LRT test enriched
compared to our whole-embryo samples (Figure 1F). This allowed us to group components
of the GRN into distinct temporal modules. The largest module containing 59 genes,
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included general pluripotency factors that are downregulated upon differentiation. This
analysis also confirmed the sequential activation of early (PAX7, CSRNPI, and TFAPZA)
and late (TFAPZB, SOX10, and RXRG) specifier genes (Figures 1F and 1G). Consistent
with previous reports (Bhattacharya et al., 2018), we also observed that both pluripotency
and neural crest specification genes are downregulated in late neural crest cells (Figures
1F and 1G). /n situhybridization analysis confirmed that previously uncharacterized
neural crest genes like SKORZ2, MAFA, and KAT6B are expressed in this cell population
(Figure S1D). Taken together, these analyses identified the transcriptional shifts that
characterize the cell state changes observed during neural crest development. These datasets
have been compiled into an easy-to-use public R Shiny app, which can be accessed at
ash274.shinyapps.io/RNA-Seq_App/.

To understand how developmental transitions are regulated at the chromatin level, we
assayed the epigenomic landscape of neural crest at distinct developmental stages. We
employed the Omni-ATAC protocol (Corces et al., 2017) to map chromatin accessibility

in Tfap2aE1-GFPlabeled cranial neural crest cells isolated at seven embryonic timepoints
(HH6-HH18) (Figures 2A and 2B; Figure S2A; Supplemental Table 3). PCA analysis of
ATAC-seq datasets showed that the samples segregated according to developmental stage in
the first principal component, representing 51% of the variance (Figure 2C). We combined
all peaks across developmental stages, filtered out peaks present in whole embryo datasets,
and performed differential peak enrichment analysis using DiffBind (Rory and Gord, 2011;
Ross-Innes et al., 2012). LRT analysis was used to identify peaks enriched across all

stages of neural crest development. Next, we performed hierarchical clustering of these
peaks, which identified three main groups: early, mid, and late peaks (Figure 2D; Figure
S2B). Consistent with our RNA-seq analysis (Figure 1F) many ‘early’ peaks displayed high
accessibility in multipotent neural crest (HH6-HH8) but were closed upon differentiation
(Figures 2D and 2E). Alternatively, ‘mid’ and ‘late’ peaks displayed increased accessibility
at stages HH10-H12 and HH14-HH18, respectively (Figures 2D and 2E).

To examine how these epigenomic changes are coupled with shifts in gene expression, we
integrated our ATAC-seq and RNA-seq datasets using ImpulseDE2 (Fischer et al., 2018).

By considering the five nearest genes to every ATAC peak, we correlated changes in
chromatin accessibility to temporal patterns of gene expression (Supplemental Table 4). We
observed that the accessibility of known neural crest enhancers, like SoxZ0E2and Dact?E1,
displayed a strong correlation with the expression of their cognate genes (Figures 2F and
2G) (Betancur et al., 2010; Rothstein and Simoes-Costa, 2020). This prompted us to expand
our analysis to identify putative enhancers of significantly enriched neural crest genes
identified by RNA-Seq (Supplemental Table 4). We found that 684 out of 3526 accessible
peaks tested displayed a strong positive correlation (Spearman > 0.8) with expression levels
of 146 neural crest genes (Figure 2H). These peaks included enhancers for neural crest genes
like MSX1, FOXD3, SOX8, SOX9(Azambuja and Simoes-Costa, 2021) (Figures S2D, S2E,
S2F, S2G), and multiple enhancers from the SOX10locus (Figure S2H) (Williams et al.,
2019b). To test if cis-regulatory elements with strong correlation scores were more likely to
act as enhancers, we measured levels of H3K27AC deposition in ATAC-seq peaks using a
previously published dataset (Rothstein and Simoes-Costa, 2020). Indeed, we observed that
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these peaks displayed higher H3K2Ac levels than regions with weak or negative correlations
(Figure 2I).

Finally, we employed DiffTF to identify the transcription factors with the strongest
activating or repressing activities during neural crest development (Berest et al., 2019). This
tool correlates the expression levels of transcription factors across time with the accessibility
of peaks that contain their binding motifs. DiffTF identified OCT4, NR2F2, TWISTL1, and
JUN as activators in the neural crest GRN, whereas TEAD3, ZEB1, and NR1I3 were
assigned as repressors (Figure 2J and Supplemental Table 5). These regulators are active at
distinct developmental stages. For instance, the motif scores of DiffTF activators indicate
that while some are active in the early neural crest, others seem to be involved in cell

fate commitment (Figure S2C). Taken together, these results describe the epigenomic and
transcriptomic changes inherent to neural crest development and identify genes that may
play essential roles in the transition from multipotency to the differentiated state.

The OCT4-SOX2 dimer regulates the early neural crest epigenome

Next, we searched for the transcription factors that act as major regulators of neural

crest identity. We utilized chromVAR to find transcription factor motifs that display high
variability across developmental stages (Schep et al., 2017). The top-ranked motifs included
RXRB, NR2F1, OTX2, and the motif for the OCT4-SOX2 dimer (Figure 3A). Consistent
with their expression dynamics, the variability scores of OTX2 and the OCT4-SOX2 dimer
motifs were highest in early neural crest cells, while the scores for the RXRB and NR2F1
motifs increased upon differentiation (Figure 3B). We next investigated the chromatin
footprint for these motifs using HINT-ATAC (Li et al., 2019). An unbiased comparison
between our ATAC-seq data from the earliest (HH6) and latest (HH18) stages confirmed
that one of the highest enriched motif footprints in early neural crest cells was the OCT4-
SOX2 dimer (Figure S3A), with SOX2 alone displaying a weaker footprint (Figure 3C).
Corresponding footprints of OTX2 and NR2F1 were active in HH6 or HH18, respectively
(Figures S3B and S3C). These results are consistent with our DiffTF results that place OCT4
as an important GRN activator and suggest that it works with SOX2to promote neural crest
identity.

To test if OCT4 and SOX2 directly modulate the neural crest epigenome, we mapped their
genomic occupancy in HH8 neural crest cells with Cleavage Under Targets & Release
Using Nuclease (CUT&RUN) (Skene and Henikoff, 2017) (Figure 3D; Figures S3D and
S3E). Peak calling identified ~24,000 and ~13,000 peaks for SOX2 and OCT4 respectively,
of which 6,157 were shared between the two factors (Figures 3E and 3F). Consistent

with our previous analysis indicating the importance of OCT4-SOX2 dimerization, binding
of both OCT4 and SOX2 was significantly higher at co-occupied regions (Figure 3G).
Integration of our neural crest-specific early, mid, and late ATAC peaks with OCT4 and
SOX2 CUT&RUN showed that these factors had the highest binding in regions accessible
early during neural crest development (Figure 3H). The shared OCT4-SOX2 CUT&RUN
peaks were specifically open in multipotent cells and lost accessibility over neural crest
differentiation (Figure 31). These results support the cooperative action of the two factors in
early neural crest cells.
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To confirm that SOX2 and OCT4 are indeed functioning as heterodimers in neural crest
cells, we performed Enhanced Chromatin Occupancy (EChO) with our CUT&RUN datasets
to determine transcription factor binding events at a base-pair resolution (Meers et al., 2019).
This analysis identified over 12,000 foc/ within the shared CUT&RUN peaks that were
simultaneously bound by OCT4 and SOX2 in neural crest cells (Supplemental Table 6).

We observed co-binding events of these factors around neural plate border genes such as
PAX7, SP5, and Z/C1, consistent with the role of the heterodimer as a direct regulator of

the early neural crest GRN (Figures S3F and S3G). Lastly, we performed Proximity Ligation
Assays (PLAS) to identify putative molecular interactions between endogenous OCT4 and
SOX2 proteins (Alam, 2018). A comparison of HH8 neural folds and surrounding mesoderm
showed increased proximity between OCT4 and SOX2 in early neural crest cells (Figures
S3H and S3lI). Taken together, these observations indicate that the OCT4-SOX2 heterodimer
regulates the epigenomic signature of multipotent neural crest cells.

OCT4-SOX2 cooperates with TFAP2A to activate the neural crest GRN

We next examined if the OCT4-SOX2 dimer displayed conserved or divergent functions in
neural crest and ESCs. To define whether neural crest formation involves (i) the retention of
a subset of the ESC pluripotency program or (ii) the establishment of a new, tissue-specific
epigenomic signature, we employed an /n vitro model of neural crest formation from hESCs
using the WNT agonist CHIR99021 (Gomez et al., 2019) (Figure 4A). Human induced
neural crest cells (hiNCCs) displayed loss of pluripotency factor NANOG but showed
expression of SOX10, OCT4, and SOX2 by Day 5 of induction (Figure 4B; Figure S4A).
To examine accessibility dynamics along /n vitro neural crest induction, we employed
ATAC-seq to profile chromatin accessibility in cells from DO (hESCs), D3 (early hiNCCs),
D5 (hiNCCs), and D14 (differentiated myoblasts) of the induction protocol (Figure 4A,;
Figures S4B and S4C). We performed pairwise comparisons using DiffBind for each stage,
identifying over 42,900 unique dynamic loci (adj-pval < 1le-6). This analysis demonstrated
extensive remodeling of the epigenomic landscape during neural crest induction (Figure 4C).

We next examined how OCT4-SOX2 regulates the neural crest epigenome during induction.
Analyzing motif enrichment via chromVAR, we found high scores for the OCT4-SOX2
motif in both hESCs and early hiNCCs (Figure 4D). The motif score for the neural crest-
specific pioneer factor TFAP2A increased as early as D3 during hiNCC induction. We next
wanted to determine whether OCT4-SOX2 (i) promotes maintenance of the ESC signature,
or (ii) promotes accessibility of neural crest-specific regulatory regions. We thus examined
how the occupancy of OCT4-SOX2 changes as cells transition from hESC to hiNCCs during
the induction process. To this end, we first performed CUT&RUN for SOX2 at D5 hiNCCs
and compared it to previously published SOX2 CUT&RUN in hESCs (Meers et al., 2019)
(Figures S4D and S4E). The results show a shift in the patterns of SOX2 occupancy in
hESCs and hiNCCs. The genomic regions bound by SOX2 in hESCs lost transcription factor
binding during induction, while a distinct set of genomic regions gained SOX2 binding in
Day5 hiNCCs (Figure 4E).

Next, we used FIMO to scan for occurrences of the OCT4-SOX2 dual motif within all SOX2
peaks, SOX2 peaks enriched in hESCs, and SOX2 peaks enriched in hiNCCs (Grant et al.,
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2011). When we quantified the SOX2 CUT&RUN signal at these locations, we observed
this factor relocates to unique dual-motif locations in D5 hiNCCs (Figure 4F). Consistent
with the well-documented role of SOX2 as a driver of chromatin accessibility (Blassberg et
al., 2020; Bunina et al., 2020; Zhang et al., 2019), we also found that ATAC signal at dimer-
associated regions changed according to SOX2 occupancy (Figure 4G). These data support
the hypothesis that OCT4-SOX2 dimers bind to a new set of neural crest cis-regulatory
regions upon specification. We next used DiffBind to quantify SOX2 CUT&RUN signal in
hESCs and D5 hiNCCs and identify differentially bound regions (Figure 4H). This analysis
demonstrated enrichment of SOX2 binding near many neural crest genes (LEFI, FOXD3,
and 7FAPZA) and loss of SOX2 binding near canonical pluripotency targets (MANOG,
SOX2, and KLF4). Inspection of ATAC-Seq and SOX2 binding at the NMANOG and LEF1
loci demonstrated individual regulatory elements nearby with a loss or gain of signal across
both assays, respectively (Figures 41 and 4J). These results indicate that OCT4-SOX2 dimer
promotes distinct epigenomic states in ESCs vs. neural crest cells.

Misregulation of OCT4 and SOX2 results in defects in neural crest fate commitment

To establish the relevance of OCT4 and SOX2 in the regulation of the neural

crest multipotent cell state, we manipulated their expression dynamics. We bilaterally
electroporated gastrula-stage chicken embryos (HH4) with an expression vector encoding
both SOX2 and OCT4 (pC/-OCT4-P2A-SOX2-H2B-RFP) to drive sustained expression of
these genes in late neural crest cells (Figure S5A). Prolonged expression of SOX2 and OCT4
resulted in the maintenance of high levels of the early neural crest gene PAX7 in the late
migratory neural crest (HH13), at stages when it would normally be downregulated (Figure
5A). This prevented proper neural crest differentiation as evidenced by gross morphological
defects in the trigeminal ganglia in HH16 embryos. TUJ1 staining to label the cranial
ganglia showed a reduced number of sensory neurons on the right (overexpression) side of
the embryo (Figure 5B) compared to the control side (n=6/7). This defect in sensory neuron
differentiation was not mediated by increased cell death or decreased proliferation (Figure
S5B). These experiments indicate that OCT4 and SOX2 promote the expression of early
GRN components and that their downregulation is required for the proper differentiation

of neuronal derivatives. We thus postulated that the dimer helps to initiate and maintain
chromatin accessibility that is characteristic of the early neural crest, which is lost as these
cells become fate restricted.

To test this hypothesis, we next assessed whether sustained expression of OCT4 and
SOX2 is sufficient to maintain the epigenomic landscape of multipotent cells in late
migratory neural crest. We electroporated HH4 chick embryos with control and OCT4-
SOX2 overexpression vectors (RFP) alongside the neural crest-specific 77ap2aE1-GFP
reporter construct. We FACS sorted double-positive GFP*/RFP* cells from each side of
the embryonic head at HH13 to perform ATAC-Seq. Differential peak analysis determined
many peaks (~700) whose accessibility significantly increased (> 2-fold) upon sustained
expression of OCT4-SOX2 (Figure 5C). As expected, overexpression of OCT4 and SOX2
augmented chromatin footprinting scores for the OCT4-SOX2, OCT4, and SOX2 motifs,
with the strongest effect seen for the dimer motif (Figure 5D). Assessing chromatin
accessibility changes at the OCT4/SOX2 CUT&RUN peaks confirmed that shared peaks
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co-occupied by the two factors at HH8 maintained high ATAC signal even at HH13 in the
overexpression samples (Figure 5E). The largest change in accessibility was observed for
peaks that had the highest occupancy of OCT4 and SOX2 in early neural crest cells (Figure
5F). Sustained expression of OCT4-SOX2 specifically increased chromatin accessibility at
early neural crest peaks without significantly altering that of the late peaks (Figure 5G). The
data from these functional experiments support that the OCT4-SOX2 dimer is an important
regulator of the epigenomic signature of early neural crest cells.

TFAP2A interacts with SOX2 and drives the reorganization of the neural crest epigenome.

We next sought to identify the molecular players that allow for the translocation of the
dimer to a new set of genomic regions during neural crest formation. A pioneer transcription
factor that plays a central role in the formation of neural crest cells is TFAP2A (Li and
Cornell, 2007; Mullins et al., 2019; Pla and Monsoro-Burg, 2018; Rothstein and Simoes-
Costa, 2020). TFAP2A dimerizes with its paralogs TFAP2C and TFAP2B to regulate

neural plate border and neural crest genes, respectively. Analysis of previously reported
TFAP2A CUT&RUN in HH8 neural crest cells (Rothstein and Simoes-Costa, 2020) showed
pioneer factor association at genomic loci co-occupied by OCT4-SOX2 (Figure 6A). We
also observed a strong correlation in the binding of TFAP2A with that of OCT4 and SOX2
at shared regulatory regions (Figure 6B). SOX2 and OCT4 binding was higher at peaks
co-occupied by the three factors (Figure 6C). Additionally, peaks where all three factors
were bound displayed higher accessibility and BRD4 binding, indicating their potential

as strong regulatory regions (Figure S6A). This suggested that TFAP2A cooperated with
OCT4-SOX2 during neural crest formation.

These results led us to postulate that during neural crest induction, the dimer switches from
interacting with its pluripotency partners (Tapia et al., 2015) to cooperating with TFAP2A
to promote a cell type-specific epigenomic signature. To test this, we performed PLA for
OCT4/SOX2 and either NANOG or TFAP2A in hESCs (D0) and hiNCCs (D5) (Figures
S6B and S6C). We observed a decrease in interactions of both SOX2 and OCT4 with
NANOG, indicating the dissolution of the pluripotency protein complex. Concomitantly,
we found increased interaction frequency between TFAP2A and both OCT4 and SOX2 in
hiNCCs at D5 of induction (Figure S6D). Indeed, analysis of the predicted protein structure
of these three factors with AlphaFold and 3DBioNotes (Jumper et al., 2021; Segura et al.,
2019) identified a putative interaction domain between SOX2 (ASP107/ARG114/SER290)
and TFAP2A (ARG128/TYR306/GLU311) (Supplemental Table 7). To confirm that these
factors interact, we performed co-immunoprecipitation (co-1P) in hiNCCs. Consistent with
our previous observations, IP of endogenous TFAP2A resulted in the pulldown of SOX2 in
hiNCCs, but not in hESCs (Figure 6D; Figures S6E and S6F).

This evidence of interaction between TFAP2A and SOX2 led us to further hypothesize that
TFAP2A could be required for the translocation of the dimer. To test this, we examined how
loss-of-function (LOF) of TFAP2A affected the genome-wide occupancy of SOX2 in neural
crest cells. We transfected the right side of avian embryos with a ds/RNA targeting TFAPZA
(Figure S6G) and performed CUT&RUN for SOX2 in control and TFAP2A-depleted neural
folds (Figure 6E). We observed that loss of TFAP2A resulted in a reduction of SOX2
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binding in neural crest cells (Figure 6F). As an orthogonal approach, we performed enhancer
pulldown experiments (Azambuja and Simoes-Costa, 2021) to test if TFAP2A is required
for the interaction of the dimer with the neural crest epigenome (Figure 6G). Disruption

of TFAP2A binding sites in three neural crest enhancers containing OCT4-SOX2 motifs
(NC1.1, Tfap2bE1, and £24.3) resulted in a loss of SOX2 binding (Figure 6H) and affected
enhancer activity (Figure 61). These experiments indicate that TFAP2A is required for
OCT4-SOX2 to interact with the cis-regulatory regions that comprise the neural crest
epigenomic signature.

Finally, we performed reprogramming experiments to evaluate whether TFAP2A expression
was sufficient to mediate dimer translocation and activation of the neural crest GRN

in pluripotent ESCs. Human ESCs were transduced with a lentiviral vector driving the
expression of TFAP2A. Seven days post-infection control and TFAP2A-expressing hESCs
were subjected to genomic analysis (CUT&RUN for SOX2, ATAC-seq, and RNA-seq)
(Figure 7A; Figure S7). Consistent with our hypothesis, we observed that introduction of
TFAP2A in hESCs resulted in increased SOX2 occupancy at hiNCC-specific D5 peaks
(Figure 7B). Furthermore, ATAC-seq analysis showed that TFAP2A-expressing hESCs
displayed increased chromatin accessibility at many genomic regions (Figure 7C). These
regions were also accessible in D5 hiNCCs but not in DO hESCs, indicating that TFAP2A
is sufficient to promote at least part of the neural crest epigenomic signature (Figure 7C).
Indeed, transcriptomic analysis showed a partial deployment of the neural crest GRN, with
genes like MSX1and TFAPZB being activated by TFAP2A in hESCs (Figures 7D and

7E). The transcriptomic changes induced by TFAP2A were also evident at the protein level,
indicated by positive staining for neural crest markers TFAP2B and p75 (NGFR) (Figures
7E and 7F). Strikingly, upon TFAP2A expression, reprogrammed cells delaminated from
hESCs colonies and displayed migratory behaviors in culture (Figure 7G). Thus, TFAP2A
promotes changes in genomic occupancy of SOX2 in hESCs and is sufficient to elicit partial
activation of the neural crest GRN (Figure 7H).

Discussion

Here we conducted time-resolved genomic analysis to delineate temporal modules within
the neural crest GRN and to characterize the epigenomic changes that occur during cell
state transitions. By integrating epigenomic and transcriptomic datasets, we identified a large
number of c/sand frans components of the network. The generation of impulse models
(Fischer et al., 2018) of both gene expression and chromatin accessibility allowed us to
curate a collection of active (H3K27AC+) enhancers that likely play a role in the temporal
regulation of cognate genes. This strategy may be useful for enhancer-gene assignment from
time-resolved datasets and can be used in the absence of physical linkage (Lieberman-Aiden
et al., 2009) or single-cell accessibility data (Pliner et al., 2018). Finally, we took advantage
of both accessibility and transcriptomic data to assign an activating or repressing role for
transcription factors expressed during neural crest development (Berest et a/., 2019).

This transcriptomic and epigenomic characterization of neural crest development resulted
in mechanistic insights into the molecular control of multipotency. First, we found that the
regulatory state of neural crest cells is distinct from that of ESCs, suggesting divergent
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mechanisms for developmental plasticity. Second, chromatin footprinting analysis and
mapping of protein-DNA interactions demonstrated that the neural crest epigenome is
regulated by the OCT4-SOX2 heterodimer. Finally, we identified a mechanism whereby
the neural crest pioneer factor TFAP2A modulates the target specificity of the dimer. Thus,
we propose a model for the control of neural crest plasticity where components of the ESC
pluripotency machinery cooperate with tissue-specific factors to create a multipotent stem
cell state.

Our study identifies an important role for OCT4 and SOX2 in neural crest stem cell identity.
We observed that these pluripotency factors are expressed in early neural crest cells and

that they exhibit context-specific functions. In the ectoderm, SOX2 has traditionally been
described as a pro-neural factor, which promotes neural plate identity via a mutual cross-
repression circuit involving neural crest genes (Hovland et af., 2020; Wakamatsu et al.,
2004). Yet, recent studies have demonstrated that neural crest cells express SOX2 (Roellig
etal., 2017), albeit at lower levels than neural plate progenitors. Here we show that, despite
relatively low levels of expression, SOX2 is still critical for neural crest multipotency. We
propose that different functions of this pioneer factor observed in neural vs. neural crest
progenitors is due to its dimerization to OCT4. Consistent with this, OCT4 is required for
proper development of the cranial neural crest (Zalc et al., 2021). While previous studies
have proposed that the pluripotency program is either retained (Buitrago-Delgado ef a/.,
2015) or regained (Zalc et al., 2021) during neural crest development, our results indicate
that Yamanaka factors perform specialized functions in the neural crest that are distinct from
their roles in ESCs.

Our model illustrates how pluripotency factors are repurposed to generate distinct chromatin
landscapes in multipotent stem cells. In the neural crest trans environment, the OCT4-
SOX2 dimer translocates to a distinct set of c/s-regulatory regions, promoting epigenomic
remodeling. This process is mediated by TFAP2 pioneer transcription factors, which
physically interact with the dimer and are necessary and sufficient to induce changes in their
genomic occupancy. The cooption of OCT4-SOX2 from the pluripotency circuit by neural
crest cells may be due to their strong pioneering activity (Michael et al., 2020; Whyte et al.,
2013), which would facilitate overarching changes in the chromatin landscape. Translocation
of the OCT4-SOX2 dimer, along with loss of other canonical pluripotency factors (e.g.,
NANOG) may underlie the key differences between the neural crest multipotency GRN
compared to the stem cell pluripotency circuit (Akberdin et al., 2018; Niwa et al., 2000;
Thomson et al., 2011). Taken together, our results demonstrate how modifications in the
ESC program by tissue-specific partners can generate distinct cellular states with variable
degrees of developmental plasticity.

Limitations of the study:

Our results demonstrate that TEFAP2A recruits the OCT4-SOX2 heterodimer to neural crest-
specific enhancers. However, our study did not address if OCT4and SOX2 expression

is maintained from epiblast stem cells or reactivated in multipotent neural crest cells or
how these pluripotency genes are silenced during cell fate commitment. Previous studies
have invoked the role of Wnt signaling in the establishment of neural crest stem cells and
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let-7 miRNAs in silencing the multipotency program. The mechanisms through which these
pathways intersect with the OCT4-SOX2-TFAP2A axis in early NC cells remain to be
determined and could be the premise of future studies.

STAR METHODS

RESOURCE AVAILIBILITY

LEAD CONTACT—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Dr. Marcos Simoes-Costa
(marcos@hms.harvard.edu).

MATERIAL AVAILIBILITY

This study did not generate any new reagents.

DATA AND CODE AVAILIBILITY

. Genomic data for this work is publicly available at the NCBI Gene Expression
Omnibus (GEO) under the accession number GSE163961.

. Data processing and analysis scripts can be found at https://github.com/Austin-s-
h/NC_Timecourse (Hovland and Bhattacharya, 2022).

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

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Chick embryo collection and electroporation—Fertilized chicken embryos (Leghorn
White) were obtained from the Department of Animal Science at the University of
Connecticut. Eggs were incubated at 37°C until they reached the desired Hamburger and
Hamilton (HH) (Hamburger and Hamilton, 1951) developmental stage. Embryos were
collected and cultured ex-ovo following the EC method (Chapman et al., 2001) for

HH6-16 and a Cornish Pastry (MC) method for HH16+ (Nagai et al., 2011). Enhancer,
overexpression, and morpholino constructs were electroporated into HH4 embryos as
previously described (Bhattacharya et al., 2018). Briefly, these constructs were injected
between the epiblast and vitelline membrane of HH4 chicken embryos and electroporated
using platinum electrodes (five 50ms pulses at 5.1V, 100ms resting interval).

Generation of induced neural crest (hiNCC)—The induction of human neural crest
cells from WAO1 (H1) embryonic stem cells was performed as previously described (Gomez
et al., 2019). Briefly, H1 cells cultured in mTESR were dissociated with Accumax, and
plated on Matrigel coated dishes at a density of 20K cells/cm? in DMEM/F12 media
supplemented with 1% B27, 1% N2,0.5%BSA and 3uM CHIR (induction media). For the
first 24h, 10uM ROCK inhibitor (Y-27632) was added to the induction media to improve
cell survival. After 72 hours (Day 3), induction media was substituted for basal media
constituting of DMEM/F12, 1% B27 and 0.5%BSA. The cells were grown in basal media
for an additional 48 hours (Day 5), after which they were processed for downstream
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analysis. For Myoblast differentiation, induced neural crest cells (hiNCCs) were dissociated
and plated at a density of 50K/cm? in alpha-MEM and 10% FBS for an additional 14 days.

METHOD DETAILS

Cloning and expression constructs—To label neural crest cells, we electroporated
an enhancer of the TFAP2A gene (TFAP2a-E1) driving GFP (Rothstein and Simoes-Costa,
2020) and allowed embryos to develop ex ovo until the desired stage. Selected enhancers
were amplified from HH10 chicken genomic DNA and cloned in pTK-EGFP (Uchikawa et
al., 2003). Mutant constructs were also cloned into pTKEGFP, and the mutated enhancer
activity was compared to wild-type constructs co-transfected in the same embryo. Mutated
binding sites were defined using the JASPAR database of transcription factor binding
profiles (Fornes et al., 2019). The details of these enhancers can be found in Supplemental
Table of Enhancer Names and Locations. To create an OCT4-SOX2 expression vector,

we amplified the msSox2-P2A-msOct4 fragment from the FUW-SOKM plasmid (Addgene
#20325) with Gibson assembly overhangs to a H2B-RFP expression vector. We assembled
the vector, leading to a CMV-driven Sox2-P2A-Oct4-1IRES-H2B-RFP ubiquitous expression
vector with a fluorescent readout of electroporation efficiency.

Embryo dissociation and cell sorting—To isolate broad regions containing neural
crest cells, we surgically dissected cranial regions. At HH6, we dissected tissue anterior to
the node. For HH8-10 we dissected pre-somitic tissue. From HH12 onward, we dissected
pre-otic tissue only, containing the first and second branchial arches. Neural crest cells were
dissociated as previously described (Bhattacharya et al., 2018). Briefly, robustly GFP or
RFP expressing embryos were dissected in Ringer’s solution, dissociated using Accumax
(Accutase SCRO006), filtered, and resuspended in Hank’s solution. Single-cell suspensions
were then sorted using a Sony MA900. Forward and side scatter were used to exclude debris
and doublets, and another gate of either GFP ( TFAP2aE1-GFP) or RFP (OCT4-P2A-S0OX2-
HZB-RFP) was used to isolate cells of interest.

RNA extraction, library preparation, and sequencing—~For chicken neural crest
RNA-Sequencing, we FACS isolated at least 5,000 cranial neural crest cells into the lysis
buffer from the RNAqueous micro kit (ThermoFisher #AM1931). RNA was extracted
according to the manufacturer’s protocol, quantified using a Qubit RNA HS Assay
(ThermoFisher #Q32852), and analyzed for quality on an ABI 3730xI DNA Analyzer.
RNA-Sequencing libraries were prepared using the NEBNext® Ultra™ Il Directional RNA
Library Prep Kit (NEB #E7765) according to the manufacturer’s protocol. Depending on the
input RNA amount, libraries were PCR amplified 13-16 cycles. Libraries were quantified
using a Qubit DNA HS Assay (ThermoFisher #Q33230) and checked for fragment size
distribution and quality on an ABI 3730x] DNA Analyzer. Individual samples were

pooled at an equimolar ratio calculated using the KAPA Library Quantification Kit (Roche
#07960336001) and sequenced in a single-end configuration on an Illumina NextSeq500
using the High Output 75bp kit. Sequencing was performed by the Biotechnology
Resource Center (BRC) Genomics Facility (RRID:SCR_021727) at the Cornell Institute

of Biotechnology.
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ATAC-Seq library preparation and sequencing—For chicken neural crest ATAC-Seq,
at least 5,000 cells were isolated via FACS, gently centrifuged at 500rcf, resuspended in
CryoStor freezing media (Stem Cell Technologies #CS10), and frozen at —80°C until library
preparation. For human ESC and iINCC ATAC-Seq, cells were dissociated using Accutase
and then counted. One hundred thousand cells were resuspended in CryoStor media and
frozen at —80°C until library preparation. Cells were processed using the OMNI-ATAC-Seq
protocol (Corces et al., 2017). Frozen cells were quickly thawed at 37°C and ATAC-RSB
buffer was added to a total volume of 1.5mL. Samples were centrifuged at 500rcf for 5
minutes at 4°C and the supernatant was removed. Next, cells were resuspended in 100ul of
ATAC-RSB-LYSIS and kept on ice for 3-5 minutes, depending on input cell type. To stop
lysis, ImL of ATAC-RSB-WASH was added to each sample and they were again centrifuged
for 5 minutes at 500rcf. The supernatant was removed, and cells were resuspended in

50ul of OMNI-ATAC Mix (~100nM concentration of Illumina TDE1 enzyme). Cells were
then tagmented on a mixing (500rpm) thermoblock at 37°C for one hour. Tagmented DNA
was recovered using a Qiagen MinElute Kit (#28204), with 21pl of elution buffer warmed

to 55°C. Library amplification PCR was performed with the NEBNext Ultra 11 Q5 2X
Master Mix (NEB #M0544S) using Nextera primers for 13-15 cycles. DNA concentration
was measured using a Qubit DNA HS Assay (ThermoFisher #Q33230) and stereotypical
nucleosomal banding was observed using an ABI 3730xI DNA Analyzer. Individual samples
were pooled at an equimolar ratio calculated using the KAPA Library Quantification Kit
(Roche #07960336001) and sequenced on an Illumina NextSeq500 at the Cornell Institute of
Biotechnology using the 75bp kit in a paired end configuration (32x32).

CUT&RUN library preparation and sequencing—CUT&RUN was performed as
previously described (Rothstein and Simoes-Costa, 2020). For chicken neural crest samples,
20 neural folds were dissected per sample. For human hESC and hiNCC samples, cultures
were briefly dissociated using Accumax, counted, and 500,000 cells were used for each
sample.

Immunohistochemistry—Whole-mount chicken embryos were isolated and fixed in
PFA-PB for 10-20 minutes at room temperature. After dissection, embryos were washed
in TBS containing 0.1X Triton X-100 and 1% DMSO (TBTD). Primary antibodies, diluted
in 10% donkey serum blocking solution, were incubated at 4°C overnight, and secondary
antibodies were incubated for 2 hours at room temperature.

Enhancer Pulldown—To detect the ability of proteins to bind to DNA sequence features,
we performed enhancer pulldown experiments using biotinylated enhancer sequences
(Azambuja and Simoes-Costa, 2021). First, known neural crest enhancer sequences (300—
500bp) and their mutant versions were amplified in the presence of biotinylated nucleotides.
Dynabeads MyOne Streptavidin T1 beads (Invitrogen, #65602) were washed and incubated
with this biotinylated DNA for 30 minutes at room temperature. HH4 chicken embryos were
electroporated with a FLAG-OCT4 and FLAG-SOX2 expression construct. Nuclear extracts
were generated from these embryos at HH9 (Azambuja and Simoes-Costa, 2021). These
nuclear extracts were incubated with bead-bound DNA for 1.5 hours at 4°C, washed three
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times, and eluted. Samples were size-separated via gel-electrophoresis and then subjected to
a Western Blot for FLAG (the presence of SOX2/0CT4).

Co-immunoprecipitation (Co-IP)—To capture TFAP2A and SOX2 interactions, we
utilized the protocol from Mohammed et. al. with minor modifications (Mohammed et

al., 2016). For each IP, we started with 6x107 cells that were dissociated, counted, and

then crosslinked with 1% formaldehyde. Before proceeding with the IP reactions, a 50uL
aliquot of each lysate was reserved to serve as input. 7ug of TFAP2A mouse monoclonal
antibody (sc-12726- Santa Cruz Biotechnology) and normal mouse 1gG (12-371 — Millipore
Sigma) antibodies were used in each IP reaction. After performing the IP reactions and
wash steps, samples were eluted on Laemmli buffer and heated at 95°C for 10 minutes.

All samples were resolved on a SDS-PAGE, and after the run proteins were transferred to
an immobilon-FL PVDF membrane (Millipore Sigma - MA — USA). Sox2 Goat polyclonal
antibody (AF2018 — R&D Systems - 1:1000 dilution) was used for protein detection.
LICOR IRDye secondary antibodies (1:15000 dilution) were used to detect Sox2 primary
antibody, according to manufacturer instructions. Membranes were scanned on the Odyssey
DLx system (LI-COR Biosciences, NE-USA), and images were quantified on the Image
Studio Lite software.

Immunocytochemistry—For NGFR (p75) cell surface marker staining across the neural
crest induction time course, adhered cells were washed once with 1X PBS and dissociated
with Accumax Cell dissociation solution (Accutase, SCR006) for 5 minutes at 37°C. The
subsequent cell suspension was washed once with 0.1% BSA in PBS solution and spun
down for 5 minutes at 400rcf. Cells were next incubated with appropriate dilutions of
directly conjugated primary antibody in 0.1% BSA in PBS solution for 30 minutes at RT.
The anti-p75 NGF receptor antibody (Abcam, ab234270) was used at a dilution of 1:100.
Following primary antibody staining, the cells were washed once with 0.1% BSA in PBS
solution and the antibody staining intensity was measured by FACS analysis using the
Attune Nxt flow cytometer.

Proximity Ligation Assays (PLA)—To identify proximity between various
combinations of transcription factors, we performed proximity ligation assays (PLAS)

as previously described (Alam, 2018) using the DuoLink Fluorescence approach (Sigma-
Aldrich, DU092101) with minor modifications. For PLA in chick embryo sections, embryos
were fixed with phosphate buffer (PB) containing 4% PFA for 20 minutes and cryosectioned
in OCT compound. Primary antibody pairs used are as follows: goat anti-SOX2 (R&D
Systems AF2018), rabbit anti-OCT4 (Invitrogen 701756). For PLA in human cells, we fixed
cells at day 0 and day 5 of neural crest induction in 4% PFA for 10 minutes at room
temperature. We then permeabilized the cells with 0.1% NP-40 in PBS for 30 minutes and
37°C, followed by blocking and primary antibody incubation in 1% BSA in PBS overnight
at 4°C. Primary antibody pairs used are as follows: rabbit anti-SOX2 (Abcam ab97959),
mouse anti-NANOG (Santa Cruz Biotechnology sc-293121); rabbit anti-OCT4 (Abcam
ab109183), mouse anti-Nanog (Santa Cruz Biotechnology sc-293121); rabbit anti-SOX2
(Abcam ab97959), mouse anti-Tfap2a (DSHB 3B5); rabbit anti-Oct4 (Abcam ab109183),
mouse anti-TFAP2A (DSHB 3B5)
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QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-Seq Analysis—Raw sequencing reads were demultiplexed by the Cornell

Institute of Biotechnology and trimmed using CutAdapt (v2.10) (Martin, 2011) with the
TruSeq sequencing adapter (AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC), and
a minimum read length of at least 25. Reads were then aligned to the ENSEMBL galGal6
genome using HiSat2 (Kim et al., 2019) using reverse strandedness and discarding unaligned
reads. Counts were assigned to genes using featureCounts (Liao et al., 2014) at ENSEMBL
gene annotation (v93). Downstream differential expression analysis, PCA dimensionality
reduction, clustering, and GO term enrichment analysis were performed in R v4.2.0 (https://
www.R-project.org/). Details can be found in the scripts available under Data Availability
and Code.

ATAC-Seq sequence processing—Raw sequencing reads were demultiplexed by

the Cornell Institute of Biotechnology and trimmed using CutAdapt (v2.10) in

paired-end mode with the forward and reverse Nextera sequencing adapters (Fwd —
CTGTCTCTTATACACATCT, Rev- AGATGTGTATAAGAGACAG) and a minimum read
length of at least 25. Next, we used Bowtie2 (Langmead and Salzberg, 2012) to align
paired-end reads to the ENSEMBL galGal6 or UCSC hg38 genomes for chicken and human
samples, respectively. We used the options “--local --very-sensitive-local --no-unal --no-
mixed --no-discordant” and excluded alignments > 850bp. PicardTools (https://github.com/
broadinstitute/picard) was used to mark duplicates, which were then filtered from the BAM
files using samtools (Li et al., 2009). MACS2 was used to call peaks genome-wide, with a
q value of 0.05 and the arguments “-f BAMPE -g $GENOME_SIZE --nomodel --shift 37
--extsize 73” (Zhang et al., 2008). All downstream analysis including peak set generation,
PCA, DiffBind, HOMER, chromVAR, and HINT-ATAC are available as scripts under Data
Availability and Code (Heinz et al., 2010).

Peak to Gene Correlation Analysis (RNA-Seq and ATAC-Seq integration)—To
generate peak to gene links, we utilized ImpulseDE?2 generated continuous models of gene
expression and peak accessibility across our time course. Briefly, we generated impulse
expression models of all expressed genes across our time course and generated gene
expression values for normalized time series (1-100). Next, we generated peak accessibility
models and scaled them to a similar normalized time series (1-100). Next, we used Bedtools
to generate a list of the nearest 5 genes for each peak to test for a strong correlation (Quinlan
and Hall, 2010). We then compared the impulse models for each peak to each of the nearest
five genes and reported the Spearman correlation. Correlations > 0.8 are considered strongly
positive and in our testing is a reasonably accurate predictor of in-vivo specificity and
activity. The exact code for this analysis can be found within our Data Availability and
Code. For determining peak to gene linkage in human ATAC and CUT&RUN data, we
annotated genomic regions using the GREAT algorithm (McLean et al., 2010).

CUT&RUN sequence processing—Raw sequencing reads were demultiplexed

by the Cornell Institute of Biotechnology and trimmed using CutAdapt

(v2.10) in paired-end mode with the forward and reverse TruSeq

sequencing adapters (Fwd — AGATCGGAAGAGCACACGTCTGAACTCCAGTCA, Rev-
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AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT) and a minimum read length of at
least 25. Next, chicken and human samples were aligned to ENSEMBL galGal6 or UCSC
hg38, respectively, using Bowtie2. We used the following options “--local --very-sensitive-
local —no-unal --no-mixed --no-discordant” and excluded alignments > 1000bp. PicardTools
(https://github.com/broadinstitute/picard) was used to mark duplicates, which were then
filtered from the BAM files using samtools. MACS2 was used to call peaks genome-wide,
with a g value of 0.05 and the arguments “-f BAMPE -g $GENOME_SIZE -q 0.05 --call-
summits.” Subsequent analysis including peak filtering, motif enrichment, clustering, and
comparison to ATAC-Seq can be found as R scripts within Data Availability and Code.

Experimental Quantification—Details on statistical tests for each experiment can be
found within the figure legends. Comparison of grouped samples were analyzed with a one-
sided student’s t-test. Multiple hypothesis test correction was performed with Bonferroni
multiple test correction. For RNA-Seq, at least 3 biological replicates were used for each
time point and condition. For ATAC-Seq, two biological replicates were used for each time
point. For CUT&RUN samples, at least 2 biological replicates were used for each condition.
For hiNCC and TFAP2A-overexpression experiments, two independent inductions were
performed.

Additional Resources—Gene Expression Shiny Application: https:/
ash274.shinyapps.io/RNA-Seq_App/

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The OCT4-SOX2 dimer regulates the epigenomic landscape of neural crest
cells

Dimer targets in the neural crest differ from those of embryonic stem cells

Pioneer factor TFAP2A interacts with OCT4-SOX2 to modify its genomic
occupancy
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Figure 1 —. Transcriptional dynamics of cranial neural crest development
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(A) Ex ovoelectroporation of the 77ap2aE1 enhancer driving GFP faithfully labels neural

crest derivatives in HH16 embryos. Expression is seen in the facial mesenchyme, the

trigeminal ganglia, and branchial arches (BA1, BA2). Scale bar 200 pm.
(B) Schematic of the cross-section of the developing avian embryo head. Neural crest (red)
and whole embryo cells (grey) were isolated at six developmental stages by FACS sorting

for GFP™ neural crest or GFP™ cells from the embryonic head.

(C) Principal Component Analysis (PCA) of GFP* neural crest RNA-Seq libraries.
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(D) Volcano plot of the likelihood ratio test (LRT) comparing neural crest (NC) and
embryonic head (WE) RNA-Seq samples. Significantly (p-adj* < 0.05 & log2FC > 1.5)
enriched (red) or depleted (blue) genes are colored, and most transcription factors with a
p-adj* of 1e-8 or lower are labeled.

(E) Volcano plot of showing genes significantly (p-adj* < 0.05 & log2FC > 1.5) enriched
(red) or depleted (blue) in differentiating neural crest. Most transcription factors with a
p-adj* of 1e-8 or lower are labeled.

(F) Hierarchical clustering of significantly enriched (p-adj* < 0.05) transcription factors
identified from ImpulseDE2.

(G) Visualization of pluripotency (OCT4, NANOG), neural crest (CSRNP1, SNAI2), and
differentiation (VEUROD1, ALX4) markers’ expression from our RNA-Seq Shiny app.
HH, Hamburger and Hamilton stage; *, Bonferroni-corrected p-value; NC, neural crest; WE,
whole embryo
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Figure 2 —. Profiling the chromatin landscape of cranial neural crest cells with Omni ATAC-seq
(A) Ex ovoelectroporation of TfapZaEI1-GFPwas used to label developing neural crest cells.

GFP* neural crest cells were isolated at seven developmental stages via FACS.
(B) FACS isolated nuclei from each stage were subjected to Tn5-mediated transposition with
Omni-ATAC-Seq and were processed for short-read sequencing.
(C) Principal Component Analysis (PCA) of neural crest ATAC-Seq libraries. The first
principal component, representing 51% of sample variation, separates samples according to
developmental time.
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(D) Averaged, Rlog normalized counts for each timepoint at differential peaks (FDR < 0.05)
from an LRT test across all timepoints. Hierarchical clustering shows three large clusters of
peaks (dashed lines) that were grouped together into early, mid, and late peak sets.

(E) Tornado plots showing the genome-wide accessibility profile of each peak set (from D)
at four different stages of neural crest development.

(F) ImpulseDE2 models of the SoxZ0E2 enhancer and the SOX10 gene show a highly
positive (0.98) Spearman correlation. Electroporation of this element driving a GFP reporter
in vivo recapitulates SOX10expression. Scale bar 100 pm.

(G) ImpulseDE2 models of the Dact2E1 enhancer and the DACTZ2 gene also share a highly
positive (0.85) Spearman correlation and similar /77 vivo reporter activity compared to
DACTZ expression. Scale bar 100 pum.

(H) ImpulseDE2 models for both expression (RNA-Seq) and accessibility (ATAC-Seq) of
146 neural crest genes and their nearby genomic elements identify 684 elements with a
strong (>0.8) positive correlation.

(1) Boxplots showing that activating H3K27AC mark is enriched in positively correlated
elements compared to negative correlations or a random background.

(J) Plot showing strongly activating (NR2F2, TWIST1, and OCT4) and repressing
transcription factors (TEAD3, ZEB1, and NR1I3) in neural crest cells, as determined by
DiffTF analysis.

***pP<0.001
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Figure 3 —. OCT4 and SOX2 regulate the epigenetic landscape of early neural crest cells.
(A) Variability ranked-motif plot of TF motifs enriched in neural crest cells. Some highly

variable motifs across neural crest development include: RXRB, OTX2, and OCT4-SOX2.
(B) Motif Z-scores for OTX2, OCT4-SOX2, RXRB, and NR2F1 projected onto the ATAC-
Seq PCA of neural crest samples.
(C) Individual footprinting plots for the OCT4-SOX2 and SOX2 motifs at the earliest (HH6)
and latest (HH18) developmental timepoints. These plots display a specific enrichment for

the OCT4-SOX2 motif at HH6.

(D) Diagram of CUT&RUN experiments to map genome occupancy of transcription factors

of interest.
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(E) Tornado plots depicting the genomic occupancy of SOX2 and OCT4 in HH8 neural crest
cells.

(F) Venn diagram showing the overlap in SOX2 and OCT4 CUT&RUN peaks in HH8 neural
fold samples.

(G) Compressed genomic occupancy profiles show that the strongest binding events occur at
shared OCT4 and SOX2 peaks.

(H) CUT&RUN signal enrichment centered at the previously identified early, mid, and late
ATAC-seq peak sets show that both OCT4 and SOX2 have highest binding at early ATAC
peaks.

(1) Normalized ATAC-Seq accessibility of shared OCT4 and SOX2 peaks over the neural
crest developmental time course.

*P<0.05, **P<0.01, ***P<0.001
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Figure 4 —. SOX2 and OCT4 control distinct sets of regulatory regions in pluripotent ES cells

and multipotent neural crest cells

(A) Schematic of the 5-day protocol used for obtaining induced human neural crest cells
(hiNCCs) from human embryonic stem cells (hESCs).
(B) Immunohistochemistry for NANOG, OCT4, SOX10, and SOX2 in hESCs (D0) and
hiNCCs (D5) show a loss in NANOG expression and gain in SOX10 upon neural crest
induction. OCT4 and SOX2 levels were comparable between DO and D5 of induction. Scale

bar 20
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(C) Heatmap showing the differentially accessible ATAC-seq peaks between DO, D3, D5,
and D14 hiNCCs. Neural crest genes associated with D5 specific peaks are highlighted.

(D) PCA plot depicting the progression of hESC to fully differentiated Myofibrils after
fourteen days. ChromVAR analysis shows enrichment of OCT4-SOX2, TFAP2A, and SOX2
motifs in the different ATAC samples.

(E) Tornado plot showing CUT&RUN signal of SOX2 at genomic peaks bound by the factor
at DO hESCs and D5 iNCCs.

(F) Compressed genomic occupancy plot of SOX2 CUT&RUN signal at all SOX2 peaks,
SOX2 peaks that are enriched in hESCs with an OCT4-SOX2 dual motif, and SOX2 peaks
that are enriched in hiNCCs with an OCT4-SOX2 dual motif.

(G) Normalized ATAC-Seq signal at sites containing hESC-specific dual motifs, hiNCC-
specific dual motifs, and peaks without a dual motif at DO, D3, and D5.

(H) Volcano plot showing the distinct targets of SOX2 at DO and D5 of neural crest
induction.

(1) Genome browser view of ATAC-Seq and SOX2 CUT&RUN at the NManog locus.

(J) Genome browser view of ATAC-Seq and SOX2 CUT&RUN at the Lef7 locus.

*P<0.05, **P<0.01, ***P<0.001
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Figure 5 —. Overexpression of SOX2 and OCT4 sustains multipotency in differentiating neural

crest cells.

(A) Chick embryos bilaterally electroporated with control (left side) and OCT4-SOX2
overexpression constructs (right side) show sustained expression of multipotent neural crest
marker PAX7, on the overexpression side of the embryo. Scale bar 50 pum.

(B) Immunostaining for TUJ1, a marker of neural-crest derived trigeminal ganglia, shows
improper differentiation of sensory neurons upon OCT4-SOX2 overexpression. Scale bar

100 pm.

(C) Heatmap showing ATAC signal at genomic regions whose accessibility was significantly
altered (> 2-fold) upon OCT4-SOX2 overexpression.
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(D) Differential motif footprinting analysis of OCT4-SOX2, OCT4, and SOX2 in control
versus OE samples.

(E) Boxplot showing change in accessibility of different CUT&RUN peaks upon
overexpression.

(F) Scatter plot depicting OCT4 and SOX2 binding at all ATAC peaks, with red dots being
peaks that are significantly altered upon OE.

(G) Compressed genome plot showing accessibility of early and late ATAC peaks in control
and OCT4-SOX2 overexpression samples respectively.

*P<0.05, **P<0.01, ***P<0.001
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Figure 6 —. The pioneer factor TFAP2A regulates tissue-specific function of SOX2 and OCT4 in
neural crest cells.

(A) Tornado plots showing the occupancy of SOX2, OCT4 and TFAP2A at shared OCT4-
SOX2 peaks in neural crest cells.

(B) Density plots of pairwise correlations between all profiled transcription factors at shared
peaks.

(C) Genome pile-up plot showing peaks that are bound by all three factors have the highest
levels of SOX2 and OCT4 binding.
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(D) Western Blot for SOX2 after an immunoprecipitation for TFAP2A in DO ESCs and D5
hiNCCs.

(E) Electroporation scheme for a HH9 embryo in which control dsiRNA and TFAP2A
targeting dsiRNA are electroporated on the left and right side of the embryo, respectively.
(F) Tornado plots comparing SOX2 signal at all SOX2 bound peaks in control vs TFAP2A
dsiRNA treated NC cells. Summary plots (to the right) show a global decrease in SOX2
binding upon TFAP2A knockdown.

(G) Schematic of the enhancer pulldown experiment.

(H) Western blot for Flag-SOX2 following enhancer pulldown experiment with three
different OCT4-SOX2 bound enhancers and their TFAP2A binding site mutated versions.
(1) Images of embryos bilaterally electroporated with WT (left) and TFAP2A-site mutated
versions (left) of the enhancer reporters used in (H). Mutation of the TFAP2A site within
these enhancers leads to loss of enhancer activity. Scale bar 100 um.

*P<0.05, **P<0.01, ***P<0.001
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Figure 7 —. TFAP2A Overexpression Partially Reprograms hESCs to a Neural Crest-like State
(A) Design of hESC reprogramming experiment by overexpression of TFAP2A.

(B) Tornado plot of SOX2 CUT&RUN signal at all SOX2 peaks identified from untreated

conditions.

(C) Tornado plots of ATAC-Seq signal in overexpression and wild-type conditions at peaks

enriched within untreated D5 neural crest.

(D) Volcano plot for RNA-Seq analysis between GFP and TFAP2A overexpression samples
shows enrichment of the TFAP2A gene and several other members of the neural crest GRN.
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(E) Bar chart of selected neural crest GRN components and their Log?2 fold change in

the TFAP2A overexpression condition. Immunohistochemistry staining of TFAP2A and
TFAP2B in reprogrammed hESCs showing nuclear co-staining. Scale bar 20 um.

(F) FACS analysis of neural crest marker p75 in control and TFAP2A overexpressing
hESCs.

(G) Bright field image of GFP or TFAP2A overexpressing cells. In the TFAP2A condition, a
large portion of cells undergo EMT and migrate across the substrate. Scale bar 20 pm.

(H) Graphical representation of neural crest GRN components found to be significantly
upregulated upon TFAP2A overexpression in hESCs.
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Simoes-Costa, 2021

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Goat Polyclonal anti-SOX2 (1:50 CUT&RUN, 1:200 PLA) R&D Systems Cat#AF2018
Goat Polyclonal anti-OCT4 (1:50 CUT&RUN) R&D Systems Cat#AF1759
Rabbit Monoclonal anti-H3K27Ac (1:50 CUT&RUN) Abcam Cat#ab177178
Mouse Monoclonal anti-NANOG (1:50 PLA) Santa Cruz Cat#sc293121
Biotechnology
Mouse Monoclonal anti-TFAP2A (1:50 PLA) DSHB Cat#3B5c
Rabbit Polyclonal anti-SOX2 (1:200 PLA) Abcam Cat#ab97959
Rabbit Monoclonal anti-OCT4 (1:200 PLA) Invitrogen Cat#701756
Mouse Monoclonal anti-p75 (1:100 FACS) Abcam Cat#ab234270
Biological samples
Chicken Eggs (Leghorn White) University of N/A
Connecticut
Department of Animal
Science
Critical commercial assays
RNA Agueous Micro Kit ThermoFisher Cat#AM1931
NEBNext® Ultra™ Il Directional RNA Library Prep Kit New England Biolabs Cat#E7765
Illumina Tagment DNA Enzyme and Buffer Kit Hlumina Cat# 20034197
Deposited data
Raw and analyzed data | This paper | GEO: GSE163961
Experimental models: Cell lines
Human embryonic stem cells — WAO01 (H1) | WiCell | WAe001-A
Oligonucleotides
Primer: SOX2-OCT4-OH1-F This paper N/A
GCGCGCCTTAATTAACGTTTATGTATAACATGATGGAGACGGAG
Primer: SOX2-OCT4-OH2-R This paper N/A
AGCCATTTGCATGCATGTTTGCCGGAGCCGCATGCGTT
Recombinant DNA
TFAP2AE1 chr2: 63870453- 63871022 (galGal6) Rothstein and Simoes- | N/A
Costa, 2020
SOX10E1+2 chr1:51065744-51067043 Betancur et al., 2010 N/A
DACT2EL1 chr3:41956178-41958139 Rothstein and Simoes- | N/A
Costa, 2020
E4.4 chr4:78729975-78730374 (MSX1) Azambuja and N/A
Simoes-Costa, 2021
E8.5 chr8:28018194-28018593 (FOXD3) Azambuja and N/A
Simoes-Costa, 2021
E14.1 chr14:6236095-6236494 (SOX8) Azambuja and N/A
Simoes-Costa, 2021
E18.1 chr18:8487307-8487706 (SOX9) Azambuja and N/A

Dev Cell. Author manuscript; available in PMC 2023 October 10.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hovland et al.

Page 37

REAGENT or RESOURCE SOURCE IDENTIFIER

NC1.1 chr8:28111172-28111727 (FOXD3) Simdes-Costa et al., N/A
2012

NC1.1 (double mut) TFAP2AMutl-chr8:28111473-28111486 TFAP2AMut2- This paper N/A

chr8:28111493-28111518

TFAP2BE chr3:108021169-108021490 Azambuja and N/A
Simoes-Costa, 2021

TFAP2BE (double mut) TFAP2AMutl1-chr3:108021273-108021300 TFAP2AMut2- | This paper N/A

chr3:108021375-108021400

E24.3 chr24:397366-399331 (ETS1) Azambuja and N/A
Simoes-Costa, 2021

E24.3 (mut) TFAP2AMutl-chr24:397876-397890 This paper N/A

Software and algorithms

R (v4.2.0) R Foundation for https://www.R-project.org/

Statistical Computing

Bioconductor

Huber et al. 2015

https://
www.bioconductor.org/

Other

Data processing scripts and analysis notebooks

This paper

https://zenodo.org/record/
7044924
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