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Insights into the molecular characteristics
of embryonic cranial neural crest cells and
their derived mesenchymal cell pools
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Neural crest cells (NCCs) are central to vertebrate embryonic development, giving rise to diverse cell
types with unique migratory and differentiation capacities. This study examines the molecular
characteristics of cranial neural crest cell (CNCC)-derived mesenchymal cells, specifically those from
teeth which in deer show continuous but limited growth, and antlers, which exhibit remarkable
regenerative capabilities. Here, through single-cell RNA sequencing analysis, we uncover shared gene
expression profiles between adult antlerogenic and dental mesenchymal cells, indicating common
developmental pathways. We identify a striking resemblance in transcriptomic features between
antlerogenic progenitor cells and dental pulp mesenchymal cells. Comparative analysis of CNCC-
derived and non-CNCC-derived mesenchymal cell pools across species reveals core signature genes
associated with CNCCs and their derivatives, delineating essential connections between CNCCs and
CNCC-derived adult mesenchymal pools. Furthermore, whole-genome DNA methylation analysis
unveils hypomethylation of CNCC derivate signature genes in regenerative antlerogenic periosteum,
implying a role in maintaining multipotency. These findings offer crucial insights into the
developmental biology and regenerative potential of CNCC-derived mesenchymal cells, laying a
foundation for innovative therapeutic strategies in tissue regeneration.

Neural crest cells (NCCs) are found only in vertebrates. They are a multi-
potent developmental population present during gastrulation with unique
long-range migratory potential and differentiation capacity. Some consider
NCCs to be ectoderm as they transiently resided in the dorsal neural tube
before delaminating and migrating; their unique characteristics have also led
others to identify them as the fourth germ cell layer'~. The neural crest is
segmented into cranial, vagal, trunk, and sacral regions controlled by a
neural crest gene regulatory network (GRN), with each segment having site-
specific regulatory influences. The focus of this research is the cranial NCCs
(CNCCs), which contribute to the head and superior neck derivates* and
retain a unique pluripotency signature producing derivates of ectoderm and
mesoderm™.

Distinct populations of cells form during the migration of CNCCs
controlled by both the local environment and the GRN, which then result in
odontoblasts, osteoblasts, smooth muscle cells, adipocytes, melanocytes,
neurons, Schwann cells, chondroblasts, thymic cells, cornea, thyroid and

connective tissues cells”*. CNCC-derived mesenchymal pools are retained
in different adult tissues. High-density repositories of multipotent CNCC
derivates suitable for regenerative medicine can be found in teeth pulp,
apical papilla, periodontal ligament, and the periosteum of craniofacial
bone. Three pools of dental-related mesenchymal cells (MCs) are of parti-
cular interest: the tooth bud dental mesenchymal cells (DeMCs) responsible
for the development of a tooth in the embryo, dental pulp mesenchymal cells
(DPMCs) from human exfoliated deciduous teeth pulp and adult dental
pulp. When comparing human and deer DPMC:s it should be noted that,
unlike humans, deer adult molars have some limited growth by cemento-
cytes producing secondary cementum, and this process is likely driven by
MCs’. The ability of human DPMCs to differentiate into adipocytes,
chondroblasts, and osteoblasts is well documented, along with skeletal
muscle' and cardiomyocyte'' derivatives.

In the animal kingdom, deer antlers are undoubtedly the most
remarkable example of CNCC-derived regeneration, where the antler has a
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complex adult structure, regenerating annually at up to 2 cm/day. Antler is
an example of microevolutionary diversity driven by CNCCs'”. Within the
antlerogenic periosteum (AP) on deer frontal bone is a pool of AP
mesenchymal cells (APMCs), which later differentiate into AP progenitor
cells (APPCs)"”. When triggered, these cells give rise to a short pedicle,
followed by the growth of the first antler. In subsequent years, the antler
develops from the pedicle, with a pool of subdermal mesenchymal cells at
the antler tip responsible for its growth. In a similar way to DPMCs, in vitro
studies have shown that APMCs possess the capacity to differentiate into
multiple lineages including adipocytes, chondroblasts, and osteoblasts'*".

Enhancing our understanding of the relationship between embryonic
CNCCs and various derivative multipotent CNCC-derived mesenchymal
pools holds significant promise for advancing our knowledge of the GRN,
regenerative control mechanisms, differentiation potential, therapeutic
applications, and characteristic attributes of CNCCs. Most studies investi-
gating CNCC-derived mesenchymal cells in adult tissues have focused on
characterizing resident cells based on CNCC markers, lineage mapping, or
the differentiation capacity of these cells. Current technological limitations
have hindered comprehensive gene assessment of adult multipotent CNCC-
derived mesenchymal pools. Furthermore, no research to date has explored
the interconnections among diverse adult mesenchymal pools through
single-cell RNA sequencing (scRNA-seq). This investigation aims to bridge
this gap by conducting cross-species scRNA-seq analysis on CNCC-derived
mesenchymal pools obtained from antler and teeth tissues, shedding light
on their molecular characteristics and potential applications.

DNA methylation, a highly conserved epigenetic modification found
in most plant and animal models", has a profound impact on genome
stability and gene expression'”'*. During development, epigenetic repres-
sion via DNA methylation is a prevalent mechanism for shutting down
alternative pathways during cell type specification and lineage
commitment'’. Moreover, DNA methylation is a critical regulator in neural
crest specification, migration, and differentiation”. Disruption of DNA
methylation-mediated cranial neural crest proliferation and differentiation
leads to orofacial clefts in mice”’. AP tissue demonstrates remarkable
regenerative abilities during initial deer antler development. However,
adjacent tissues like facial periosteum (FP) tissue from deer, which also
originate from CNCC, lack such regenerative capabilities. In this study, we
conducted whole-genome DNA methylation analysis to compare the DNA
methylation profiles of these two types of periosteum tissues, specifically
examining changes in DNA methylation levels of CNCC derivate signature
genes. This research conducted single-cell sequencing on deer molar pulp
and genome bisulfite sequencing on AP. It compared these with existing
databases of CNCCs (mouse) and derivative pools of AP, deer FP, and teeth
(deer/human/mouse).

We hypothesize that single cell sequencing will detect a pool of cells in
embryonic CNCC cells with similarities to regenerative pools retained in
both the AP and tooth mesenchyme/pulp which display high regenerative
capacity; we also propose that hypomethylation will be an important reg-
ulatory mechanism in deer AP cells.

Results

Adult deer APMCs and DPMCs express CNCC derivate
signature genes

The identification and characterization of CNCC derivate signature genes
expressed in APMCs and DPMCs represent a significant advancement in
understanding the regenerative potential of these tissues. A cross-species
approach was adopted due to the challenges associated with obtaining
unmodified deer CNCCs. Wntl-traced CNCCs were obtained from pre-
viously published studies™ conducted on the mouse anterior half of embryos
at the E8.5 developmental stage (Fig. 1A). Cross-species integration of the
scRNA-seq data from deer AP, deer molar dental pulp tissue, and mouse
Wntl-traced E8.5 CNCCs (Fig. 1B), enabled us to perform unsupervised
clustering analysis. Using known gene markers, we identified key cell
populations (Fig. 1C, D, Supplementary Fig. 1A, B), with a particular focus
on mouse SOX2" neural tube cells, SOX10" migrating CNCCs, and

TWISTI" mesenchymal CNCCs”, and deer THYI® APMCs, TNC*
APPCs", deer MSX2" DPMCs™". Very few WNTI" NT signature genes
(WNT1, SOX2, HES5) or neural plate border signature genes (PAX3, PAX7,
ZIC1, ZIC3, TFAP2A) were found in APMCs and DPMCs. Upon further
investigation of known signature genes related to EMT/migrating
CNCCs™*”, we found that deer APMCs and DPMCs exhibited significant
expression levels of EMT/migrating CNCC signature genes MYC, ZEB2,
ID3, CDH2, SOX9, MAFB, ID4, ETS1, EBFI1, SNAII and CDHI but with
only low/no expression FOXD3 or SOX10 (Fig. 1E). When considering the
signature genes related to migrating/mesenchymal CNCCs, deer DPMCs
highly expressed DLX2, and both DPMCs and APMCs expressed MSX2,
TWSTI, and PRRX2. Cranial ectomesenchyme signature genes SNAI2,
PRRX1, and TWIST2, were highly expressed in both deer APMCs and
DPMC:s. The retention of particularly the EMT/migrating CNCC derivate
signature genes in adult antler and teeth tissue points to critical factors that
could be important for the activation of growth and repair post-embryonic
development.

The transcriptional features of APMCs differentiating into APPCs
closely resemble those observed during DeMCs differentiation
from mouse embryonic to postnatal stages

We investigated whether different CNNC-derived resident MC populations
have similar transcriptional signatures as they differentiate. To do this, we
examined whether deer antler APMCs differentiating into APPCs share
similar transcriptional molecular characteristics and undergo analogous
early differentiation processes as observed during tooth development. We
utilized published scRNA-seq datasets from embryonic and early postnatal
mouse molar tissues at various developmental stageszs, including E13.5,
E14.5, E16.5, P3.5, and P7.5. After integrating these datasets, we performed
an unsupervised clustering analysis (Supplementary Fig. 2A). Cells were
then assigned to 21 clusters, with two clusters (CO and Cl) identified as
DeMCs (Fig. 2A, B, Supplementary Fig. 2B, C). Notably, these two clusters
exhibited distinct distribution patterns: CO was predominantly present
during the E13.5, E14.5, and E16.5 stages, while C1 was primarily observed
during the P3.5 and P7.5 stages (Fig. 2B and Supplementary Fig. 2D),
suggesting a trajectory from C0 to C1 as DeMCs transition from tooth germ
stages to postnatal stages. We utilized the scPred tool to compare the
transcriptional profiling of APMCs and APPCs as references to those of
mouse DeMCs at various developmental stages (Fig. 2C, D). When
restricted to these two cell types (APMCs and APPCs), our scPred analysis
revealed that DeMCs during the E13.5 and E14.5 stages exhibited nearly
identical similarity to APMCs, with an average probability exceeding 98%
(Fig. 2E, F). Furthermore, from the E16.5 to P7.5 stages, 77% of DeMCs
showed similarity (probability >75%) to APMCs, while 18% of DeMCs
displayed similarity to APPCs (Fig. 2G, H).

The earliest initiators of antler development are APMCs, which later
differentiate into APPCs expressing specific signature genes, including
DLX5, RUNX2, TNC, and PTN". We investigated whether these signature
genes of APPCs are also expressed during DeMCs early differentiation. To
investigate this, we compared the expression levels of these genes during
DeMCs differentiation, alongside CNCC signature genes such as MSX1,
MYC, ZEB2, ID3, SOX9, MAFB, ID4, EBF1, SNAII, MSX2, TWIST1, and
PRRX2. The results revealed highly similar expression patterns for these
genes during both antler and tooth development processes (Fig. 2I). These
findings suggest that CNCC-derived mesenchymal cells show similarities in
gene expression, but can subsequently differentiate into specialized tissues
such as antlers and teeth.

We further conducted a consensus co-expression network to identify
gene modules in deer APMCs, APPCs, and mouse DeMCs (Fig. 3A). A total
of 17 co-expression modules resulted from the network analysis (Fig. 3B).
Two co-expression gene modules, named M1 and M2, displayed high
harmonized module eigengenes (hMEs; Fig. 3C). Module M1 was shared
between APMCs and DeMCs (C0) during the early tooth germ stage, while
M2 was shared between APPCs and DeMCs (C1) during the postnatal germ
stages. The hub genes within M1 are associated with the regulation of cell
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Fig. 1 | Cross-species single-cell profiling of both CNCC-derived organs: antlers ~ C UMAP plot to visualize the unsupervised clusters along with the cell types

and teeth. A Schematic location of mouse E8.5 Wntl-traced neural tube (NT)/ identified from the mouse E8.5 CNCCs, deer AP, and DP. The cell types with a
neural crest (NC) with scRNA-seq data obtained from™, deer antlerogenic perios-  particular focus are labeled in blue. D UMAP plot to visualize the expression levels of
teum (AP) and deer teeth dental pulp (DP) mesenchymal cells (DPMCs). Note that ~ marker genes associated with CNCC development. WNTI" NT (SOX2), EMT/
prior to NT closure, epithelial-to-mesenchymal transition (EMT) triggers CNCCs to  migrating CNCCs (SOX10), migrating/mesenchymal CNCCs (TWIST1), APMCs
delaminate from the NT and migrate throughout the embryo to locate in different  (THY1), APPCs (TNC), and DPMC (MSX2). E Violin plots to illustrate the
cranial regions. CNCCs possess diverse differentiation potentials, highlighting their  expression of signature genes associated with various stages of WNTI* NT, Neural
capability to give rise to mesenchymal cells (MCs). Within the deer AP on the frontal ~ Plate border, EMT/migrating CNCCs, migrating/mesenchymal CNCCs, and cranial
bone locates a pool of AP mesenchymal cells (APMCs), which later differentiate into  ectomesenchyme within the populations of WNTI* NT, EMT/migrating CNCCs,
APPCs". Both APMCs and DPMCs are CNCC-derived. B UMAP plot to visualize ~ mesenchymal CNCCs, APMCs, and APPCs.

all cells from the mouse CNCCs, deer AP, and DP; tissue types are color-coded.
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Fig. 2 | Shared transcriptional features of deer APMCs + APPCs and mouse
DeMCs during their initial differentiation. A Schematic drawing of mouse tooth
molar tissues at various developmental stages, including tooth germ stages E13.5,
E14.5, and E16.5, as well as postnatal stages P3.5 and P7.5 with scRNA-seq data
obtained from™ in a UMAP plot displaying DeMCs. B UMAP plot to visualize
DeMCs, consisting of two clusters (C0O and C1). The red box highlights the relative
proportion of these two clusters at various developmental stages. C Schematic
drawing of AP tissues, along with a UMAP plot to visualize APMCs and APPCs.
D Dot plots to show training probabilities for each cell of both APMCs and APPCs

based on the scPRed tool. E Violin plots to illustrate the predictive probabilities of
APMC:s for each cell in the mouse DeMCs at various developmental stages. F UMAP
plot to visualize the predictive probabilities of APMCs for each cell in the mouse
DeMCs at two clusters (CO and C1). G Violin plots to illustrate the predictive
probabilities of APPCs for each cell in the mouse DeMCs at various developmental
stages. H UMAP plot to visualize the predictive probabilities of APPCs for each cell
in the mouse DeMCs at two clusters (CO and C1). I UMAP plot to visualize co-
expression patterns of 12 CNCC signature genes and 4 regeneration-related sig-
nature genes in APMCs -+ APPCs and mouse DeMCs.

differentiation, cell development, and neurogenesis (Fig. 3D), regulated by
key hub genes, including IGF2, SFRP2, FOXP2 and NEGRI (Fig. 3E).
Moreover, the hub genes in M2, such as MSX2, TNC, ALPL, OMD, PTCH1,
and DLX3, are related to animal organ morphogenesis, ossification, bio-
mineral tissue development, and odontogenesis (Fig. 3D). This is the first
time the core genes linked to CNCC-derived adult mesenchymal pools have
been identified across diverse organs.

APPCs exhibit a molecular characteristic remarkably similar to
that of adolescent human DPMCs

To enhance our understanding of the molecular characteristics of the
CNCC-derived craniofacial GRN in adult tissues, we conducted a cross-
species integrated scRNA-seq analysis between deer AP and dental pulp
samples from adult deer and adult and adolescent humans (Fig. 4A). The
abundance of MCs in the adult dental pulp and growing apical papilla is
well-established. Their scRNA-seq data were collected in a separate study”’.
Unsupervised clustering analysis unveiled 19 distinct clusters (Fig. 4B, C).
Among these clusters, C2 and C6 were primarily composed of THY1*
APMCs, which are predominantly found in the AP. Additionally, six
clusters (C1, C4, C7, Cl11, Cl4, and C19) exhibited high expression of

marker genes specific to both APPCs (e.g., TNC) and DPMCs (e.g., MSX2)
(Fig. 4D), indicating that these clusters were shared between APPCs and
DPMCs. Specifically, APPCs were predominantly located within three
clusters (C1, C4, and C14), while DPMCs were primarily distributed across
these six clusters (Fig. 4E). Furthermore, we identified eight distinct cell
types within these tissues (Supplementary Fig. 3A-C), including vascular
smooth muscle cells and pericytes (C5), vascular endothelial cells (C0, C8,
C12, and C17), lymphatic endothelial cells (C18), monocytes/macrophages
(C9), odontoblasts (C16), Schwann cells (C3), glial cells (C13), and T cells
(C10). Particularly noteworthy was the identification of a population of
proliferative cells (C15). Within the APPCs + DPMCs group, it was
observed that the percentage of DPMCs was significantly higher in ado-
lescent human apical papilla tissue compared to the other tissues (Fig. 4F),
thus potentially indicating the loss of regenerative potential in human teeth
with aging. Conversely, human adult dental pulp exhibited only minimal
proliferative cells and a predominance of odontoblasts (Supplementary
Fig. 3D). Interestingly, the absence of gene expression specific to signature
genes of CNCC derivates, such as SOX9, SNAI2, HAPLNI, and TWIST2
(Fig. 4G), in adult human DPMCs suggested a higher level of cellular dif-
ferentiation with aging.
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Fig. 3 | Co-expressed consensus networks of APMCs, APPCs, and mouse DeMCs.
A UMAP plot is visualizing APMCs, APPCs, mouse DeMCs (C0), and DeMCs (C1).
B hdWGCNA dendrogram illustrating the different co-expression modules that
resulted from the network analysis. Each leaf on the dendrogram denotes a single
gene, and the color, except for gray, at the bottom, indicates the co-expression
module assignment. The gray modules comprise genes that were not assigned to any
specific co-expression module. C UMAP plot to visualize the hMEs for the modules

of M1 and M2. Note that M1 showed high hMEs between APMCs and mouse
DeMCs (C0), and M2 showed high hMEs between APPCs and mouse DeMCs (C1).
D Networks underlying the top 25 hub genes for the M1 and M2 modules,
respectively. Each node denotes a gene, and each edge denotes the co-expression
relationship between two genes in the network. E Dot plot to show the DAVID
enriched Gene Ontology BP terms (top 10) using all hub genes in the modules of M1
and M2, respectively.

Over 80% of the highly expressed genes in the APPCs + DPMCs group
were associated with ossification, animal organ morphogenesis, and stem
cell differentiation (Fig. 4H). The top 50 highly expressed genes included
signature genes of CNCCs derivates (e.g, HAPLNI and MSX1), DPMCs
(e.g., MSX2), and APPC:s (e.g., DLX5, PTN, and TNC) (Fig. 41). These genes
are implicated in bone and neuron development, emphasizing the intricate
coordination between CNCC-derived APPCs and DPMCs during devel-
opment. Additionally, we pinpointed highly expressed genes specific to
APPCs and each of the DPMCs in humans and deer. Our analysis revealed
35 genes that consistently exhibited high expression levels across these four
samples (Fig. 4]). Notably, 75% of these genes were among the top 50 highly
expressed genes in the APPCs + DPMCs group, and these genes were also
consistently involved in functional enrichment results (Supplementary
Fig. 3E), further indicating similar molecular characteristics between APPCs
and DPMCs. Among these 35 co-expressed genes, five genes have pre-
viously been associated with pluripotent stem cells: PTN, GJAI, DLX5, NES,
and FNI (Fig. 4K). A STRING-db network also found SATB2, NOTCH2,
ROBOI, FAT3, CDH11, and DKK3, associated with these five stem cell
regulators (Fig. 4L). These genes may thus identify an interconnected

network for the identification of post-embryonic CNCC-derived
mesenchymal pools.

The global transcriptomic signatures of APPCs more closely
resemble that of deer DPMCs than that of human DPMCs

The global transcriptional similarity among these four cell populations
(APPCs and each of the DPMCs in humans and deer) can provide insights
into the evolutionary developmental relationships between them. To do so,
we conducted a comprehensive comparison of their transcriptomes. The
results revealed an intriguing pattern: there was a stronger correlation
between APPCs and deer DPMCs compared to human DPMC:s (Fig. 4M).
Thus, the dental pulp cells from different species have evolved to have
distinct transcriptomic signatures. This observation suggests that APPCs
and deer DPMCs may share similar developmental pathways and reg-
ulatory mechanisms that distinguish them from human DPMCs, and this
may be linked to the species-specific evolution of the CNCCs. To further
investigate their shared regulatory mechanisms, we employed a SCENIC
workflow to identify cell-type regulons, which are co-expressed transcrip-
tion factors and their putative target genes in the regulatory network, that
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play key roles in controlling cell fate specification and differentiation. The
hierarchical clustering based on regulon activity also indicated stronger
correlations between APPCs and deer DPMCs (Fig. 4N). The analysis
unveiled a specific regulon cluster (C1) in APPCs, which included tran-
scription factors such as AR, MYC, RARA, and FOXO1I. These transcription
factors are known to play important roles during antler development'*'****,
A substantial cluster (C3) comprising 29 shared regulons was identified
between APPCs and deer DPMCs. Within these regulons, several tran-
scription factors are known for their roles in stem cell maintenance,

embryonic development, and organ/tissue development, including RCOR1,
KLF4, POU2F1, SMADI, and ID1. Additionally, the presence of the TCF
superfamily, including TCF12, TCF4, and TCF7LI, in both APPCs and deer
DPMCs aligns with their established importance in the development of
craniofacial structures derived from CNCCs™. Three clusters (C2, C4, and
C5) are co-activated in both deer and adult or adolescent human DPMCs,
comprising a total of 19 regulons, suggesting that these regulons may play a
role in tooth development, with an example being MSX2. Altogether, these
findings provide valuable insights into the shared molecular mechanisms
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Fig. 4 | Integrated single-cell analysis of APPCs and adult human and

deer DPMCs. A Schematic illustration of deer AP, adolescent and adult human, and
adult deer dental pulps. Human scRNA-seq data obtained from”. B UMAP plot to
visualize all cells from AP and dental pulps, tissue types are color-coded. C UMAP
plot to visualize unsupervised clusters along with the identification of APMCs and
APPCs in AP and DPMCs in dental pulps. D UMAP plot to visualize the expression
of marker genes within the APPCs + DPMCs group, including MSX2 and TNC.

E Bar plot to show the relative proportions of unsupervised clusters within the
APPCs + DPMCs group. F Bar graph with the percentage of APPCs and DPMCs.
G Violin plots to illustrate the expression of CNCC derivate signature genes within
the APPCs + DPMCs group. H Dot plot to show DAVID enriched Gene Ontology
terms using highly expressed genes within the APPCs + DPMCs group. I Heat map
plot to illustrate the expression profiles of the top 50 highly expressed genes in all cell
types. The left side of the heat map lists the top 50 highly expressed genes within the
APPCs + DPMCs group. The genes related to bone (*) and neuron (#) development
are also marked. The signature genes related to CNCCs derivates (e.g., HAPLNI and
MSX1), DPMCs (e.g., MSX2), and APPCs (e.g., DLX5, PTN, and TNC) are

highlighted in red. J. Venn plot to show highly expressed genes specific to APPCs and
each of the human and deer DPMCs. K Dot plot to show 35 shared genes in (J) that
are related to bone and neuron development. The size of each dot represents the
percentage of cells expressing the gene, while the shade of color represents the
average expression level of the gene. The genes (e.g., PTN, GJAI, DLX5, NES, and
EN1) related to pluripotent stem cells are highlighted in red. L STRING-db network
of the 35 shared genes in (J). Nodes represent genes. The size of the node indicates the
degree of connection; the larger the node, the higher the degree of connection with
others for a given gene. The genes relevant to the context of the study are highlighted
in red. M Heat map plot to illustrate correlations between cell types within the
APPCs + DPMCs group, calculated based on average expressed scRNA-seq data.
Pearson correlation coefficients are shown. N Heat map plot to illustrate the activity
of regulons between cell types within the APPCs + DPMCs group. Five specific
regulon clusters are highlighted by a black dashed box. The right side of the heat map
lists the active regulons in these five regulon clusters. The regulons highly relevant to
the context of the study are highlighted in red.

underlying the CNCC-derived development of antlers and teeth in deer,
shedding light on similar regulatory networks and key transcription factors.

Molecular characteristic of CNCC-derived mesenchymal cell
pools during embryonic and postnatal stages across humans,
mice and deer
To more fully characterize CNCC-derived MC pools, we expand our analysis
to encompass various scCRNA-seq data across humans, mice, and deer in both
embryonic and postnatal stages (Fig. 5A), including the mouse migrating/
mesenchymal CNCCs™, deer APMCs and APPCs, deer CNCC-derived FP
mesenchymal cells (FPMCs) and FP progenitor cells (FPPCs)" and molar
DPMC:s from sika deer, tusk and molar DPMCs from Chinese water deer
(CWD), a unique deer species characterized by the absence of antlers but
possessing a set of large tusks, mouse DeMCs of tooth germ and postnatal
stages™, as well as human DeMCs of tooth germ (Supplementary Fig. 4A-C)™*
and adolescent and adult DPMCs”. Additionally, 11 types of non-CNCC-
derived MCs from 11 human fetal organs™ were included in the analysis.
After isolating annotated MC types from these data sources and nor-
malizing the data, we assessed the expression of 35 signature genes among
these MC pools. The key findings are summarized as follows (Fig. 5B): (1)
CNCC-derived MCs exhibited significantly higher expression of these sig-
nature genes compared to non-cranial counterparts; (2) WNT1" neural tube
signature genes (WNT1I, SOX2, HES5) along with EMT/migrating CNCC
genes FOXD3, SOXI0 and possibly ZIC3 (low expression only) were
restricted to mouse embryonic CNCCs; (3) MSX1, ID3, CDH2, SOX9, MAFB,
ID4, ETSI, SNAII, TWISTI, and PRRX2 form a marker gene set for
embryonic CNCCs and CNCC-derived MCs; (4) DLX2 and MSX2 were
identified as signature genes for teeth DeMCs/DPMCs and embryonic
CNCCs (but not other CNCC-derived tissues). Interestingly, TFAP2A was
strongly expressed in embryonic CNCCs, and CWD tusk DPMCs with weak
expression in human embryonic DeMCs; (5) cranial ectomesenchyme-
related signature genes and regeneration-related genes SNAI2, TWIST2,
RUNX2, and TNC showed high expression specifically in CNCC-derived
MCs; (6) ZEB2, EBFI1, PRRX1, and PTN where found to have a more generic
expression across both cranial and non-cranial MCs. These findings provide
valuable insights into the origin and molecular characteristics of CNCC-
derived and non-CNCC-derived MC pools from diverse tissues and organs,
spanning embryonic and postnatal stages across different species, and
emphasize their inherent properties. These gene signatures add to existing
knowledge of identifying different CNCCs and derivative pools along with
the core genes that can detect both CNCCs and their derivative pool: MSX1,
ID3, CDH2, SOX9, MAFB, ID4, ETS1, SNAI1, TWISTI, and PRRX2.

DNA hypomethylation of CCNC derivate signature genes was
maintained in the AP compared to the FP

Epigenetic regulation via DNA methylation plays a crucial role in neural
crest specification, migration, and differentiation™. To elucidate the intrinsic

regulatory mechanisms governing the maintenance of multipotency in
CNCC-derived MCs, we utilized AP as a representative example of CNCC
derivatives. We conducted whole-genome bisulfite sequencing analysis on
deer AP and FP tissues as controls (Supplementary Fig. 5A, B). Our analysis
revealed that 66.3-72.9% of cytosines in CpG sites across the entire genome
were methylated, whereas less than 1% of cytosines in CHG and CHH
contexts were methylated (Supplementary Fig. 5C). Specifically focusing on
CpG site methylation, we observed that hypomethylated CpG sites were
predominantly situated near the transcription start site (TSS) (Fig. 6A).
Notably, hypomethylation levels in the promoter region of the AP (11%
based on |diff. Methy| > 0.3 and 23% based on |diff. Methy| >0.1) were
higher compared to those in the FP (2% and 2%) (Fig. 6B and Supple-
mentary Data 1).

Through a comprehensive analysis associating genomic regions with
genes in a many-to-many mapping scheme, covering gene bodies, pro-
moters (+1000 bp), and adjacent intergenic regions (3000 bp), we identified
932 hypomethylated and 642 hypermethylated genes in the AP compared to
the FP. These genes primarily participate in neuron migration and devel-
opmental processes (Fig. 6C). Furthermore, we uncovered an association
between hypomethylation and CNCC derivate signature genes including
MSX1, TFAP2A and PAX3 as well as cranial ectomesenchyme signature
gene TWIST2 in the AP (Fig. 6D and Supplementary Fig. 5E). Hypo-
methylated CpG sites were found within and near these genes, particularly
in close proximity to their promoters. Remarkably, no hypermethylated
CNCC signature genes were identified. The AP cells have previously been
reported to form colonies, express stem cell markers, produce chimera in
vivo, and exhibit multi-lineage differentiation capacity'’. Thus, findings
suggest that epigenetic regulation via DNA hypomethylation of promoter
regions may contribute to the maintenance of multipotency in the AP,
underscoring the importance of DNA methylation status in preserving
multipotency in adult CNCC-derived MCs, future research should be
conducted to confirm this.

Discussion

DeMCs during early-stage tooth bud mouse embryo (E13.3-14.5) and
APMCs were found to be 98% similar based on their transcriptional pro-
filing comparison (Fig. 2E). This finding suggests that these two distinct
CNCC-derived tissues have pools of cells with similarities, and warrants
further research on their relationship with nascent CNCC’s. APPCs have
been shown to express specific signature genes, including DLX5, SOX9,
RUNX2, TNC, and PTN". These genes are also associated with PDGFRA-
expressing MCs™ driving regenerating digit tips in mice”. Hence, we
termed these genes as “regenerated signature genes”. Interestingly, these
genes were found to be highly expressed in post-natal 3.5/7.5 stage DeMCs
as well (Fig. 2I). These results indicate that despite residing in different
mesenchymal pools and regardless of their location, there is consistency in
the expression of these regenerated signature genes. Two key co-expressed

Communications Biology | (2024)7:1347


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-07056-x

Article

A

Cranial neural crest

mesenchymal CNCCs

)

De Bono, C et al., 2023

Deer

CNCC-derived mesenchymal pools

BRI

Deer/Human/Mouse
Craniofacial periosteum  Molar dental MCs

Non-CNCC-derived mesenchymal pools

Cao et al., 2020

Deer
Tusk dental MCs

Human

Deer (SKD) Deer (CWD)

Molar
Dental Pulp

Dental Pulp

Tusk
Dental Pulp

(adult) (adult)

This study

Baetal,, 2022

o=

DPMCs

Ba et al., Submitted

e o R

Dental Pulp (adult)

Dental mesenchyme
Dental mes/enchyme

(E13.5 to P7.5) (Fetal 12-22w)

DeMCs

Jing et al., 2022
Jan et al., 2020

,r)EMCS

Apical papilla
' (growing)

Alghadeer A et al., 2023

Stomach MCs
Spleen MCs -
Placenta MCs -
Pancreas MCs -
Muscle MCs
Lung MCs
Kidney MCs -
Intestine MCs -
Heart MCs -
Eye MCs 4
Adrenal MCs -
DeMCs (fetal) o
DPMCs (ad,ultg
DPMCs (growing
DeMCs (P3.5-7.5) -
DeMCs (E13.5-16.5) 4
Molar_DPMCs
Tusk_DPMCs -
Molar_DPMCs -

organs
Embryonic stage

Non-CNCC-derived
Human

organs

Postnatal

CNCC-derived

N
oiilia:.

APMCs
Mesenchymal CNCCs
EMT/migrating CNCCs

¥

»

L

000 - 0

@

Ut 2

Mouse skD CWD

CNCCs

P A R TN R 205
SHEEEGTPS

LR LFo
@O @?‘ WA

IS I S I A R PSS
& (8@% OQ<<O+ LA 6\' Q\/®2$\ Qg}gng&A\ Q\Q/pé AR

CNCCs and deer craniofacial periosteum MCs (APMCs, APPCs, FPMCs and FPPCs)

N CNCCs and CNCC-derived MCs
I CNCCs and dental MCs (deer/human/mouse)

Gene symbol
color

I CNCC-derived MCs and negative for CNCCs

I APPCs and growing DPMCs

I all cells

Fig. 5 | Expression pattern analysis of the 32 key signature genes for CNCC-
derived mesenchymal pools during embryonic and postnatal stages across
human, mouse, and deer. A Schematic location and UMAP plot of CNCC-derived
mesenchymal pools: deer craniofacial periosteum cells, including APMCs, APPCs,
FPMCs, and FPPCs"’, adult deer dental pulps (this study), CWD tusk and molar
dental pulps, human tooth germ tissues at 12-22** weeks, human dental pulps,
including both adult and growing tooth (Jan et al., 2020), mouse dental pulp at
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various developmental stages, including tooth germ stages E13.5, E14.5, and E16.5,
as well as postnatal stages P3.5 and P7.5*. Non-CNCC-derived mesenchymal pools:
11 human fetal organs™. B Dot plot to show 35 key signature genes associated with
CNCC derivates and CNCC-derived mesenchymal pools. Note that 35 key signature
genes were further classified based on their expression pattern across these samples,

classification are color-coded.

modules (M1 and M2) link antler development and tooth bud induction,
representing the first report of such gene co-expression modules. This
further highlights the transcriptional features of APMCs differentiating into

APPCs that closely resemble those observed during DeMC:s differentiation
from mouse embryonic to postnatal stages.

Antler regeneration involves the depletion of a pool of MCs that initiate
endochondral bone formation, resulting in a structure weighing 0.5-8 kg
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Fig. 6 | Whole-genome bisulfite sequencing reveals hypomethylation of CNCC
derivate signature genes in the AP tissue. A Distribution of methylation level in the
AP and FP with two replicates: TSS transcriptional start site and TTS transcriptional
terminal site. B Pie chart to show the percentage of hypermethylation and hypo-
methylation based on |diff. Methy| > 0.3 in different genetic regions (promoter,
exon, intron, intergenic) in AP vs. FP. Promoters for each gene are limited to
+1000 bp around the TSS. Note the high proportion of hypomethylation in the

promoter region in AP. C Dot plot to show DAVID enriched Gene Ontology terms
using the genes associated with differentially methylated regions.

D Hypomethylated regions (indicated by black bars) in AP vs. FP are located within
or around CNCC derivate signature genes MSX1 and TWIST2, with methylation
percentages and coverage depths at each CpG site for each hypomethylated region
indicated by pink boxes.

14,38,39

per beam scRNA-seq has identified a significant population of
APMCs, which subsequently differentiate into more specialized APPCs".
Our results demonstrate that some molecular characteristics of APMCs and
DPMCs resemble those of CNCCs. The WNTI" signature (WNTI, SOX2,
and HES5) and neural plate border (PAX3, PAX7, ZICl, ZIC3, and

TFAP2A) genes with the exception of MSXI showed low expression in
APMCs and DPMCs. High expression in APMCs and DPMCs was however
detected in EMT/migration CNCCs signature genes (MYC, ZEB2, ID3,
CDH2, SOX9, MAFB, ID4, ETS1, EBFI, SNAII, and CDHI), as well as
migrating/mesenchymal CNCC signatures (MSX2, TWISTI, and PRRX2).
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The lack of expression in APMCs and DPMCs of TFAP2A and SOX1I0, as
key regulators of the neural plate border and subsequent EMT and migra-
tion processes, is noteworthy and should be further investigated®. The EMT
process is crucial for activating APMCs and driving antler regeneration®,
underscoring the importance of retaining these genes. TWISTI over-
expression has been shown to induce conversion of truck NCCs to CNCCs’,
suggesting a mesenchymal CNCCs predisposition in deer APMCs. This
discovery also emphasizes the deer antlerogenic periosteum as a novel
embryonic reserve tissue.

This research discovered 35 core genes co-expressed between deer AP
and dental pulp from adult deer and humans (Fig. 4K). We constructed a
protein-protein interaction network that revealed the genes associated
(Fig. 4L) with the five pluripotent stem cell regulators identified within this
set (PTN, GJA1, DLX5, NES, and FNI). SATB2 has previously been linked
with the rejuvenation of BMSCs, and its expression decreases with aging"'.
NOTCH?2 is known to maintain stem cell pools by suppressing osteoblast
differentiation®, and ROBOI and FAT3 are related via progenitor cell
dynamics and self-renewal in the central nervous system***. ROBOI and
FAT3 expression in the adult cranial mesenchymal pools is an interesting
finding. CDHI1 has been identified in CNCCs and linked to both pre-
migratory and migratory CNCCs along with indirect modulation of Wnt/B-
catenin signaling””, and in addition, DKK3 is a Wnt inhibitory factor and
may be involved in the maintenance of stem cells associated with an
osteogenic lineage*. This gene cluster represents an interconnected network
present in post-embryonic CNCC-derived mesenchymal pools.

Deer antler primarily comprises bone tissue. APPCs demonstrate an
exceptionally potent osteogenic capability'>”. Moreover, while the axial
skeleton arises from mesoderm, the craniofacial periosteum originates from
CNCGCs, displaying a phenotype characterized by remarkable plasticity’. In
the field of regenerative bone engineering, it is essential to consider CNCC-
derived periosteal cells, such as those sourced from the palatal periosteum, as
a distinctive reservoir of MCs for regenerative medicine, potentially offering
superior attributes compared to those derived from the axial periosteum™.

A consensus analysis was conducted to identify marker genes asso-
ciated with CNCCs across various CNCC-derived and non-CNCC-derived
MC types, offering novel insights into new markers for CNCC-derived
mesenchymal pools. The gene set comprising MSX1, ID3, CDH2, SOX9,
MAFB, ID4, ETSI, SNAI1, TWIST1, and PRRX2 delineate CNCC and
CNCC-derived mesenchymal cells within craniofacial structures (Fig. 5B),
serving as crucial markers for future investigations in stem cell biology. The
unique study of the CWD tusk, which has received little research attention,
reveals TFAP2A as a marker. The expression of transcription factors
TFAP2A and TFAP2B are known to be critical for determining tooth shape
and defining molar versus canine shape in mice’; thus, they are potentially
critical for the large tusk for the CWD. Intriguingly, the data clearly
demonstrates that CNCC-derived MCs, whether derived from AP or tooth
dental pulp tissue, exhibit high similarity and present a distinct signature
compared to non-CNCC-derived tissues. These core genes associated with
CNCC-derived adult mesenchymal pools lay a foundation for under-
standing how these pools could be leveraged in regenerative medicine.

DNA methylation plays a crucial role as an epigenetic regulator in
CNCC biology™". Typically, DNA methylation acts to repress gene expres-
sion, representing a common epigenetic regulatory mechanism. Hypo-
methylation, associated with transcriptional activation during neural crest
development™, can directly lead to orofacial clefts in mice’*””. Our results
revealed hypomethylation in the AP, correlates with early CNCC events.
This suggests that epigenetic regulation via hypomethylation may establish a
CNCC-derived signature, which can persist in the AP mesenchymal pools.
Consequently, the DNA demethylation status emerges as a potential
mechanism underlying the maintenance of multipotency in CNCC-derived
adult mesenchymal pools.

Future research should prioritize validating these findings in experi-
mental models and exploring additional regulatory mechanisms governing
CNCC-derived tissue development and regeneration. Importantly, this
research lays the foundation for identifying and understanding the

relationship of CNCCs to their derivative mesenchymal pools and the
unique attributes these cells retain for application in tissue engineering and
regenerative medicine. This research has identified potential shared sig-
nature genes between mesenchymal CNCCs, AP, and teeth. We demon-
strate that a 98% similarity is found between a developing MC pool in the
tooth bud and APMCs, two related but spatial distinct sites, both known to
have high regenerative potential. Finally, it suggests that high levels of epi-
genetic hypomethylation may be important in CNCCs and derivative
MC pools.

Materials and methods

Tissue sampling

We collected molar dental pulp tissues from two-year-old male sika deer
immediately after slaughter, following previously described procedures™.
AP and FP tissues were obtained from one-year-old male sika deer using
dissection methods outlined in our previously published paper™. These
tissues were rapidly frozen in liquid nitrogen and stored at —80 °C for
subsequent DNA extraction, facilitating whole-genome bisulfite sequen-
cing. The animal protocol used in the present study was approved by the
local animal ethics committee (Permit Number: CKARI202214).

Preparation of single-cell suspension

Fresh dental pulp tissues were carefully dissected into small pieces mea-
suring 1 mm® using custom tools designed for this purpose™. Following the
protocol for the preparation of single-cell suspension from human and
mouse dental pulp™™, the tissue segments were digested in 10 mL Col-
lagenase P 5 U/mL (Gibco, USA) for 120 minutes at 37 °C. The digestion
process was terminated upon the release of over 50,000 cells by adding 10%
(v/v) fetal bovine serum (Gibco, USA). After digestion, the cell suspensions
were passed through a 70 pm filter to eliminate larger debris, and cells were
collected by centrifugation at 500g for 5 min at 4 °C. To remove red blood
cells, the cell pellets were treated with 1x red blood cell lysis buffer (Beyo-
time, China) for 5 min at room temperature, followed by a wash with PBS.
Live cell counting was performed using an AO/PI double fluorescence
staining kit (Beyotime, China).

Single-cell library construction and sequencing

Following the manufacturer’s guidelines, approximately 9000-15,000 single
cells were diluted and mixed with a buffer. The cell mixture was loaded into
the 10x Chromium Controller, utilizing the Chromium Single Cell 3’
Reagent v3 reagents. Sequencing libraries were prepared according to the
manufacturer’s instructions at Capitalbio Technology Corporation (Beijing,
China). A 13-cycle cDNA amplification step was carried out to amplify the
cDNA derived from the single cells. Subsequently, the resulting libraries
were sequenced on an Illumina HiSeq 6000 platform.

Single-cell data processing

After aligning sequencing reads to a deer reference genome (NCBI:
GCA_910594005.1) using Cell Ranger v6.1.2 from 10x Genomics, we
conducted scRNA-seq data analysis using the R package Seurat v4.3.0°. To
ensure high data quality, we implemented specific criteria: (1) Inclusion of
cells expressing more than 200 genes; (2) retention of genes expressed in at
least 3 single cells; and (3) exclusion of cells with a mitochondrial gene
percentage over 8% and cells with a ribosomal gene percentage over 30%.
Additionally, potential doublets were removed using the R package
DoubletFinder’” to minimize noise and artifacts. To visualize the data, we
first calculated the ratio of binned variance to mean expression for each gene
and selected the top 3000 most variable genes. Next, we performed principal
component analysis (PCA) and reduced the data to the top 30 PCs. For
integration of scRNA-seq data from different species/tissues (e.g., human,
mouse, and deer), orthologous pairs were predicted using OrthoFinder
v2.2.6™ with CDS files as input. We considered only one-to-one orthologous
pairs for further analysis, discarding one-to-many or many-to-many
orthologous pairs. The ‘Harmony’ algorithm™ was then employed to inte-
grate the data, enhancing statistical power and mitigating batch effects. We
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performed a graph-based clustering of the previously identified PCs using
the Louvain Method, and the clusters were visualized on a 2D map produced
with UMAP. For each cluster, we used the Wilcoxon rank-sum test to
identify significantly differentially expressed genes (DEGs) when compared
to the remaining clusters (Bonferroni correction was used to adjust for
multiple hypothesis testing, adjusted p value < 0.01 was regarded as sig-
nificant, paired tests when indicated). To visualize how well the cluster-
specific DEGs (marker genes) defined each cluster, we constructed the violin
plot, feature plot (UMAP plot colored by expression level of indicated
genes), and heatmap (top 50 genes with highest average log-transformed
fold change—logFC) using the Seurat R packages.

Cross-species cell type prediction

We utilized ScPred V1.9.2%, which employs all principal components as
gene feature space, to train the classifiers using both deer APMCs and
APPCs as references. By default, prediction models use a support vector
machine with a radial kernel. Subsequently, we predicted the similar
probability of mouse DeMCs at various developmental stages by comparing
them with the reference.

Cross-species consensus co-expression network analysis

We utilized high-dimensional WGCNA v0.2.24°" to conduct cross-species
consensus co-expression network analysis. Initially, we identified high-
quality orthologous genes between deer and mouse and integrated data
from APMCs, APPCs, and DeMCs. After selecting an appropriate soft
power threshold, we constructed a consensus co-expression network.
Module éigengenes (MEs), which summarize the gene expression profile of
entire co-expression modules, were computed for each module. Subse-
quently, we applied ‘Harmony’ batch correction to the MEs, resulting in
harmonized module eigengenes (hMEs). We considered a module as a co-
expression module between AP cells and DeMCs if the hME of that module
exhibited high similarity between deer and mouse.

Regulon activity analysis

The transcriptional factor regulation network was predicted using SCENIC
v1.1.3%. The co-expression module was deduced based on the Rcis Target
database to construct the gene regulation module (regulon). Subsequently,
the area under the curve (AUC) was calculated to indicate the regulon
activity of each cell. The average regulon activity for cell types was then
clustered and visualized in the heat map.

Construction of the protein—protein interaction network

The online database, STRING-db (https://string-db.org/), was employed to
construct the protein-protein interaction (PPI) network, utilizing all inter-
action sources and setting a minimum required interaction score of >0.4 for
our genes. Cytoscape v3.6” was then used to visualize the protein-protein
network. Network statistics were calculated using in-house commands in
Cytoscape. Key hub nodes in the network were defined based on their
connective degrees with other nodes.

Gene set enrichment analysis
DAVID v2022q2* was used to identify gene ontology terms. We considered
terms with an adjusted Fisher exact P value < 0.05.

Whole genome bisulphite sequencing and bioinformatics
analysis

Briefly, two micrograms of DNA samples were initially combined with 1 ng
of unmethylated lambda DNA, serving as an internal control to monitor
bisulfite conversion efficiency. The DNA mixture underwent sonication
using Covaris M220 to fragment the DNA into 100-300 base pair frag-
ments. Following DNA-end repair, dA addition at the 3’ end, and ligation of
sequencing adaptors and index, the resulting mixtures were subjected to
bisulfite conversion using the ZYMO EZ-DNA Methylation-Gold kit
(Zymo Research, USA) following the standard protocol. The final libraries

were sequenced on the Illumina HiSeq 6000 platform at the Beijing
Genomics Institute (Wuhan, China).

Clean reads were aligned to the reference genome using Bismark v.
0.16.1° with default parameters. Methylcytosines were then extracted fol-
lowing the removal of duplicated reads. The percentage distribution and
coverage depth of methylcytosines were estimated and visualized using
viewBS®. Statistical analysis of differential methylation loci (DML) was
performed utilizing the R package DSS v2.44.0%, employing a dispersion
shrinkage method for estimating the dispersion parameter from Gamma-
Poisson or Beta-Binomial distributions. This method encompasses several
steps: (1) estimating mean methylation levels for all CpG sites, (2) assessing
dispersions at each CpG site, and (3) conducting a Wald test. Regions with
multiple statistically significant CpG sites are identified as differential
methylation regions (DMRs). DMRs were detected based on the results of
the DML test, with a threshold for regions with difference (delta) > 0.1 and
false discovery rate (FDR) < 0.05. Methylation percentages and coverage
depths at each CpG site within DMRs were further visualized. Promoter
regions were defined as +1 kb around the transcription start site, and the
percentage of DMRs in various genomic regions, including promoters,
exons, introns, and intergenic regions, were calculated using the R package
genomation v1.28.0%.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

scRNA sequencing profiling of deer dental pulp have been deposited in the
OMIX, China National Center for Bioinformation/Beijing Institute of
Genomics, Chinese Academy of Sciences (https://ngdc.cncb.ac.cn/omix:
accession no. OMIX006856). Whole Genome Bisulfite Sequencing data of
AP and FP are available in NCBI SRA (accession Nos. SRR21073940,
SRR21073941, SRR21073942, and SRR21073943). Differential genome
methylation regions (DMRs) between AP and FP in this study are provided
as Supplementary Data 1.
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