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Abstract

The outstanding migration and differentiation capacities of neural crest cells (NCCs) have
fascinated scientists since Wilhelm His described this cell population in 1868. Today, after intense
research using vertebrate model organisms, we have gained considerable knowledge regarding the
origin, migration and differentiation of NCCs. However, our understanding of NCC development
in human embryos remains largely uncharacterized, despite the role the neural crest plays in
several human pathologies. Here, we report for the first time the expression of a battery of
molecular markers before, during, or following NCC migration in human embryos from Carnegie
Stages (CS) 12 to 18. Our work demonstrates the expression of Sox9, Sox10 and Pax3
transcription factors in premigratory NCCs, while actively migrating NCCs display the additional
transcription factors Pax7 and AP-2a. Importantly, while HNK-1 labels few migrating NCCs,
p75NTR Jabels a large proportion of this population. However, the broad expression of p75NTR —
and other markers - beyond the neural crest stresses the need for the identification of additional
markers to improve our capacity to investigate human NCC development, and to enable the
generation of better diagnostic and therapeutic tools.
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Introduction

Much of the fascination regarding the neural crest lies within its ability to generate a diverse
array of cell types throughout the vertebrate body. These cells originate at the border of the
neural and non-neural ectoderm, and later delaminate from the dorsal neural tube. In the
chick, neural crest migration occurs after the neural tube has closed; however, in both the
human and mouse, cranial NCCs have been shown to migrate from the unfused neural folds
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(Nichols 1981; O’Rahilly and Muller 2007). Once free from the neural tube, NCCs move
throughout the body to generate multiple derivatives, including: the majority of the cranial
connective tissue and skeletal elements, neurons and glia of the peripheral nervous system,
cells contributing to the valves of the heart, secretory cells, and melanocytes.

The migration patterns of NCCs have been well characterized across model organisms. In
both the mouse and chick, cranial NCCs emerge from the forebrain, midbrain and hindbrain
regions of the neuroepithelium; however, in the chick, the rostral-most limit of this cell
population extends only to the diencephalon (Couly and Le Douarin 1987; Serbedzija et al.
1992). More caudally, the hindbrain-derived NCCs of model organisms follow stereotypical
patterns of migration, with streams of NCCs appearing adjacent to the even-numbered
rhombomeres (Lumsden et al. 1991). Depending on their origin, cranial NCCs will either
migrate through the facial mesenchyme and into the frontonasal process, or will populate the
branchial arches (Noden 1975; Lumsden et al. 1991; Serbedzija et al. 1992). These cells go
on to form the majority of the connective and skeletal tissue of the head, as well as neurons
and glia of the cranial ganglia. Within the trunk, mouse NCCs first collect between the
presumptive epidermis and dorsal neural tube. Cell migration then follows two main routes,
with cells moving either ventro-laterally through the anterior sclerotome, or dorso-laterally
between the surface ectoderm and somites (Serbedzija et al. 1990). Such migration patterns
are also seen in the neural crest of the avian trunk, as evidenced by HNK-1 antibody staining
(Bronner-Fraser 1986). Despite inherent differences between avian, mammalian and teleost
development, zebrafish trunk NCCs undertake similar routes to those described above, with
cells moving ventrally alongside the neural tube, or between the epidermis and somites
(Raible et al. 1992). Collectively, these cells will form the neurons and glia of the peripheral
nervous system, in addition to pigment cells.

The expression and function of several markers during neural crest development has been
integrated into operational models as either a cascade, genetic network, or neural crest gene
regulatory network (NC-GRN) (Mayor et al. 1999; Aybar and Mayor 2002; Meulemans and
Bronner-Fraser 2004; Steventon et al. 2005; Sauka-Spengler and Bronner-Fraser 2008).
These models link the expression and function of signaling molecules, transcription factors
and other neural crest markers from early NCC induction events, specification, migration
and eventual differentiation. According to the NC-GRN, signaling molecules (BMP, FGF,
Notch, RA, and Wnt) participate in both induction and later steps of neural crest
development. This induction triggers the expression of a specific set of transcription factors
collectively known as border specifier genes (Msx1, Msx2, Pax3, Pax7, and Zicl), which —
along with signaling molecules — direct the expression of neural crest specifiers (AP-2,
FoxD3, Snail2, Sox9 and Sox10). These specifiers in turn regulate the appearance of later
neural crest effector genes responsible for NCC migration and differentiation (Sox9, Sox10,
Cad7, Collla, Ngn1l, Mitf, Dct, etc.). The expression of these genes appears in a temporal
fashion during embryogenesis, and marks the progression of neural crest development.

Specific roles for some of these genes in neural crest development have been illustrated
through functional assays in a variety of model systems, including xenopus, zebrafish, chick
and mouse. For instance, Pax3, Pax7, Sox10 and AP-2 mutant mice all demonstrate neural
crest defects. These manifest as deformities of the nose and jaw in both Pax3 (Splotch) and
Pax7 mutants; Pax3 mutants additionally exhibit malformations of ganglia of the peripheral
nervous system (Auerbach 1954; Tremblay et al. 1995 and 1998; Mansouri et al. 1996;
Conway et al. 1997). Mice carrying a mutation in Sox10 (Dom mutants) also demonstrate
deformed ganglia, as well as a failure of the enteric neural crest to properly invade the gut
(Lane and Liu 1984; Southard-Smith et al. 1998). Finally, AP-2 mutant mice exhibit
malformed cranial nerves and ganglia, in addition to general craniofacial abnormalities
(Zhang et al. 1996). As the neural crest generates the majority of the craniofacial features
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and connective tissue, in addition to the peripheral nervous system and ganglia therein, these
observed malformations provide evidence for the role of neural plate border or neural crest
specifiers within NCC development.

The migration patterns of human NCCs (hNCCs) have been described in embryos between
Carnegie Stages 9-20 (O’Rahilly and Maller 2007). This study, based on careful
histological analysis, suggests that hNCCs undertake similar migration routes as those
observed in mouse and chick embryos. Cranial hNCCs will either move through cranial
mesenchyme into the frontonasal process, or populate the branchial arches. Unlike model
organisms, human forebrain NCCs appear to emerge exclusively from the optic region
(O’Rahilly and Mdller 2007). Within the human trunk, NCCs migrate ventrally through the
somites, or laterally alongside the neural tube (O’Rahilly and Muller 2007).

Beyond cell morphology, few studies have evaluated neural crest marker expression in
human embryos at a time when NCC migration is underway. To our knowledge, only Sox10
has been reported in migratory NCCs of a 4-week old human embryo (Bondurand et al.
1998); however, the RNA profiles of cell lines derived from hNCCs include Msx1, Pax3,
Sox9, Sox10, and p75 transcripts, among other neural crest markers (Thomas et al. 2008). In
older specimens, the in-vivo expression of Pax3, Sox9, Sox10, AP-2a and HNK-1/NC-1 has
been demonstrated in neural crest derivatives such as the dorsal root ganglia (DRG) (Tucker
et al. 1984; Tucker et al. 1988; Bondurand et al. 1998; Terzi¢ and Saraga-Babi¢ 1999;
Gershon et al. 2005; Benko et al. 2009).

With the aim to expand our knowledge of human neural crest cell development, we have
analyzed the expression of several molecules included in the NC-GRN, particularly during
the early stages of human neural crest development. Here, we present human expression
profiles of the transcription factors Msx1/2, Pax3, Pax7, Sox9, Sox10 and AP-2a, in addition
to the HNK-1 monoclonal antibody and p75 neurotrophin receptor (p75NTR). We
demonstrate for the first time the expression of several members of the NC-GRN within
early human embryos at CS12, CS13, CS15 and CS18. We observe Pax3, Sox9 and Sox10
expression in the premigratory neural crest of a CS12 specimen. In more rostral sections at
this stage, Sox9, Sox10, AP-2a, p75NTR and few HNK-1+ cells occur within the migratory
neural crest directly dorsal to the neural tube, or nestled between the neural tube, surface
ectoderm and somites. By CS13, Pax7, Sox9, Sox10 and p75NTR are observed in the
migratory neural crest of caudal sections. At all stages examined, we note the expression of
several markers within neural crest derivatives such as the facial mesenchyme, cranial and
enteric ganglia, and DRGs. Comparisons are made between NCC marker staining patterns
observed in human embryos and model organisms, with special focus given to the higher
vertebrates. Additionally, we report interesting patterns of expression for several of these
markers that have never before been seen in such young embryos.

Embryo Collection

Embryos were obtained from elective routine abortions at the Department of Gynecology,
Karolinska University Hospital-Huddinge, after written and oral consent from the pregnant
women. All procedures regarding the collection and use of human material were according
to Swedish law and approved by the Regional Ethical Committee of Stockholm. Embryos
were subsequently staged according to O’Rahilly and Mdller (1987). Following their
collection, CS13 and 18 embryos were fixed in 4% PF for 1-2 hours and placed in
methanol. The CS12 and CS15 specimens were treated with Zinc-fixative, placed in 30%
sucrose overnight and embedded in OCT.
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Whole Mount Embryo Morphology

The caudal neuropores of both the CS12 and CS13 embryo appear fully closed; however, in
both cases the rostral-most neural folds remain unfused, and the CS12 specimen
demonstrates open portions of the neural tube more caudally (Fig. 1Q, Fig. 4H and data not
shown). Regions of the frontonasal mesenchyme also appear missing in the CS12 embryo
(Fig. 1Q and data not shown), likely the result of damage during the collection of this
specimen. Within both the CS13 and CS15 embryos, the eye primordia and branchial arches
can be seen (Fig. 4H, Fig. 5T). In the youngest three specimens, the hearts have been
removed. The CS18 embryo displays normal morphology along the rostral-caudal axis (Fig.
6L and data not shown). Respectively, these embryos are equivalent to E9.5-10.25 (~CS12),
E10.25-10.5 (~CS13), E11.0-11.5 (~CS15) and E12.5-13.0 (~CS18) in the mouse (for
staging, see Kaufman 1992).

During human embryogenesis, the rostral neuropore generally closes at CS11, and the
caudal neuropore by CS12 (Miller and O’Rahilly 1986 and 1987). The presence of rostral
open neural folds in both our CS12 and CS13 specimens may be the result of damage caused
by the retrieval or processing of these embryos, or may signal a developmental defect.
Alternatively, this may represent inherent variability amongst normal CS12 and CS13
embryos. Given that our samples were derived from elective terminations, and that the
frequency of anencephaly in the general population is low, it is unlikely that two of our four
specimens demonstrate signs of cerebral dysraphia. However, previous work has indicated
that even in human embryos with indications of anencephaly, neural crest development
proceeds with minimal defects (Muller and O’Rahilly 1984 and 1991). Thus, for our
specimens we assume that despite indications of potential abnormal neural tube fusion in
cranial regions — whether caused by embryo processing or developmental abnormalities -
neural crest development has proceeded normally more caudally.

Immunohistochemistry

CS13 and 18 embryos were placed in 1x PBS followed by a sucrose series (5%, 15%, 15%
sucrose/7.5% gelatin), and then gelatin-embedded and sectioned at 12—-14um. The CS12
specimen was thawed in 1x DEPC PBS, and processed as above; the CS15 embryo was re-
embedded in OCT and cryo-sectioned. Sections were washed in 1X PBS/ddH,0 (1:1) and
PT, blocked for 1hr in 10% FBS/PT, and incubated overnight at room temperature with
primary antibodies. Primary antibodies were diluted in 10% FBS/PT as follows: 1:5 AP-2a
(mlgG2b, AB 3B5); 1:2 Msx1/2 (mlgG1, AB 4G1); 1:25 for Pax3 and Pax7 (mlgG2a and
mlgG1, respectively) (all provided by Developmental Studies Hybridoma Bank); 1:1000
p75NTR (rblgG, Promega); 1:1000 Sox9 (gplgG) and 1:2000 Sox10 (rblgG) (both generous
gifts from the laboratory of Vivian Lee, Medical College of Wisconsin); 1:100 HNK-1
monoclonal antibody (mIgM, Tucker et al. 1984; Bronner-Fraser 1986); 1:10 TG1 (mIGM,
Beverley et al. 1980; Gomperts et al. 1994); and 1:1000 TUJ1 (mlgG2a, Covance). Sections
were rinsed with PT and incubated with secondary antibodies (Alexa 488/568 at 1:2000 or
Cys5 at 1:500; diluted in 10% FBS/PT) overnight at room temperature. Slides were mounted
with Permafluor (Thermo Scientific) and Dapi (10ug/mL). Antibody concentrations and
effectiveness were tested in mouse or chick embryos (processed in sucrose series and gelatin
embedded as above; E9.5-10.0 or between Hamburger and Hamilton Stages 8-20+,
respectively) (see below; S3 — S6). Images were taken with a Spot SE camera and software
using a Nikon Eclipse 80i microscope, and processed with Photoshop.
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The neural crest develops in a rostral-caudal fashion during embryogenesis; as such, caudal
sections demonstrate an earlier phase of NCC formation. In caudal sections of the CS12
specimen, Pax3, Sox9 and Sox10 signal occur in the premigratory neural crest of the dorsal
neural tube (Fig. 1A-H). Sox9 expression can also be seen in structures unrelated to the
neural crest, including the medial portions of the developing somites and notochord (Fig.
1B, D), the latter of which also expresses Sox10 (Fig. 1A). Additionally, Pax3 expression
occurs in the lateral portion of the somites, and AP-2a. in the surface ectoderm (Fig. 1C-D).
In more rostral sections, AP-2a, Sox9, Sox10 and p75NTR are expressed in migratory NCCs
that are situated either directly above the neural tube, or wedged between the neural tube,
somites and surface ectoderm (Fig. 11-L). Staining of adjacent sections with TUJ1 confirms
that the majority of cells positive for the above-described NCC markers occur outside of the
neuroepithelium (data not shown). Although HNK-1 colocalizes with Sox10 in occasional
migratory NCCs, the neural crest generally appears HNK-1 negative (Fig. 1L, N, P). This is
especially evident when HNK-1 expression is compared to that of p75NTR in similar
populations of migratory NCCs (Fig. 1J, M, O). We additionally tested the TG1 monoclonal
antibody — which has previously been used to identify both migratory primordial germ cells
and NCC-derived sensory neuroblasts (Sieber-Blum 1989; Gomperts et al. 1994) —in
similar CS12 caudal sections. However, we do not observe definitive TG1 signal within the
premigratory or migratory neural crest at this stage (Fig. 1C, G and data not shown).

In rostral CS12 trunk sections, migratory neural crest cells are not observed dorsal to the
neural tube; however, NCC-derived DRGs at this axial level stain positive for Pax3, AP-2aq,
Sox9, Sox10 and p75NTR (Fig. 2A, C-E, G-H). HNK-1 signal occurs sparsely in the DRGs,
and in the mesenchyme surrounding these structures (Fig. 2B, F, J and data not shown).
Subadjacent to the dermomyotome, Sox9, p75NTR and AP-2a staining are observed (Fig. 2L
and data not shown). Sox10+ cells occur in this region in similar sections (Fig 2C, K).
Collectively, this staining identifies NCCs that have migrated to form a presumptive
peripheral nerve. More ventrally, Sox10+ (Fig. 2C, K), p75NTR+ and p75NTR+/Sox9+ co-
expressing cells (Fig. 2A, I-1’) occur in the mesenchyme surrounding the aorta/mesonephric
region, indicating a population of NCCs that will later contribute to either the sympathetic
tissue or enteric nervous system.

In addition to their expression in NCCs, all of the above-described markers demonstrate
signal outside of the neural crest territory and associated derivatives. These patterns include:
(1) Sox9 expression in the presumptive sclerotome and notochord (Fig. 1B, D, J-K; Fig. 2D,
H, L); (2) AP-2a expression in the surface ectoderm and mesonephric tissue (Fig. 1D, K;
Fig. 2D, H, L and data not shown); and (3) Pax7 and Pax3 expression in the dermomyotome
(Fig. 2A-B, E, 1-J). Several markers are also expressed in subdomains of the neural tube in
rostral sections, where NCC delamination appears to have ceased. The observed patterns are
as follows: (1) Pax3 and Pax7 signal in the dorsal neural tube (Fig. 2A-B, E-F); (2) AP-2a
expression in the dorso-lateral margins (Fig. 2D, H); (3) Sox9 expression throughout the
dorsal-ventral axis of the early ventricular zone (Fig. 2D, H); (4) HNK-1 expression along
the lateral edge of the neural tube, in addition to the notochord (Fig. 2B, F); and (5) p75NTR
expression primarily in the ventral half of the neural tube (Fig. 2A, E). Interestingly, we also
note a small patch of Pax7+ cells in the floorplate of the CS12 neural tube (Fig. 2F-F’),
which conflicts with reports that notochordal signals downregulate Pax7 expression
(Goulding et al. 1994; Otto et al. 2006). To our knowledge, this represents a novel staining
pattern not observed in the mouse or chick. However, faint Pax3/7 staining has been
reported in the floorplate of zebrafish embryos (Hammond et al. 2007). In more caudal
CS12 sections, where migratory NCCs are observed adjacent to the neural tube, NCC
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marker expression is generally not seen in the neuroepithelium (Fig. 11-L). However,
p75NTR signal occurs in the neural tube at this axial level, with a dorsal expression domain
extended compared to the pattern observed in more rostral trunk sections (Fig. 1J; Fig. 2A,
E). HNK-1 signal also occurs sparsely along the lateral edges of the neural tube in these
sections (Fig. 1L).

In cranial sections, several NCC markers are maintained in neural crest derivatives. Both
AP-2a and Sox9 expression occur in portions of the neural crest-populated branchial arches,
and the cranial mesenchyme (Fig. 3A-B, D-E’). Few Sox10+ or p75NTR+ cells can also be
observed in this region (Fig. 3A, C-D, F). However, no clear Pax7 signal was detected in the
cranial mesenchyme (data not shown). Cranial ganglia condensations or their associated
nerves are positive for AP-2a, Sox9, Sox10, HNK-1 and p75NTR (Fig. 3A-D, F). In
addition, Sox9, Sox10, AP-2a and p75NTR are expressed in the otic vesicle (Fig. 3E-F and
data not shown). Strong AP-2a signal also occurs in the surface ectoderm and presumptive
placodal epithelium (Fig. 3B, E), whereas HNK-1 staining can be seen in the mesenchyme
subadjacent to the placodes and surrounding the otic vesicle (Fig. 3C, F). Within the cranial
neuroepithelium, Pax7 and Sox9 signal can be observed in the early ventricular zone, with
HNK-1 and p75NTR expression appearing in the lateral margins (Fig. 3A and data not
shown).

Carnegie Stage 13

In less-developed caudal sections of the CS13 embryo, signal from Pax7, Sox9 and Sox10
are detected overlying the dorsal neural tube, suggesting the presence of few migratory
NCCs (Fig. 4A-C); sparse HNK-1 signal also occurs in this region (Fig. 4A). Lateral to this,
Sox9, Sox10, Pax7 and p75NTR are expressed in NCCs situated between the neural tube and
surface ectoderm, migrating to populate the DRGs (Fig. 4A-D). Within regions of the
forming DRGs, Pax7, Sox9, Sox10, and p75NTR signal occur (Fig. 4A-D). In both the
migratory neural crest and presumptive DRGs, HNK-1 does not appear to robustly co-
localize with other NCC markers (Fig. 4A). In more rostral trunk sections, Sox10 and
p75NTR are maintained in the DRGs (S1. A, C, E, G), and are also seen in the mesenchyme
surrounding the aorta and dorsal to the mesonephric tissue (S1. A, C, K) - suggestive of
NCCs that will contribute to either the sympathetic tissue or enteric ganglia. Faint HNK-1
staining is also observed in this region (S1. B). At this same axial level, NCC marker
staining within non-neural crest derivatives is largely consistent with that observed at CS12
(S1). Additionally, we note that Pax3 signal is suggested in both the dorsal neural tube and
dermomyotome at CS13, although at a weaker level than that observed at CS12 (data not
shown).

Despite the lack of definitive Pax7 staining in the facial mesenchyme at CS12, Pax7+ cells
are observed in the mesenchyme at the level of the unfused neuroepithelium in CS13 cranial
sections; signal is also observed in the dorsal tips of the open neural plate (Fig. 4G). HNK-1
staining occurs within the mesenchyme at this axial level, although its signal generally
appears in close association with the ventral side of the unfused neuroepithelium (Fig. 4G).
Additionally, punctate Sox10 signal is seen near the eye primordium (Fig. 4F). In slightly
caudal sections, Sox10+ cells are also observed in NCC-derived ganglia condensations (Fig.
4E’ and data not shown). Within the neuroepithelium of similar sections, Pax7 expression
occurs in the dorsal neural tube (Fig. 4E), with AP-2a and HNK-1 signal appearing along
the lateral edges (Fig. 4E and data not shown).

Carnegie Stage 15

At CS15, Pax3, Sox10 and p75NTR are expressed in the neural crest-derived DRGs of trunk
sections, with Pax3 localizing dorso-medially (Fig. 5A, C, E, G). We also note the
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expression of AP-20 and Sox9 in the dorso-medial or lateral margins of the DRGs at this
stage (Fig. 5D, H), similar to the pattern seen for Sox10 (Fig. 5C, G). These results are
consistent with previous reports of Pax3, Sox10 and AP-2q signal in the DRGs of an 8-week
old embryo (Gershon et al. 2005); Sox9 expression within CS18 DRGs has also been noted
(Benko et al. 2009). Few HNK-1+ cells are also observed (Fig. 5B, F). As in the CS12
sample, Sox10 and p75NTR expression appear within the presumptive peripheral nerves (Fig.
5A, C, E, G), and in more rostral sections, AP-20+/Sox9+ cells are seen within these
structures (Fig. 5P). Ventrally, Sox10+, p75NTR+, and Sox9+/AP-20+ cells occur within
the presumptive sympathetic tissue surrounding the aorta (Fig. 5A, C, D, O, P). Within the
wall of the gut, prospective enteric NCCs are positive for AP-2a, p75NTR, HNK-1, Sox9,
and Sox10 (Fig. 5Q-S’). Finally, we also note the expression of Sox10, Pax3, AP-2a and
Sox9 in few cells located dorsal, or dorso-lateral to, the neural tube (Fig. 51, K-L). As roles
for both Pax3 and Sox10 have been demonstrated in melanocyte development (Auerbach
1954; Lane and Liu 1984; Southard-Smith et al. 1998), it is possible that these Pax3+ or
Sox10+ cells are melanoblasts. Alternatively, Pax3+ cells in this area could go on to form
the presumptive musculature. The additional expression of AP-2a, and Sox9 signal in
similar regions, may indicate a population of late-migrating NCCs, or may identify these
cells as contributing to either the surface ectoderm or vertebrae primordia.

The expression patterns of NCC markers outside of neural crest-derivatives at CS15 is
largely consistent with those observed at CS12 and CS13 (Fig. 2, S1). However, we note the
ventral extension of AP-2a expression within the intermediate zone of the neuroepithelium
(Fig. 5D, H). The CS15 specimen also marks the first time that definitive Msx1/2 expression
is observed among any of our samples. Although suggestive Msx1/2 staining at CS12 was
detected (data not shown), strong background levels limit our ability identify this as real
signal. At CS15, Msx1/2 signal occurs within: (1) the dorsal-most aspect of the ventricular
zone of the neural tube (Fig. 5C, G, K); (2) the surface ectoderm and/or subectodermally in
regions dorso-lateral to the neural tube (Fig. 5C, G), consistent with the pattern of
expression reported for Msx1 in dermal progenitors (Houzelstein et al. 2000); and (3) the
distal tip of the limb mesenchyme (Fig. 5C”), supporting a role for Msx1/2 in human limb
development, as has been demonstrated in mouse mutants (Lallemand et al. 2005).

Carnegie Stage 18

By CS18, migratory NCCs are no longer observed dorsal or adjacent to the neural tube;
however, the expression of several markers is observed in neural crest-populated regions. In
CS18 trunk sections, Sox10 and p75NTR signal are maintained in the DRGs (Fig. 6D, E).
Faint HNK-1 signal can be observed in the DRGs at this axial level, and in more rostral
sections (Fig. 6F and data not shown). Sox10 staining is also observed in the DRG-
associated nerve roots (Fig. 6D). Ventrally, both Sox10 and p75NTR expression occur in the
NCC-derived enteric ganglia of the stomach (Fig. 6J-J’), and in the sympathetic tissue
surrounding the aorta (Fig. 61, K).

Cranially, Sox9, Sox10, AP-2a, Pax3 and Pax7 are all observed in the neural crest-rich
maxillary process (Fig. 7A-B, E-F, 1-J). Strong Pax7 expression is observed throughout this
prominence (Fig. 7E-F), and robust AP-2a and Pax3 signal appear restricted to the lateral
margin, or the mesenchyme surrounding the nasal cavity (Fig. 7A-B; 1-J). In the center of
the maxillary process, Pax3+ and Sox9+/AP2a+ cells are observed (Fig. 7A-B, 1-J), and a
circular patch of HNK-1+/Pax3+ cells occurs more laterally (Fig. 71-J). Outside of this
prominence, both Sox9 and Sox10 are expressed in the facial mesenchyme (Fig. 7A, C, E,
G), with Sox9 signal also observed in the presumptive scleral cartilage (Fig. 7A). Additional
NCC-derived structures - the presumptive cranial ganglia — are positive for both Sox10 and
HNK-1 (Fig. 7G-I), with Sox10 signal also occurring in the associated nerve roots (Fig.
7G).
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Within the trunk neuroepithelium of the CS18 sample, additional marker expression patterns
outside of NCC derivatives can be seen. Within the trunk neuroepithelium, these patterns
include: (1) Pax3+ and Pax7+ cells in the dorsal ventricular layer, with Pax7 expression also
seen in small patches of cells in both the floor- and roofplate (Fig. 6A-B); (2) Sox9 and
Sox10 staining of the ventricular zone (Fig. 6C-D); (3) p75NTR expression throughout the
intermediate and marginal layers, with strong signal in the dorso-lateral region (Fig. 6A); (4)
few AP-2a+ cells within the dorsal and ventral intermediate zone (Fig. 6C); and (5) HNK-1
staining of the intermediate and mantle layers (Fig. 6B). In addition to the neuroepithelium,
marker expression is seen in other regions, including: (1) Pax7 staining in the presumptive
musculature surrounding the rib and vertebrae primordia, with few Pax3+ cells occurring in
the dorso-medial tips of this region (Fig. 6E-F); (2) p75NTR expression in the trunk
musculature and epidermis (Fig. 6E and data not shown); (3) Sox9 and Sox10 expression in
the vertebrae and rib cartilage primordia (Fig. 6G—H); and (4) AP-2a expression in the
mesenchyme of the hindlimb (S2. A-B).

The signal patterns observed within the cranial neuroepithelium include: (1) AP-2a
expression in the intermediate layer (Fig. 7C-D); (2) Pax3, Pax7, Sox9 and Sox10 staining
of the ventricular zone (Fig. 7C-D, G, K-L), with a boundary of Sox10 and Pax7 signal
occurring ventrally (Fig. 7G); and (3) HNK-1 expression along the marginal layer (Fig. 7K-
L). Additionally, Pax7+ cells occur in a small swath of epithelial cells located outside of the
nasal cavity (Fig. 7E and data not shown).

Discussion

The neural crest has extensive differentiation capabilities, as evidenced by its ability to
generate neurons and supportive cells of the peripheral nervous system, melanocytes,
endocrine cells, and a set of derivatives collectively known as mesectoderm (which includes
muscle, bone and cartilage of the head). Unfortunately, the astonishing capacity of the
neural crest to generate such a broad spectrum of derivatives is linked to several human
pathologies (see below). Today, after almost 150 years of intense NCC research in model
organisms, we have gained much knowledge regarding the tissues and molecules involved in
neural crest development. These molecules, in turn, have been integrated into a gene
regulatory network responsible for the formation, migration, and differentiation of NCCs.
Despite this, we remain confronted by a void of information regarding hNCC development.
Specifically, we know very little about the expression — much less the possible function — of
NCC-related molecules during early human embryogenesis. While the basic biology of
neural crest development is very similar between model organisms, small differences exist.
Effects of such differences could potentially have dramatic consequences in NCC
development. It is therefore essential to establish the precise participation of specific
molecules in hNCC development. This, in turn, will improve our understanding of neural
crest-related pathologies, and enable the generation of better diagnostic and therapeutic tools
to ameliorate their effects.

Within higher vertebrates, neural crest development was thought to start in concurrence with
neurulation, and recent studies within avian embryos have demonstrated that NCC
specification is underway during gastrulation (Basch et al. 2006; Patthey et al. 2008 and
2009). Equivalent stages of human embryogenesis occur during the first three weeks of
gestation; however, most pregnancies are not recognized prior to four weeks, making the
study of early embryonic stages particularly difficult. Here, with a small collection of human
embryos, we present for the first time the expression data for several NCC markers
identifying premigratory, migratory and differentiating hNCCs.
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Marker Expression in the Human Neural Crest and Its Derivatives

Msx1/2, Pax3, Pax7, AP-2, Sox9, Sox10, HNK-1 and p75NTR have all been implicated in
neural crest development within model organisms, based on their expression patterns and/or
functional studies. These molecules appear in neural crest precursors, pre-migratory or
migratory NCCs, and/or neural crest derivatives such as: the facial mesenchyme, cranial
ganglia, DRGs or components of the enteric nervous system (for specific expression patterns
observed in model organisms, see below) (Msx1/2: Hill et al. 1989; Robert et al. 1989;
Yokouchi et al. 1991; MacKenzie et al. 1992; Foerst-Potts and Sadler 1997; Tribulo et al.
2003; Ishii et al. 2005; Pax3 and Pax7: Goulding et al. 1991; Jostes et al. 1991; Tremblay
et al. 1995; Mansouri et al. 1996; Dottori et al. 2001; Lacosta et al. 2005; Basch et al. 2006;
Otto et al. 2006; Hammond et al. 2007; Minchin and Hughes 2008; Sox9 and Sox10: Ng et
al. 1997; Zhao et al. 1997; Kuhlbrodt et al. 1998; Pusch et al. 1998; Southard-Smith et al.
1998; Cheng et al. 2000; Dutton et al. 2001; Li et al. 2002; Cheung and Briscoe 2003; Ishii
et al. 2005; McKeown et al. 2005; Suzuki et al. 2006; AP-2: Mitchell et al. 1991; Zhang et
al. 1996; Shen et al. 1997; Ishii et al. 2005; Li and Cornell 2007; HNK-1: Tucker et al.
1984; Tucker et al. 1988; Bronner-Fraser 1986; p75: Wilson et al. 2004; Anderson et al.
2006). In addition to their demonstration of in-vivo expression, few markers have been used
to identify the neural crest or its precursors in different experimental paradigms. This is
particularly the case for p75, which has been used to: (1) identify NCCs within avian neural
fold/tube cultures (Abzhanov et al. 2003); (2) isolate neural crest precursors from rat
embryonic gut and sciatic nerve preparations (Morrison et al. 1999; Bixby et al. 2002); or
(3) to enrich human ES-derived crest cells (Lee et al. 2007; Jiang et al. 2009; Bajpai et al.
2010).

Despite widespread work evaluating neural crest development in model organisms, the
human neural crest remains largely an enigma. Currently, only a handful of studies have
evaluated neural crest marker expression within human embryos, with a focus on either the
neural crest or its derivatives. These have demonstrated: (1) Pax3 expression in the neural
groove or neural tube as early as CS10 and CS12, and later within the DRGs and connective
tissue of the jaws (Gérard et al. 1995; Terzi¢ and Saraga-Babi¢ 1999; Fougerousse et al.
2002; Gershon et al. 2005); (2) Sox10 signal in the migratory neural crest of a 4-week
specimen, and both Sox10 and Sox9 expression in components of the peripheral nervous
system and facial mesenchyme (Bondurand et al. 1998; Gershon et al. 2005; Benko et al.
2009); (3) AP-2q staining within the DRGs of an 8-week specimen (Gershon et al. 2005);
(4) NC-1 (HNK-1) expression in regions dorso-lateral to the neural tube at 5-weeks, and
later signal in the DRGs (Tucker et al. 1984; Tucker et al. 1988); and (5) p75
immunoreactivity in the spinal cord at 9-weeks (Josephson 2001). Despite evidence
supporting the role of Pax7 in neural crest development of the chick and mouse (Mansouri et
al. 1996; Basch et al. 2006), when Pax7 expression was assessed in human embryo sections,
signal was observed only in the presumptive musculature and not within the neural tube or
NCC-related structures (Gershon et al. 2005). In addition to these in-vivo studies, human
ES-derived NCCs or hNCC lines generated from embryonic neural tube explants have been
shown to express p75, Msx1, Pax3, Sox9 and Sox10, along with other NCC markers (Pomp
et al. 2005; Brokhman et al. 2008; Lee et al. 2007; Thomas et al. 2008; Jiang et al. 2009;
Bajpai et al. 2010). However, the lack of information regarding in-vivo human NCC
development precludes the categorical validation of the neural crest status of such cells, as
the criteria used to identify them as NCCs is based in model organism - rather than human -
NCC expression.

Here we present the novel expression of several neural crest markers in early human
embryos, specifically revealing expression patterns in premigratory and early migratory
NCCs that have never before been reported at such early stages. Our work demonstrates the
expression of Pax3, Sox9 and Sox10 in premigratory NCCs at CS12 (Fig. 1A—H). In both
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the CS12 and CS13 specimens, we note Sox9, Sox10 and p75NTR expression in the
migratory neural crest immediately dorsal or adjacent to the neural tube (Fig. 11-L; Fig. 4B-
D). AP-2a signal also occurs in this cell population at CS12 (Fig. 1K), as does Pax7 at CS13
(Fig. 4A). Few HNK-1/Sox10 or HNK-1/Pax7 co-positive cells may exist in the CS12 or
CS13 migratory neural crest, respectively; however, the majority of migratory NCCs appear
HNK-1 negative at both CS12 and CS13 (Fig. 1L, N, P; Fig. 4A). From CS12 to CS15, a
population of NCCs is observed at the level of the aorta and in the mesenchyme dorsal to the
mesonephric tissue, as evidenced by Sox10 or p75NTR staining (Fig. 2A, C, I-I’, K; S1. A,
C, K; Fig. 5A, C, 0). In this region, Sox9+/p75NTR+ cells are seen at CS12 (Fig. 21’),
HNK-1 expression is observed at CS13 (S1. B), and AP-20+/Sox9+ cells occur at CS15
(Fig. 5P). Additionally, few Sox9+/AP-2a+, p75NTR+ or Sox10+ cells occur at CS12
subadjacent to the dermomyotome (Fig. 2C, K, L and data not shown). This staining likely
identifies NCCs that have migrated ventrally to contribute to a peripheral nerve. The
expression of all of these markers is maintained in the peripheral nerves at CS15 (Fig. 5A,
C, E G M,P).

Complementary to our demonstration of marker expression within the premigratory or
migratory human neural crest, we also note the presence of NCC marker staining in
components of the NCC-derived peripheral nervous system — specifically the dorsal root or
enteric ganglia. Within all four specimens, Sox10 and p75NTR are expressed within the
DRGs (Fig. 2A, C, E, G; Fig. 4B, D; Fig. 5A, C, E, G; Fig. 6D, E; S1. A, C, E, G).
Furthermore, at CS12, Pax3, AP-2a and Sox9 are observed within these structures (Fig. 2A,
D, E, H). By CS13, Pax7, Sox9, Sox10 and p75NTR expression occur in portions of the
forming DRGs at caudal axial levels (Fig. 4A-D). Despite our failure to observe definitive
AP-2q signal in the DRGs at CS13, the expression of this marker, in addition to Sox9, Pax3
and few HNK-1+ cells, are observed within the CS15 DRGs (Fig. 5A-B, D, E-F, H). We
also note the expression of p75NTR, HNK-1, Sox10, Sox9 and AP-2a in the presumptive
enteric neural crest populating the wall of the gut at CS15 (Fig. 5Q-S’). By CS18, Sox10
and p75NTR are maintained within the presumptive NCC-derived enteric ganglia of the
stomach (Fig. 6J-J"). Previously, Sox10 signal has been reported throughout the peripheral
nervous system - including the presumptive enteric ganglia - of early human embryos
(Bondurand et al. 1998; Gershon et al. 2005). Sox9 has also been noted within either the
DRGs or cranial ganglia of CS15 and/or CS18 specimens (Benko et al. 2009).

In more rostral CS12 sections, AP-2a, Sox9, Sox10, HNK-1 and p75NTR signal occur in the
cranial ganglia condensations or associated nerves at CS12 (Fig. 3A-D, F). By CS18, only
Sox10 and HNK-1 are expressed in the cranial ganglia, with Sox10 also occurring within the
associated nerve roots (Fig. 7G-I). In addition to the cranial ganglia, several neural crest
markers are expressed within portions of the facial mesenchyme at either CS12 or CS18
(Fig. 3; Fig. 7). In the former, AP-2a. and Sox9 signal occur in either the cranial
mesenchyme or branchial arches (Fig. 3A-B, D-E); occasional Sox10 or p75NTR positive
cells also appear in this region (Fig. 3A, C-D, E’-F). At CS18, Pax3, Pax7, Sox9, Sox10
and AP-2q are all observed within the neural crest-populated maxillary process (Fig. 7A-B,
E-F, 1-); few HNK-1+/Pax3+ cells also occur in a circular patch within this prominence
(Fig. 71-J). Sox9 and Sox10 expression appear within additional components of the facial
mesenchyme at this stage (Fig. 7A, C, E, G). Although Sox10 does not persist in the cranial
mesenchyme of model organisms at later stages (Kuhlbrodt et al. 1998; Cheng et al. 2000;
Suzuki et al. 2006), our observation of Sox9 and Sox10 expression in both the facial
mesenchyme and cranial ganglia is consistent with previous analyses of early human
embryos (Bondurand et al. 1998; Benko et al. 2009).
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Interspecies Comparison of Marker Expression in NCCs or Their Derivatives

Our observation of several NCC markers within migratory hNCCs from CS12-13 is largely
similar to what has been reported in murine or avian model systems. Here, we discuss
expression patterns for Pax3, Pax7, AP-2a, Sox9, Sox10, HNK-1 and p75NTR we have
observed in either mouse E9.5-10.0 or chick HH.18 sections, with special focus on caudal
axial levels. Consistent with previous reports (Goulding et al. 1991; Zhao et al. 1997;
Kuhlbrodt et al. 1998; Pusch et al. 1998; Southard-Smith et al. 1998; Dottori et al. 2001),
we have observed Pax3, Sox9 and Sox10 expression within either the premigratory or
migratory neural crest of E9.5-10.0 mouse trunk sections; however, definitive Pax7, Msx1/2
and AP-2q signal are not seen in either of these regions (S3. A-C). Despite the lack of
AP-2a expression in the neural crest of our trunk E9.5-10.0 sections, AP-2 signal has been
demonstrated in potential premigratory NCCs at early stages (E8.5), and later in the DRGs
and associated nerves (Mitchell et al. 1991). Furthermore, although we do not observe Pax7
or Msx1/2 within trunk mouse migratory NCCs, the expression of these markers has been
reported in either migratory cranial NCCs or the craniofacial/branchial arch mesenchyme, as
has Pax3, AP-2 and Sox9 (Hill et al. 1989; Robert et al. 1989; Goulding et al. 1991;
Mitchell et al. 1991; MacKenzie et al. 1992; Tremblay et al. 1995; Mansouri et al. 1996;
Zhang et al. 1996; Foerst-Potts and Sadler 1997; Ng et al. 1997; Zhao et al. 1997; Ishii et al.
2005). Interestingly, within our E9.5-10.0 cranial sections we observe Sox10 expression - in
addition to AP-2a and Sox9 - in the branchial arch mesenchyme; Sox9 and Sox10 signal
also occur in the otic vesicle (S4. A-A’, B-B’). Although HNK-1/NC-1 does not recognize
the mouse neural crest (Tucker et al. 1988), p75 has been reported in murine trunk migratory
NCCs, as well as the cranial neural crest and presumptive enteric tissue (Wilson et al. 2004;
Anderson et al. 2006).

As in the mouse, Sox9 and Sox10 are expressed within the trunk migratory neural crest of
caudal HH. St. 18 chick sections; however, Pax7, HNK-1 and AP-2q are also observed
within this cell population (S5. E-H). Additionally, Pax7 and Sox9 signal occur in potential
premigratory NCCs of the chick dorsal neural tube (S5. E-E’, G). In more developed
(rostral) trunk sections, Pax7, HNK-1, Sox9, Sox10 and AP-2a are all observed within the
forming DRGs; Sox10 and HNK-1 are also seen in the presumptive sympathetic tissue
surrounding the aorta (S5. A-D and data not shown). Although few Sox9+ cells are
observed abutting the aorta, it is difficult to distinguish any sympathetic tissue from the
sclerotome without additional markers (S5. C). At later stages (HH. St. 20/20+), p75NTR is
also apparent within the DRGs, as are Sox10 and HNK-1 (S6. A-B”). Although definitive
Pax3 signal is difficult to ascertain in the neural crest/NCC-derivatives of our HH. St. 18
sections (data not shown), previous studies have demonstrated Pax3 expression in trunk
migratory NCCs at similar stages (Lacosta et al. 2005). Furthermore, at HH. St. 17, Msx1
has been reported in both the trunk neural crest and craniofacial mesenchyme ('Y okouchi et
al. 1991).

Relevance of NCC Marker Expression to Human Neurocristopathies

The neural crest is of particular clinical significance, as several human pathologies result
from aberrant NCC development. These NCC-related diseases are commonly referred to as
neurocristopathies, and they encompass: (1) craniofacial malformations including cleft lip
and palate; (2) tumors affecting the peripheral nervous system or melanocytes (i.e.
schwannoma, neuroblastoma, and melanoma); and (3) cardiac defects generally targeting the
outflow tract or arteries associated with the aortic arch (for review, see Creazzo et al. 1998;
Farlie et al. 2004; Sarnat and Flores-Sarnat 2005; Etchevers et al. 2006). Specific
pathologies — such as Hirschsprung disease (HSCR) and Waardenburg syndrome (WS) — are
also attributed to neural crest defects; respectively, these diseases are characterized by
aganglionosis of portions of the gastro-intestinal tract (implicating the enteric neural crest),
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or by pigmentation and hearing defects (for review, see Farlie et al. 2004; Etchevers et al.
2006; Tam and Garcia-Barcel6 2009; Pingault et al. 2010).

Although the genetic causes of many neurocristopathies require clarification, several neural
crest-associated genes have been implicated in these diseases. Within murine models, AP-2,
Msx1/2, Pax7, Pax3, and Sox9 mutant mice demonstrate an array of craniofacial
malformations ranging in severity (AP-2: Zhang et al. 1996: Msx1/2: Ishii et al. 2005;
Pax7: Mansouri et al. 1996; Pax3: Tremblay et al. 1995 and 1998; Sox9: Bi et al. 2001;
Mori-Akiyama et al. 2003). These include: orofacial clefts, defects in the craniofacial
skeletal elements or branchial arch derivatives, and perturbations of the cranial ganglia and
associated nerves. Additional pigmentation or peripheral nervous system defects — targeting
either the dorsal root ganglia or enteric ganglia — are observed in Pax3 and Sox10 mutants
(Auerbach 1954; Lane and Liu 1984; Tremblay et al. 1995; Conway et al. 1997; Southard-
Smith et al. 1998). Finally, NCC-associated cardiac malformations have also been noted in
mice carrying mutations in either Pax3 or Msx1/2 (Conway et al. 1997; Ishii et al. 2005).

Several of the above NCC-related genes have also been implicated in human
neurocristopathies. For example, mutations in Msx1 and AP-2a, or the improper regulation
of Sox9, can result in cleft lip or palate in humans (van den Boogaard et al. 2000; Velagaleti
et al. 2005; Jakobsen et al. 2007; Milunsky et al. 2008; Benko et al. 2009). These orofacial
clefts — specifically those observed in cases of AP-2a mutations or Sox9 dysregulation — are
typically symptoms of a larger disorder, such as Branchio-oculo-facial syndrome or Pierre
Robin syndrome (Velagaleti et al. 2005; Jakobsen et al. 2007; Milunsky et al. 2008; Benko
et al. 2009). Furthermore, Pax3 and Sox10 have been shown to play a role in one or more of
the variants of WS, with Sox10 mutations often resulting in Type IV WS —in which
individuals exhibit both WS and HSCR symptoms (Hoth et al. 1993; Bondurand et al. 2007;
Pingault et al. 2010). Finally, the expression of several NCC markers has been demonstrated
in tumors affecting neural crest-derived tissues. Different combinations of Pax3, Pax7,
Sox10 and AP-2a signal occur in neuroblastomas, schwannomas and additional PNS tumors
(Gershon et al. 2005). Furthermore, elevated levels of Pax3 expression are also classically
associated with melanoma, with Pax3 specifically facilitating cell survival in such tumors;
however, Pax7, AP-2a, and Sox10 signal have all been shown in either melanoma cell lines
or tumor sections (Scholl et al. 2001; Muratovska et al. 2003; Gershon et al. 2005).

As evidenced above, many of the neural crest markers we have analyzed carry profound
clinical significance, due to their role in the development of neurocristopathies. Importantly,
we have shown that Pax3, Sox9, Sox10, and AP-2a. - all of which have been implicated in
one or more human pathologies (see above)- are active in the neural crest as early as CS12
or CS13 (Fig. 1; Fig. 4B, C). Their additional expression within the DRGs at these stages,
and later at either CS15 or 18, suggests a role for these markers in human PNS defects —such
as those seen in the dorsal root ganglia of Pax3 or Sox10 mutant mice (Auerbach
1954;Tremblay et al. 1995;Conway et al. 1997;Southard-Smith et al. 1998). Furthermore,
our observation of Sox9 and AP-2a within portions of the cranial mesenchyme or maxillary
process confirms the role of these genes in human cranial NCC - and subsequent
craniofacial - development (Fig. 3A-B, D-E’; 7A-C). As mutations in Pax3 can also result
in craniofacial defects (i.e. dystopia canthorum) associated with either WS I and 111 (for
review, see Pingault et al. 2010), the occurrence of Pax3 in the maxillary process at CS18
confirms a role for this marker in human craniofacial morphogenesis (Fig. 71-J).

Interestingly, we have demonstrated the expression of Pax7 in the CS13 migratory neural
crest, in addition to the maxillary process at CS18 (Fig. 4A; Fig. 7E-F). To our knowledge,
Pax7 expression has only been demonstrated in PNS or melanocyte tumors (Muratovska et
al. 2003;Gershon et al. 2005), and has not been implicated in any human craniofacial
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malformations. However, given the mild jaw and nasal defects seen in Pax7 mutant mice
(Mansouri et al. 1996), in addition to our observation of Pax7 signal in the CS18 maxillary
process (Fig. 7E-F), it is possible that Pax7 may be involved in the development of human
orofacial clefts or additional craniofacial disturbances. In agreement with this view, a recent
study suggests a strong correlation of maternally transmitted single nucleotide
polymorphisms of Pax7 and Pax3 with cleft lip with or without cleft palate (Sull et al 2009).
Furthermore, from CS12-18, we have shown the expression of p75NTR within the early
migratory neural crest, cranial or dorsal root ganglia, sympathetic tissue, and gut wall (Fig.
1J, M, O;Fig. 2A, E, I-I’;Fig. 3A, D;Fig. 4D;Fig. 5A, E, Q;Fig. 6E, 1, J). Previously, it was
demonstrated that p75NTR mutant mice have perturbations of PNS development —
specifically affecting Schwann cells or DRG-associated neurons (von Schack et al. 2001).
Given our observed expression patterns for p75NTR within CS12-18 embryos, paired with
the phenotypes seen in mutant mice, it is likely that mutations in p75NTR will affect human
PNS development — targeting either the dorsal root, sympathetic or enteric ganglia.
Additionally, Sox9 and AP-2a also appear to play a role in enteric nervous system
development, due to their expression within the gut wall at CS15 (Fig. 5S); thus, mutations
in these genes may also contribute to malformations of the human enteric ganglia.

Marker Expression in Non-NCC Derivatives of Human Embryos

In addition to their expression within the neural crest or its derivatives, all of the markers
studied herein label additional cell types in non-NCC related structures; thus, no one marker
is specifically restricted to NCCs. This is exemplified by AP-2, which has been shown to
have a role in both facial outgrowth and limb development, in addition to neural crest
development (Zhang et al. 1996; Shen et al. 1997). Consistent with reports in model
organisms (Mitchell et al. 1991; Shen et al. 1997), we have observed AP-2a expression in
the surface ectoderm (Fig. 1D, K; Fig. 2D, H, L; Fig. 5D, H), mesonephric tissue (Fig. 2D;
Fig. 5D), dorso-lateral margins of the neuroepithelium (Fig. 2D, H; S1. D, H), and limb
mesenchyme of early human embryos (S2. A-B). Below follows a discussion of additional
regions - outside of the neural crest - where NCC-markers are expressed from CS12-CS15
and CS18. These include the neuroepithelium, presumptive musculature, and cartilaginous
or future skeletal elements.

Neuroepithelium

All neural crest markers used within this work are expressed in some region of the
neuroepithelium. Previous reports of NCC-marker expression within the neuroepithelium of
human embryos have demonstrated Pax3 signal in the dorsal neural tube or ventricular layer
(Gérard et al. 1995; Terzi¢ and Saraga-Babi¢ 1999; Gershon et al. 2005), AP-2a expression
in the dorso-lateral margins (Gerhson et al. 2005), and HNK-1/NC-1 staining along the
lateral edge (Tucker et al. 1988). Although Sox10 expression has been evaluated in human
specimens, at no early time point has signal been demonstrated within the neural tube
(Bondurand et al. 1998; Gershon et al. 2005); however, Sox9 signal has been noted within
either the neuroepithelium and/or ventricular layer of embryos between CS13 and CS18
(Benko et al. 2009). These results are largely consistent with the patterns observed in model
organisms (Pax3: Goulding et al. 1991; Lacosta et al. 2005; Otto et al. 2006; AP-2: Mitchell
et al. 1991; Sox9: Ng et al. 1997; Zhao et al. 1997; Suzuki et al. 2006). However, within
both the mouse and chick, Pax7 expression has been demonstrated in regions of the dorsal
neural tube or ventricular layer (Jostes et al. 1991; Lacosta et al. 2005; Otto et al. 2006).
Sox10 staining of the ventricular zone has also been reported in the avian system (Cheng et
al. 2000).

In CS12 or CS13 trunk sections rostral to areas of NCC migration, we observe the following
expression pattern within the neuroepithelium: (1) Pax3 or Pax7 signal within the dorsal
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neural tube, with Pax7 expression also observed in the floorplate (Fig. 2A-B, E-F’; S1. B,
F): (2) AP-2a signal within the dorso-lateral margins (Fig. 2D, H; S1. D, H); (3) HNK-1
expression along the lateral rim (Fig. 2B, F; S1. B, F, J); and (4) p75NTR expression
primarily in the ventral neuroepithelium (Fig. 2A, E; S1. A). At CS12, Sox9 staining also
occurs throughout the dorsal-ventral axis of the early ventricular zone (Fig. 2D, H);
however, at neither CS12 or CS13 is Sox10 expression seen within the trunk neural tube
(Fig. 2C, G; S1. C, G). By CS15, we observe: (1) Pax3 and Pax7 signal within the dorsal
ventricular zone, with few Pax7+ cells occurring in the floorplate (Fig. 5A-B, E-F, 1-J); (2)
AP-2a+ cells within the intermediate zone (Fig. 5D, H); (3) HNK-1 staining along the lateral
margin of the spinal cord, extending into portions of the intermediate zone (Fig. 5B, F, J);
(4) Sox9 expression throughout the dorsal-ventral axis of the ventricular zone (Fig. 5D, H,
L); and (5) p75NTR staining throughout the majority of neuroepithelium, except in regions of
the ventricular zone (Fig. 5A, E, 1). Very faint Sox10 signal also occurs in the ventricular
zone at this stage (Fig. 5C, G). Additionally, CS15 marks the first of our specimens in which
definitive Msx1/2 expression is observed, with signal occurring in the dorsal-most aspect of
the ventricular zone (Fig. 5C, G, K). The expression patterns of NCC markers within the
neuroepithelium at CS18 are similar to those observed at CS15 (Fig. 6). Collectively, these
results are largely consistent with the expression patterns observed in model organisms (see
above), and studies assessing Pax3, AP-2a, Sox9 and HNK-1/NC-1 signal within human
embryos (Tucker et al. 1988; Gérard et al. 1995; Terzi¢ and Saraga-Babi¢ 1999;
Fougerousse et al. 2002; Gershon et al. 2005; Benko et al. 2009).

Presumptive Musculature

In addition to their expression within the neuroepithelium, both Pax3 and Pax7 have been
implicated in muscle development (for review, see Lang et al. 2007). Within the chick and
mouse, both Pax3 and Pax7 expression occur within either the somites or dermomyotome, in
addition to the limb mesenchyme (Goulding et al. 1991; Goulding et al. 1994; Jostes et al.
1991; Lacosta et al. 2005; Otto et al. 2006; Galli et al. 2008). In the human, Pax3 signal has
been demonstrated in the presumptive musculature of early embryos (Gérard et al. 1995;
Fougerousse et al. 2002; Gershon et al. 2005). Our work provides further evidence for a role
of Pax3 in human muscle development, and also implicates Pax7 in this process. Expression
of both Pax3 and Pax7 appears in the dermomyotome or early musculature at CS12-CS15
(Fig. 2A-B, E, I-J; Fig. 5A-B, E-F, M-N; S1. B, J). By CS18, Pax7 staining occurs
throughout the presumptive musculature surrounding the ribs and vertebrae (Fig. 6F).

Cartilage Primordia and Future Skeleton

Sox9 has also been implicated in processes outside of neural crest development, specifically
chondrogenesis and sex determination (Wagner et al. 1994; Bi et al. 2001; Mori-Akiyama et
al. 2003). In both the chick and mouse, Sox9+ cells appear in the sclerotomal tissue and
eventual cartilaginous structures throughout the body, in addition to the male genital ridge
(Kent et al. 1996; Zhao et al. 1997; Ng et al. 1997; Mori-Akiyama et al. 2003; McKeown et
al. 2005; Suzuki et al. 2006). Similarly, Sox9 signal occurs within both the future skeletal
elements and forming testes of human embryos (Wagner et al. 1994; Hanley et al. 2000;
Benko et al. 2009). As in model systems, from CS12-CS15 we observe Sox9 expression
throughout the sclerotomal tissue surrounding and ventral to the DRGs, and within the
notochord itself (Fig. 1B, D, J-K; Fig. 2D, H, L; Fig. 4C; Fig. 5D, H, P; S1. D, L); faint
Sox10 staining is also observed in these regions at CS15 (Fig. 5C, G, O). At CS18, both
Sox9 and Sox10 signal occur in the vertebrae and rib cartilage primordia (Fig. 6G—H and
data not shown). Although the role of Sox9 in chondrogenesis is well documented, Sox10
has not been reported in the trunk skeletal elements of mouse, chick or human specimens.
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Much of the previous work evaluating hNCC migration identified these cells via their
morphology, rather than specific marker expression (O’Rahilly and Muller 2007). Here, we
demonstrate the novel expression of several neural crest markers in early human embryos,
with specific focus on signal occurring in the premigratory or early migratory neural crest.
To our knowledge, we have shown for the first time the expression of Pax3, Sox9 and Sox10
in the premigratory human neural crest (Fig. 1A—H). Furthermore, although Sox10 has been
reported in the migratory neural crest of a 4-week human specimen (Bondurand et al. 1998),
our study is the first to demonstrate the in-vivo expression of Pax7, Sox9, AP-2¢ and
p75NTR in migratory hNCCs occurring either dorsal, or dorso-lateral to, the neural tube (Fig.
11-M; Fig. 4A, C-D). At all stages examined, we have demonstrated the expression of
several markers within neural crest derivatives — including the DRGs, sympathetic tissue,
enteric ganglia, and cranial mesenchyme. Given our small sample size and limited access to
tissue, it is difficult to determine the exact migratory routes that NCCs follow within our
specimens, or to confirm those pathways previously reported (O’Rahilly and Muller 2007).
This, paired with our observation of broad p75NTR expression outside of the neural crest, in
addition to the limited expression of HNK-1 within migratory hNCCs, stresses the need for
additional in-vivo expression analyses within early human embryos. The identification of
novel markers for the human neural crest will improve our capacity to investigate hNCC
development, and enable the generation of better diagnostic and therapeutic tools.
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Fig. 1.

NCC markers are expressed in prospective premigratory and migratory NCCs at CS12.
Sox10 (A), Sox9 (B, D) and Pax3 (C) signal occur in the dorsal neural tube of caudal trunk
sections, prior to the appearance of the hindlimb. These cells likely represent premigratory
NCCs. Images in (E-H) are magnifications of the dorsal neural tubes shown in (A-D). We
do not observe definitive Msx1/2, p75NTR, or AP-2a signal in premigratory NCCs (A, B,
D). The monoclonal antibody TG1 has previously been used to recognize other migratory
cells and was thus here tried, but no signal can be associated with premigratory NCCs (C,
G). In slightly rostral sections, Sox10 (I, L), Sox9 (3-K), p75NTR (J), and AP-20. (K) are
expressed in migratory NCCs situated dorsal, or dorso-lateral to, the neural tube. The
majority of AP-20+ migratory NCCs appear to co-express Sox9 (K). Panels in (M—P) are
magnifications of boxed regions shown in (J, L). Although robust p75NTR signal is co-
expressed with Sox9 in migratory NCCs adjacent to the neural tube (M), or subadjacent to
the dermomyotome (O), this cell population (when identified via Sox10 expression) does not
express HNK-1 in similar sections (N, P); migratory NCCs generally appear HNK-1
negative. Image in (Q) is a tracing of the CS12 wholemount, prior to sectioning; the dotted
line marks the contra-lateral side of the unfused neural tube. Color-coded arrows represent
the axial levels of depicted sections as follows: purple (A—H), blue (1-P), red (Fig. 2), green
(Fig. 3). Scale bars in all panels represent 100pum. Note: levels in (A-D) are modified
separately from those in (I-L) to optimize signals in different embryonic regions. dm,
dermomyotome; nt, neural tube; s, somite.
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Fig. 2.

Pax3, p75NTR, Sox10, Sox9 and AP-2a are expressed in neural crest derivatives of CS12
rostral trunk sections. Images in (E-K) are magnifications of boxed regions in (A-D); image
in (L) is from the contralateral side of the section shown in (D). Sox10, Sox9 and AP-2a
expression appear in both the NCC-derived DRGs (C-D, G-H) and peripheral nerves (C, K,
L). Pax3 and p75NTR signal additionally occur in the DRGs (A, E). In the ventral
mesenchyme, NCCs that will contribute to either the sympathetic tissue or enteric nervous
system are identified by their expression of p75NTR (A, 1-1°), Sox10 (C, K), or Sox9 (I’).
Respectively, images in (F’) and (I’) are magnifications of the boxed region in (F), and the
aorta/mesonephric mesenchyme of a similar section. Axial level of sections in (A-D) is
indicated by the red arrow in Fig. 1Q. Scale bars in (A-D) represent 200um; those in (E-L)
100pum. Note: levels in (H) and (L) are modified separately to optimize green and red signals
in different embryonic regions. d, dorsal root ganglia; dm, dermomyotome; nt, neural tube.
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Fig. 3.

NCC markers are expressed in the mesenchyme or neural crest derivatives of cranial CS12
sections. Sox9 and AP-2a signal occur within the NCC-populated cranial mesenchyme or
branchial arches (A-B, D-E’); panel in (D) is a higher magnification of the boxed region in
(A). Additional Sox10+ and p75NTR+ cells are observed within this region (A, C-D, E’-F).
NCC-derived cranial ganglia condensations or associated nerves express p75NTR, Sox9,
Sox10, AP-2a and HNK-1 (A-D, F). Within the otic vesicles, Sox9, AP-2a, Sox10 and
p75NTR signal occur (E-F). Axial level of sections is indicated by the green arrow in Fig.
1Q. Scale bars in (A—C) represent 200um; those in (D—F) 100um. g, ganglia condensation or
associated nerve; m, mandibular/maxillay process; ne, neuroepithelium; oc, oral-pharyngeal
cavity; ov, otic vesicle.
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Fig. 4.

NCC markers are expressed within the caudal migratory neural crest of trunk sections, or
within the cranial mesenchyme at CS13. Pax7 (A), Sox9 (C), Sox10 (B) and p75NTR (D)
signal occur in migratory NCCs located directly dorsal, or dorso-lateral to (region marked
by arrows), the neural tube within caudal trunk sections. Although HNK-1 is also expressed
in this region, it does not appear to robustly co-localize with Pax7 (A). Pax7, Sox10, Sox9
and p75NTR are also expressed within regions of the forming DRGs (A-D). Definitive
Msx1/2 or AP-2a signal are not observed in either migratory NCCs or the presumptive
caudal DRGs (B, C). In cranial CS13 sections, Pax7 expression is observed in the
mesenchyme adjacent to the presumptive olfactory placode, in addition to the distal-most tip
of the unfused neuroepithelium (G). Punctate Sox10 expression occurs near the eye
primordia of slightly caudal sections (F boxed region), and within the ganglia condensations
adjacent to the neuroepithelium (E’ arrows); in similar sections, Pax7 appears in the dorsal
portion of the neuroepithelium, with AP-2a signal occurring along the lateral margins (E).
HNK-1 signal is also observed within the cranial mesenchyme of more rostral sections, but
again appears largely independent of Pax7 expression (G). Image in (H) is a tracing of the
CS13 embryo wholemount; the dotted line marks the contra-lateral side of the unfused
neural tube. Color-coded arrows in (H) indicate axial levels of sections as follows: red (A-
D); gray (E-E"); orange (F); green (G); blue (S1. A-C); purple (S1. D). Scale bars in (A-D)
represent 100um; those in (E-G) 200um. Note: levels in (E”), (F) are modified separately to
optimize green and red signals at different axial levels. ba, branchial arches; d, dorsal root
ganglia; e, eye; fl, forelimb; ne, neuroepithelium; nt, neural tube; op, olfactory placode.
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Fig. 5.

NCC markers are expressed in trunk neural crest derivatives at CS15. Panels in (E-P) are
higher power images of boxed regions in (A-D). NCC-derived DRGs are positive for Pax3
(A, E), p75NTR (A, E), Sox10 (C, G), AP-2a. (D, H), and Sox9 (D, H). Few HNK-1+ cells
also occur in these structures (B, F). Neither Pax7 (B, F) or Msx1/2 (C, G) appear to be
expressed in the DRGs at this stage. Sox10 (C, O, S’), AP-2a (D, P-P’, S), Sox9 (D, P-P’, S)
and p75NTR (A, E, M, Q) staining are also observed within the mesenchyme surrounding the
aorta, the presumptive peripheral nerves, and the wall of the gut; respectively, images in (C’,
P’, S”) are magnifications of the forelimb bud, peripheral nerve, and esophagus in slightly
rostral sections (see below). HNK-1+ cells also occur within the stomach wall at CS15 (R).
Occasional Sox10+, Msx1/2+, AP-2a+ or Pax3+ cells are also observed directly dorsal to
the neural tube (1, K, L arrows). Sox9 expressing cells are also suggested in similar regions
(L). Outside of the neural crest or its derivatives, p75NTR (A, E, 1), Pax3 (A, E, 1), Pax7 (B,
F, J), HNK-1 (B, F, J), Msx1/2 (C, G, K), AP-2a (D, H, L) and Sox9 (D, H, L) are all
expressed in regions of the neuroepithelium. Additional Msx1/2 expression is observed in
the distal forelimb mesenchyme (C”). Image in (T) depicts a tracing of the CS15 embryo
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wholemount prior to sectioning. Color-coded arrows indicate axial levels of sections as
follows: red (A-D), green (P’, R-S), blue (Q) and purple (C’, S’). Scale bars in (A-D)
represent 500pm, those in (E-S) represent 200um. Note: levels in (C’), (E-P) and (Q-S’)
are modified separately to optimize signals in different embryonic regions. a, aorta; ba,
branchial arches; d, dorsal root ganglia; e, esophagus; fl, forelimb; nt, neural tube; m,
presumptive musculature; p, peripheral nerve; s, stomach.
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Fig. 6.

NCC markers are expressed within trunk neural crest and non-neural crest derivatives at
CS18. Outside of neural crest-associated structures, Pax3 (A), Pax7 (B), Sox9 (C), AP-2a
(C, arrows), Sox10 (D) and HNK-1 (B) occur in portions of the neuroepithelium. Sox10 and
p75NTR signal also occur within the NCC-derived DRGs (D, E), sympathetic tissue (I, K) or
presumptive enteric ganglia (J-J°); image in (J°) is a magnification of the gut wall within a
similar section. Faint HNK-1 signal also occurs in the DRGs and associated nerve roots (F).
Pax7 (F) and p75NTR (E) staining are additionally observed in the presumptive musculature
of the back, and few Pax3+ cells occur in the dorso-medial margin of this region (E). Sox9
and Sox10 signal occur in the rib or vertebrae cartilage primordia (G, H). Image in (L) is a
tracing of the CS18 embryo wholemount. Red and blue arrows represent axial levels of
sections in (A-K) and Fig. 7, respectively. Scale bars in all panels indicate 200um. Note: red
levels in (B, F) are modified individually to optimize signal in the neural tube and
musculature, respectively. Levels in (A, E) and (D, H) are modified separately from those in
(I-K) to optimize signal in the sympathetic tissue and gut wall. a, aorta; d, dorsal root
ganglia; fl, forelimb; hl, hindlimb; i, intermediate layer; i/m, intermediate/marginal layers;
lu, lung; m, presumptive musculature; nt, neural tube; r, rib primordia; s, stomach; v,
vertebrae primordia; vz, ventricular zone.
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Fig. 7.

Neural crest markers are expressed in the maxillary process at CS 18. AP-2a. (A, B), Sox9
(A, B), Sox10 (E, F), Pax7 (E, F), and Pax3 (I, J) signal are observed within the NCC-
populated maxillary process. A circular patch of HNK-1+ cells also exists in this region (I,
J). Additional Sox9 and Sox10 signal are observed throughout the facial mesenchyme or
future skeletal elements of the skull (A, C, E, G). The cranial ganglia are positive for both
Sox10 (G, H) and HNK-1 (1), with Sox10 signal also appearing in the associated nerve roots
(G). Axial level of sections in (A, C, E, G, I, K) is indicated by blue arrow in Fig. 6L.
Images in (B, D, F, H, J, L) are higher power magnifications of boxed regions in (A, C, E,
G, |, K). Scale bars in (A, C, E, G, I, K) represent 500um, those in (B, D, F, H, J, L)
represent 200um. Note: levels in (E, G), (F, H), (I, K) and (J, L) are modified individually to
optimize red and green signals. bc, brain case primordia; e, eye; i, intermediate layer; m,
marginal layer; mp, maxillary process; n, nasal cavity; ne, neuroepithelium; r, cranial
ganglia-associated nerve root; sc, presumptive scleral cartilage; tg, trigeminal ganglia; v,
ventricular zone.
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