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Abstract

Neural crest populations along the embryonic body axis differ in developmental potential and fate,
such that only cranial neural crest can contribute to craniofacial skeleton /n vivo. Here, we explore
the regulatory program that imbues the cranial crest with its unique features. Using axial-level
specific enhancers to isolate and perform genome-wide profiling of cranial versus trunk neural
crest in chick embryos, we identify and characterize regulatory relationships between a set of
cranial-specific transcription factors. Introducing components of this circuit into neural crest cells
of the trunk alters their identity and endows these cells with the ability to give rise to
chondroblasts /in vivo. Our results demonstrate that gene regulatory circuits that support formation
of particular neural crest derivatives may be employed for reprogramming specific neural crest
derived cell types.

Neural crest cells are characterized by multipotency and migratory ability. During
embryonic development, the neural crest differentiates into multiple cell types, including
chondrocytes and osteocytes, melanocytes, and neurons and glia of the peripheral nervous
system (1,2). Neural crest stem cells are retained postnatally in skin and peripheral nerves,
providing a potential target for replacement therapy in regenerative medicine (3-4).
However, not all neural crest populations along the body axis are alike. Quail-chick grafting
experiments demonstrated that the cranial and trunk neural crest differ in developmental
potential: whereas the cranial neural crest forms much of the craniofacial skeleton, the trunk
crest fails to contribute to skeletal lineages, even when grafted /n vivoto the head (1).
Approaches for engineering and replacement of specific cell types depend upon a better
understanding of the molecular mechanisms that underlie establishment of specific cell types
during embryonic development. Here we take advantage of differences in neural crest
subpopulations (1,5-7) to identify the regulatory circuit that controls commitment of the
cranial neural crest to a chondrocytic fate.

Expression of neural crest specifier genes like FoxD3 and Sox10 is controlled by enhancers
specific to particular axial levels, driving onset of their transcription in either the head or
trunk neural crest but not both (8,9). The enhancers are activated by different inputs,
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suggesting that neural crest specification is driven by distinct genetic programs in different
subpopulations (2,9). In order to identify the transcriptional program that endows the cranial
neural crest with its ability to give rise to ectomesenchyme (cartilage and bone of the face),
we utilized the FoxD3 enhancers NC1 and NC2 (9) (Fig. 1A-C), active in the cranial and
trunk neural crest, respectively, to isolate pure populations of neural crest cells for
comparative transcriptional profiling. Embryos were electroporated with expression vectors
containing GFP under the control of these enhancers and early-migrating cranial and trunk
neural crest cells were obtained by fluorescence activated cell sorting (FACS) (10). RNA-seq
analysis comparing these two populations identified 216 genes that were enriched in the
cranial neural crest relative to the trunk (Fig. 1D-E, Database S1), including 16 transcription
factors (listed in Fig. 1F). We confirmed the expression of these regulators in the cranial
neural crest by /n situhybridization; while 6 genes were expressed throughout the cranial
neural crest (Fig. SLA-F), the remainder were detected in specific subsets of cells (Fig.
S1G-L). Of these, we focused on the first group which were expressed in all cranial neural
crest cells, including Brain-Specific Homeobox Protein 3C (Brn3c), LIM Homeobox Protein
5 (Lhxb5), Diencephalon/Mesencephalon Homeobox 1 (DmbxI), Transcription Factor AP-2
Beta (71ap2b), SRY Box 8 (Sox8) and the V-Ets Avian Erythroblastosis Virus E26
Oncogene Homolog 1 (£#s1).

Analysis of the spatiotemporal expression of these cranial-specific regulators demonstrated
that Brn3c, Lhx5and Dmbx1 were first detected in the anterior regions of gastrula-stage
embryos at Hamburger Hamilton (HH) stage 4, and persisted through stages of neural crest
specification (Fig. 2A, E). These early cranial-specific genes were down-regulated after the
neural crest delaminated from the neural tube. Onset of 7/ap2b, Sox8and Efs1 expression
was observed later at HH7 and HH8, in neural crest progenitors residing within the cranial
neural folds (Fig. 2B, E). These genes were maintained in the migratory neural crest cells
during later stages of development (HH10-14; Fig. 2B, E). Co-localization of neural plate
border markers Msh Homeobox 1 (Msx1) or Paired Box 7 (Pax7) with Brn3c, Lhx5and
Dmbx1 showed that the latter are expressed by an anterior subset of the neural crest
progenitors (Fig. 2C). To verify that the cranial regulators mark the territory that contains
cranial neural crest precursors, we analyzed the fate map of the neural plate border at the 3-
somite stage using focal injections of a vital lipophilic dye (CM-Dil) to label cells along the
anterior-posterior axis. The injected embryos were cultured until the 12-somite stage (HH11)
when the labeled cellular progeny were scored with respect to their fate as cranial or vagal/
trunk neural crest cells. The results show that the domain of expression of the early
regulators (Brn3c, Lhx5and DmbxI) demarcates the territory that contains the progenitors
of the cranial neural crest in the early neurula (HH8-) (Fig. 2D).

We asked whether cranial-specific regulators are part of a transcriptional circuit that
underlies cranial identity by knocking down each regulator individually and assaying for
changes in expression levels of the other five genes. This was done via bilateral
electroporations (11), with control transfections on the left side and function-blocking
morpholinos or dominant negative constructs on the right side of the same embryo (Fig. 3A-
D). Transfected embryos were analyzed by /n situ hybridization (Fig. 3A-H) and gPCR (Fig.
3I) for effects on putative targets; loss of the target gene in the experimental side of the
embryo indicated the existence of a regulatory link between the two transcription factors.
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The diagram on Figure 3J contains interactions confirmed by both gPCR and /n situ
hybridization. Morpholino knockdown efficiency was validated by /7 vivo translation-
blocking assays (Fig. S2).

By testing 25 putative regulatory links, we found that the early and late cranial-specific
genes constitute different hierarchical levels of a gene regulatory network (Fig. 3J). Brn3c,
which is placed at the top of the circuit, is necessary for the activation of DmbxZ1 in the
anterior neural plate border (Fig. 3I; Fig. S3). Subsequently, Lhx5 and Dmbx1 drive
expression of 7fap2band Sox&in the dorsal neural folds (Fig. 3A-C, E-G, I). Finally,
Tfap2b activates expression of £¢s1 as the neural crest becomes specified (Fig 3D, HI).
Chromatin immunoprecipitation (ChIP) experiments performed in microdissected neural
crest cells showed association of the cranial-specific transcription factors with promoters of
predicted downstream target genes, suggesting that these regulatory links are direct (Fig. 3K;
Fig. S4).

Sox9, Tfap2band Ets1 are all retained in the migrating cranial crest cells as they move
ventrally to give rise to the facial mesenchyme during stages HH10-14. To investigate if
these genes play a role in the differentiation of neural crest cells into chondroblasts, we
assayed the effects of disrupting the terminal module of the circuit on the expression of
markers of chondrocytic differentiation. We found that Ets1 was required for the expression
of ALX Homeobox 1 (Alx1, also known as Cartilage Paired-Class Homeoprotein 1) in the
facial mesenchyme (Fig. S5), indicating a link between cranial identity and chondrocytic
differentiation (Fig. S5). Thus, cranial-specific regulators are part of a transcriptional circuit
that conveys regulatory information from the anterior neural plate border to the late
migratory neural crest.

To test if this cranial-specific regulatory circuit could be used to manipulate neural crest
identity, we utilized neural crest axial-specific enhancers as reporters of axial level identity.
We electroporated expression constructs in the trunk neural tube of stage HH10 embryos,
and found that transfection of the late cranial-specific factors (Sox8, Tfap2b and Ets1)
robustly activated the cranial enhancer Sox10E2 (9, 11) in the trunk neural crest (n=15/15)
(Fig. 4A-E), consistent with a shift from trunk to cranial identity. Other axial-specific
enhancers were similarly affected; trunk specific enhancers NC2 and Sox10E1 were
repressed after electroporation of the late factors (Fig. S6). Early cranial-specific factors
(Brn3c, Lhx5 and Dmbx1), or individual late factors, were unable to activate the cranial
enhancer in the trunk. To identify changes in the regulatory state of the reprogrammed trunk
neural crest, we isolated transfected cells by FACS, and analyzed their expression profile by
gPCR, focusing on transcription factors involved in craniofacial differentiation. The results
revealed elevated expression of chondrocytic genes Runt-Related Transcription Factor 2
(RunxZ)and Alx1, in the trunk Sox10E2+ cells compared with native trunk crest (Fig. 4F).
The reprogrammed trunk Sox10E2+ cells also displayed loss of genes enriched in the trunk
neural crest like Developing Brain Homeobox 1 (Dbx2)and Hairy And Enhancer Of Split 6
(Hes6) (Fig. 4G). This confirmed that the reprogrammed cells adopt a cranial-like
expression profile, and raised the possibility that these cells might display augmented
chondrocytic potential.
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Finally, we tested whether this cranial neural crest circuit could reprogram not only enhancer
activity and expression of axial-specific neural crest genes, but also cell fate such that
reprogrammed trunk neural crest cells could differentiate into craniofacial cartilage. We co-
transfected three constructs encoding late transcription factors Sox8, Tfap2b and Etsl into
the posterior epiblast of HH5 chicken embryaos transgenic for GFP by electroporating DNA
in the region posterior to the Hensen’s node. The GFP+ trunk neural folds then were
microdissected at HH11 and immediately transplanted to the cranial regions of HH9 wild-
type chick embryos (Fig. S7). The grafted embryos were incubated until host embryonic day
(E)7, by which time endogenous cartilage cells have differentiated. The fate of donor tissue
was assayed using markers for neuronal, melanocytic and chondrocytic differentiation. By
E7, wild type (host) and reprogrammed (donor) trunk neural crest migrated to the proximal
part of the jaw. As observed with chick-quail chimeras (5-7), we found that wild type or
mock-transfected trunk neural crest cells grafted into the cephalic region gave rise to
neurons and melanocytes, but were unable to differentiate into chondroblasts (n=0/5) (Fig.
4H-K). The same was observed with trunk neural crest transfected with the early cranial-
specific factors (n=0/6). Reprogrammed trunk neural crest, however, acquired chondrogenic
potential and formed ectopic cartilage nodules (n=4/7) (Fig. 4L-0) in the proximal jaw.
Thus, introducing components of the cranial-specific transcriptional circuit is sufficient to
reprogram trunk neural crest and to drive them to adopt an additional cartilaginous fate.
These results definitively show that the cranial-specific regulatory circuit (Fig. 3J) we have
defined confers chondrocytic potential to the trunk neural crest.

The development and differentiation of neural crest cells is controlled by a complex gene
regulatory network, composed of transcription factors, signaling molecules and epigenetic
modifiers (12-13). Here, we have expanded the cranial neural crest gene regulatory network
by identifying transcriptional interactions specific to the cranial crest and absent from other
subpopulations. By linking anterior identity in the gastrula to the expression of drivers of
chondrocytic differentiation, we have identified a cranial-specific circuit (Fig. 3J) that
endows the neural crest with its unique potential to differentiate into the craniofacial
skeleton of vertebrates. Our results highlight how transcriptional circuits can be rewired to
alter progenitor cell identity and fate during embryonic development.
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Figure 1. Identification of cranial-specific regulators by comparative transcriptomics
(A) Diagram depicting dorsal view of chick embryo. (B, C) Embryos electroporated with

FoxD3 axial-specific enhancers NCZ and NCZ, active in cranial and trunk neural crest (NC),

respectively. (D) Comparative transcriptome analysis of FACS sorted cranial and trunk
neural crest populations identified 216 cranially-enriched genes. (E) Summary of gene
ontology analysis for the cranial-enriched genes. (F) Enrichment levels of transcription

factors expressed in the cranial neural crest. HH: Hamburger and Hamilton stages.
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Figure 2. Spatial and temporal expression of cranial neural crest transcription factors (TFs)
(A, B) Dorsal views of embryos after /n situ hybridization for cranial neural crest-specific

TFs reveals expression at early (A) or later (B) stages. (C) Double /n situ hybridization
reveals that cranial regulator Dmbx1 is expressed in the anterior neural plate border, whereas
Msx1 is expressed along the entire neural axis. (D) Fate map of neural crest progenitors (red
and green dots) at stage HH8- confirms cranial specific expression of Dmbx1 (purple). (E)
Diagram summarizing timing of expression of early and late cranial regulators.
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Figure 3. Cranial-specific transcriptional circuit underlying neural crest axial identity
(A-D) Whole mount dorsal views of embryos after morpholino (Mo) targeted to indicated

transcription factor (TF) was transfected to the right side (green) and control morpholino
(CoMo) to the left side (blue) of each embryo. (E-H) Same embryos as above after /n situ
hybridization for indicated downstream TF; blue arrows indicate transcript downregulation.
(1) Comparing control to loss of function (LOF) neural folds by gPCR reveals differential
regulation of downstream targets with significant changes indicated by * (Student’s t-test,
P<0.05). (J) Diagram summarizing cranial specific gene regulatory circuit delineated by
functional assays. (K) Chromatin immunoprecipitation (ChlP) demonstrates direct
association of cranial specific TFs with promoters of their downstream targets. No
enrichment was observed for intergenic negative control regions (NCR), or when the
procedure was performed with mock-transfected embryos (see Materials and Methods for
more information). Error bars on (1) and (K) represent standard deviation.
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Figure 4. Reprogramming of neural crest axial identity and fate
(A) Diagram of chick embryo electroporated with the SoxZ0EZ2 enhancer, expressed only in

migrating cranial (Cr) neural crest (NC). (B) Transfection of trunk neural crest cells with
control RFP expression vector shows no SoxZ0EZ expression. (C) Reprogramming of trunk
neural crest cells with cranial specific regulators Sox8, Tfap2band Ets1 results in robust
expression of the cranial SoxZ0E2enhancer in the trunk region (n=15/15). (D, E) Flow
cytometry analysis of dissociated embryonic trunks shows a large number of Sox10E2+
trunk neural crest cells after reprogramming. (F, G) Reprogrammed (Rep) trunk neural crest
display increased expression of the chondrocytic genes Runx2and AlxI, while trunk genes
Dbx2and Hesé6 are strongly downregulated. Error bars represent standard deviation. (H, I)
Histological sections of E7 embryonic heads show that wild type (WT) trunk neural crest
cells (GFP+; green) fail to form cartilage (Col9a+; red) after transplantation to the cranial
region (n=0/5). (J, K) Inset of (H-I), showing absence of GFP+ chondrocytes. (L, M)
Reprogrammed trunk neural crest cells (expressing Sox8, Tfap2band Ets1)from GFP donor
embryos transplanted to the head form ectopic cartilage nodules. (N, O) Inset of (L-M),
showing chondrocytes derived from trunk neural crest cells (GFP+ and Col9a+).

Science. Author manuscript; available in PMC 2016 December 24.



	Abstract
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

