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Abstract

Neural crest cells are a transient stem-like cell population that forms in the dorsal neural

tube of vertebrate embryos and then migrates to various locations to differentiate into diverse
derivatives such as craniofacial bone, cartilage, and the enteric and peripheral nervous systems.
The current dogma of neural crest cell development suggests that there is a specific hierarchical
gene regulatory network (GRN) that controls the induction, specification, and differentiation of
these cells at specific developmental times. Our lab has identified that a marker of differentiated
neurons, Tubulin Beta-111 (TUBB3), is expressed in premigratory neural crest cells. TUBB3

has previously been identified as a major constituent of microtubules and is required for the
proper guidance and maintenance of axons during development. Using the model organism,
Callus gallus, we have characterized the spatiotemporal localization of TUBB3 in early stages of
development. Here we show TUBB3 is expressed in the developing neural plate, is upregulated in
the pre-migratory cranial neural crest prior to cell delamination and migration, and it is maintained
or upregulated in neurons in later developmental stages. We believe that TUBB3 likely has a role
in early neural crest formation and migration separate from its role in neurogenesis.
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1. Introduction

Neural crest (NC) cells are a vertebrate-specific, ectodermally derived, cell population that
begin as epithelial ectodermal cells and subsequently undergo an epithelial to mesenchymal
transition (EMT) and migrate to diverse locations within the developing embryo to create
various derivatives (Hutchins et al., 2018; Rogers and Nie, 2018). During neurulation in
avian embryos, the neural plate rolls into the neural tube, and NC cells are formed at the
dorsal region of the neuroepithelium. Premigratory NC cells are thought to be multipotent
progenitor cells that have the ability to give rise to multiple cell types (Kerosuo et al., 2015).
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NC cells can become neurons, melanocytes, cartilage, glia, and form the bulk of the enteric
and peripheral nervous systems among a multitude of other derivatives (Acloque et al.,
2008). There is an established gene regulatory network that outlines the molecular pathways
that drive the formation and differentiation of NC cells (Simoes-Costa and Bronner, 2015),
however, there is still a lack of understanding about NC cell programming. Are neural

crest cells fated prior to migration and differentiation, or do they only acquire fates as

they interact with their environments? Although our current study cannot provide definitive
answers to this question, we have discovered the expression of a marker of terminally
differentiated cells, specifically neurons, in premigratory cranial NC cells, which are well-
established as multi-potent stem-like cells (Kerosuo et al., 2015).

Ectodermal stem cells become neural progenitors, epidermal progenitors, and neural plate
border cells (Plouhinec et al., 2005). Neural plate border cells can then become either NC
or sensory placodes (Steventon et al., 2014). The neural plate border is defined by the
expression of PAX7 in avian embryos (Groves and LaBonne, 2014; Murdoch et al., 2012)
and PAX3 in frog (Maczkowiak et al., 2010; Plouhinec et al., 2014) and zebrafish (Garnett
et al., 2012), along with other border markers (MSX1, ZIC1, etc.). The expression of these
border markers is paired with the reduction of neural plate markers such as SOX2 and
SOX3 (Roellig et al., 2017). A complex cascade of factors is involved in the NC gene
regulatory network, and Pax7-positive cells contribute to the cells that become both NC
and dorsal central nervous system (CNS) lineages (Murdoch et al., 2012). For these cells to
then become definitive NC, Sox9 or Snai2 must be activated (Stuhlmiller and Garcia-Castro,
2012). Definitive NC cells then activate genes that will drive the cells towards migration
(Lander et al., 2011; Rogers et al., 2013; Strobl-Mazzulla and Bronner, 2012; Taneyhill

et al., 2007; Tien et al., 2015), later activating genetic pathways that drive them towards

a specific derivative (i.e., neurons, melanocytes, cartilage, etc.) (Adameyko et al., 2012;
Espinosa-Medina et al., 2017; Young and Newgreen, 2001). Questions still remain about
when NC cells know what they will become. Pigment cell fate determination has been
studied extensively in anamniotes such as zebrafish. Melanocytes and iridophore fates are
regulated by the presence or absence of certain transcription factors such as soxZ0and mitfa
during early development (Petratou et al., 2018). Additional consideration has been given
to understanding the suite of transcription factors, their spatiotemporal expression, and the
requirement for such proteins in the formation of the NC cell population (Lignell et al.,
2017; Simoes-Costa and Bronner, 2016; Simoes-Costa et al., 2014). However, one major
theory that has been postulated in the field is that there are proteins only upregulated in

the determined or terminally differentiating NC cell derivatives, and class 111 beta-Tubulin
(TUBB3) is one of these proteins.

TUBB3 is an element of microtubules, which are dynamic components of the intracellular
cytoskeleton that have been linked to NC cell migration (Francis et al., 2011; Moore et
al., 2013). TUBB3 is an established marker of proliferative and terminally differentiated
neurons (Lee et al., 1990; Lee and Pixley, 1994; Menezes and Luskin, 1994), and was
first characterized in chicken embryos using Western blot and immunohistochemistry
(IHC). TUBB3 was identified specifically as a neural-tissue specific tubulin protein with
multiple isoforms. Additional characterization identified that it was highly expressed in
non-proliferative differentiating cells (Lee et al., 1990). TUBB3 has also been investigated
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in the sensory and nonsensory regions of the avian inner ear (Molea et al., 1999) as well
as the developing olfactory sensory system (Lee and Pixley, 1994; Roskams et al., 1998).
However, one main factor that defines TUBB3 expression, is that it resides in cells that are
either differentiating into, or have already become neurons.

Here, we have characterized the endogenous spatiotemporal expression of TUBB3 at
multiple early stages of avian development (Table 1). We performed IHC at stages
coinciding with NC cell induction, specification, EMT, as well as neuronal differentiation,
and observed that TUBBS3 is expressed prior to neurogenesis in the neural plate and in
premigratory cranial NC cells. Using antibodies marking NC progenitors (PAX7), definitive
NC cells (SOX9 and SNAI2), and markers of differentiating sensory structures (PAXB6,
SOX2), we identified that TUBB3 co-localizes with NC markers prior to NC EMT, and is
maintained in early and late migrating NC cells. Additionally, there are premigratory NC
cell populations that are positive for TUBB3 and NC markers, but also a subset of cells that
may individually express NC markers in the absence of TUBB3. Although the focus in this
study is to characterize the expression of TUBB3 in progenitor cells, as a positive control,
we have additionally confirmed that the same protein is in fact expressed in cranial and
spinal neurons and ganglia in later stages of chicken development.

2. Materials and methods

2.1. Chicken embryos

Fertilized chicken eggs were obtained from local sources (Sunstate Ranch, CA) and
incubated at 37 °C to the desired stages according to the criteria of Hamburger and Hamilton
(HH). Use of chicken embryos was approved by the California State University Northridge
IACUC protocol: 1516-012a, c.

2.2. Immunohistochemistry

For immunohistochemistry (IHC), chicken embryos were fixed on filter paper in 4%
paraformaldehyde (PFA) in phosphate buffer for 15-25 min at room temperature. After
fixation, embryos were washed in TBST + Ca2+ with 0.5% Triton X-100 and de-papered.
For blocking, embryos were incubated in TBST + Ca2+ with 0.5% Triton X-100 and 10%
donkey serum for at least 1 h at room temperature. Primary antibodies were diluted in
blocking solution and incubated with embryos for 3 h at room temperature or for 24-48

h at 4° Celsius. After incubation with primary antibodies, whole embryos were washed

in TBST + Ca2+, incubated with AlexaFluor secondary antibodies diluted in blocking
buffer with DAPI (4’ ,6-diamidino-2-phenylindole), for 3 h at room temperature or 12 h at
4 °C, washed in TBST + Ca2+, and post-fixed in 4% for 30 min- 1 h in PFA at room
temperature. Antibodies used in the study: Mouse a-Neuron-specific beta-111 Tubulin (R &
D Systems, MAB1195), Mouse a-Pax7 (DSHB), Rabbit a.-Sox9 (Millipore, AB5535MI),
Mouse a- PAX6 (DSHB, PAX6), Rabbit a-Slug/Snai2 (Cell signaling, 9585T), Rabbit a-
SOX2 (Proteintech, 20118-1-AP). Information for all antibodies can be found in the Key
Resources Table. After IHC all embryos were imaged in both whole mount and transverse
section using a Zeiss Imager M2 with Apotome capability and optical processing software.
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2.3. Electroporation of antisense morpholino

A translation blocking antisense morpholino to TUBB3 (TUBB3MO) was designed

(5" GCGTTCCCGCTATCCGGCACATGGA-3") and injected into HH stage 4 embryos
unilaterally. Injection of the fluorescein-tagged morpholino (0.75-1 mM plus 0.5-1.5 mg/ml
of PCI carrier plasmid DNA (Voiculescu et al., 2008) was performed by air pressure

using a glass micropipette targeted to the presumptive neural plate region. HH stage 4
electroporations were conducted on whole chick embryo explants placed ventral side up on
filter paper rings. The TUBB3 morpholino and carrier vector were injected on the right side
of the embryo. Platinum electrodes were placed vertically across the chick embryos and
electroporated with five pulses of 6.3 V in 50 ms at 100-ms intervals.

2.4. Western blot

Embryo lysate was isolated from 20 to 30 manually dissected chicken embryos from stage
HH4-12 for Western blot analysis. Lysate was isolated using lysis buffer (50 mM Tris-HCL
pH 7.4 with 150 mM NaCl plus 1.0% NP-40 and EDTA-free protease inhibitor (Roche
complete, # 11697498001). SDS page was run on precast 8-12% bistris gel (Invitrogen,

# NP0321BOX) for 3 h at 48 V, gel was transferred to nitrocellulose at 90 V for 1 h.
Nitrocellulose membranes were washed in TBST + Calcium with 0.5% Triton X-100,
blocked and incubated with primary antibody (see above) in TBST + Calcium with 0.5%
Triton X-10 with 5.0% BSA, incubated in (5%) milk protein in (TBST + Calcium) with
secondary antibody, and visualized using ECL kit (GE Healthcare Lifesciences, # RPN2232)
and exposed to film (GeneMate, #F-9024-8x10).

3. Results and discussion

3.1. Antibody verification

First, we wanted to verify the stage of expression and that the protein size was correct

using Western blot analysis. The predicted size of the Gallus gallus TUBB3 protein is 50.43
kDa (kD). Our antibody detects a protein that runs at approximately 49 kD on a denaturing
protein gel (Fig. 1A). Use of different concentrations of the primary antibody in Western
blot demonstrated various levels of sensitivity. At 1:1000 dilution, the protein appears to
only be expressed in HH7-12 stage embryos, however, at 1:100 dilution, we were able to
identify expression at HH4-5, HH7-8, and HH7-12 (Fig. 1A). To verily that our results

are consistent with bonafide TUBB3 expression, we performed knockdown experiments
using a translation-blocking morpholino to TUBB3 (TUBB3MO). Injection and subsequent
electroporation of the TUBB3MO unilaterally into HH4 embryos resulted in the loss of
TUBBS3 protein expression on one side of the embryo (Fig. 1B-D1). We additionally verified
that the primary antibody alone gave no signal by incubating embryos with the primary
antibody (Fig. 1E, G) in the presence of DAPI stain (Fig. 1F and G), and without secondary
antibody, we saw no expression.

3.2. Expression of TUBB3 during neurulation

Previous studies established that expression of TUBB3 was not detectable using Western
blot or IHC until embryonic day 13-14 in mouse embryos (Menezes and Luskin, 1994) and
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in stages HH12-14 in chicken embryos (Lee et al., 1990). However, studies from our lab and
others have previously demonstrated that antibody penetration can be altered by shorter
fixation times and novel identification of protein expression for previously established
proteins is possible (Rogers et al., 2013, 2018). In the previous TUBB3 studies, the mouse
brains were fixed for 18-24 h and the chicken tissues were fixed for 24 h, but in this study
our tissues were fixed for 15-25 min at room temperature. Here we have identified early
expression of TUBB3 during neurulation and NC cell formation in chicken embryos.

To determine the stage that TUBB3 protein is first expressed, we tested the antibody on
gastrula (Hamburger Hamilton (HH) stage 5-6, Fig. 2A—C) and neurula stage embryos
(HH6-7, Fig. 2D-F, D1-F1). TUBB3 was expressed at both stages, but its expression was
stronger during neurulation (Fig. 2D, D1, F, F1). We identified that TUBB3 was only
expressed in the ectoderm (neural plate (NP), neural plate border (NPB), Fig. 2D1, F1). It
was not expressed in the cranial mesenchyme (Meso), which is marked by SNAI2 at this
stage (Fig. 2E2, F1). SNAI2, a well-known NC cell marker (Heeg-Truesdell and LaBonne,
2004; Tien et al., 2015; Tribulo et al, 2004; Vernon and LaBonne, 2006), is expressed in the
developing mesoderm prior to NC specification (Fig. 2B, E, E1), and TUBB3 expression did
not overlap with SNAI2 in these stages. Additionally, we performed IHC using antibodies
to clarify the tissues in which TUBB3 was expressed. Paired IHC with antibodies against
neural cadherin (NCAD) and the NC progenitor marker, PAX7, demonstrated that at HH7

+ /8- (3 somite stage (SS)), TUBB3 overlaps in the neuroepithelium with NCAD (Fig.
2G-J, G1-J1), and appears to be enhanced on the apical side of the forming neural tube
(neural groove, NG). It is also co-expressed in the developing putative NC region marked
by PAX7 (Fig. 21, G1-J1). To gain a deeper understanding of the extent of TUBB3
expression in putative NC forming regions, we utilized an HH8 embryo (5 SS), which

has three separate stages of NC cell development in one embryo. At HH8, cranial NC

cells are definitively determined as they upregulate the expression of bonafide NC markers
SNAI2 and SOX9 after neural tube closure (Fig. 2K-M, Fig. 3), the hindbrain regions

are specified, and the trunk NC are being induced, but remain NPB cells as the embryo
finishes gastrulating posteriorly (Fig. 2K—M). In cranial regions, TUBB3 is expressed in the
neural tube as well as in the NC cells (Fig. 2K1-M1). In the more posterior NC territories,
TUBB3 is expressed throughout the developing NG/NP regions. TUBB3 also has non-neural
ectodermal expression at all axial levels as well as mesodermal expression in more posterior
regions (Fig. 2K, K2). In each stage of development, TUBB3 is expressed in the developing
neuroepithelium as well as the presumptive NC regions.

Microtubules function during cell division (Memberg and Hall, 1995), migration (Francis et
al, 2011), and structural maintenance and changes (Logan et al, 2018) among other cellular
processes, and therefore, the expression of TUBB3 in NP cells during neurulation suggests
that the beta-111 isoform of the protein functions in one of these aspects at this stage. Since
the NP is undergoing drastic morphological changes during neural tube closure, and the
cells are also proliferating, the specific role of TUBB3 is difficult to pinpoint. However, the
expression of TUBBS3 at early stages could be transient, and simply necessary for apical
constriction and neural tube closure that is then turned off and upregulated in neurons. To
determine if its expression was transient in neurulating neural progenitors, we performed
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IHC analysis on later stage embryos during/after neural tube closure, and during the NC
specification and EMT stages.

3.3. TUBBS3 expression is upregulated in premigratory NC cells

To determine whether TUBB3 expression was maintained during early development, we
collected embryos as neurulation was completed and in subsequent stages. IHC for TUBB3
in HH7 + /HH8- (3 SS) embryos demonstrated that TUBB3 was still expressed throughout
the neural tube (Fig. 3A, AL, C, C1), and although it seemed to be localized to the

apical side of the neural tube cells based on comparative expression of type I cadherin
proteins (Fig. 2), there was not a difference in expression with regards to dorsal-ventral
localization. Additionally, TUBB3 was expressed in the non-neural ectoderm and the cranial
mesenchyme at this stage (Fig. 3A, AL, C, C1). At 3 SS, SNAI2 is also expressed (Fig.

3B, C, G2). In this stage of development, SNAI2 was expressed in the premigratory
definitive NC cells (Fig. 3B, BL, C, C1), and it overlapped with TUBB3 in a majority

of the premigratory NC cells (Fig. 3CL, blue circle, blue arrow). Each of the proteins is
co-expressed in a subset of neuroepithelial cells (Fig. 3A-G), but there are cells that appear
to only express SNAI2 (Fig. 3B1-C1, white circle, white arrow). However, it is impossible
to definitively determine whether there are non-TUBB3-expressing NC cells at this level of
resolution, and therefore future experiments are necessary to define these populations more
closely. These data suggest the possibility that each of these cell types is developing with
distinct programs, or that the expression of TUBB3 could be transient and location specific.

At aslightly later stage, HH8 (5 SS), TUBB3 expression is maintained in the developing
neuroepithelium, but at this stage, some premigratory NC cells have upregulated its
expression (Fig. 3H, J, H1, J1, N1, N3). At this stage, SNAI2-positive cells appear to be
starting to delaminate from the neuroepithelium (Fig. 31, J, 11, J1, N2), but the delaminating
cells are not necessarily the ones that have enhanced TUBB3 expression. There are cells
that express both proteins (Fig. 3H1-J1, blue circle, blue arrow), but there are also some
that appear SNAI2-only positive cells (Fig. 3H1-J%, white circle, white arrow). It is at this
stage, just prior to NC EMT where we begin to see specific upregulation of TUBB3 in NC
cells. We hypothesize that its role could be in cell division or in supporting the collective
migration of the cells out of the neural tube. Future studies will dissect these possibilities.

As NC cells begin migrating ventrolaterally out of the dorsal neural tube at HH8 + /HH9-
(6 SS), TUBB3 expression is upregulated in the newly emigrating cells (Fig. 30-U3).
Comparing its expression to an additional marker of definitive NC cells, SOX9 (Betancur et
al., 2009; Liu et al., 2013) (Fig. 3P, Q, P1, Q, T, U2, U3), it is apparent that the cells at the
leading edge of the migratory NC have upregulated TUBB3 compared to the premigratory
and migratory cells that are in more medial locations (Fig. 30-Q1) suggesting that TUBB3
may assist these cells in migrating, but the specific function is unknown. Future studies will
identify the possible role of microtubules in these cells; however, TUBB3 may potentially
assist in the cell-cell adhesion, protrusion, contraction, or retraction during NC EMT and
migration (Etienne-Manneville, 2013).
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3.4. TUBB3 expression in neurons and ganglia

To confirm that the TUBB3 we see in early developing embryos is the previously established
neuron-specific protein, we performed IHC on later stages of chicken embryos (Table 1).

At 15 SS, TUBB3 is maintained in the developing brain (Fig. 4A-A3, D-D3), as well as
migratory NC cells (Fig. 4B-B3, D-D3). It is additionally expressed in the developing retinal
epithelium (R) marked by PAX6 (Fig. 4Al, C1, D1). At this stage, TUBB3-positive cells

are expressed throughout the anterior central nervous system at the midbrain axial level

(Fig. 4A2-D?), and TUBBS3 is maintained in the ventrally migrating NC cells marked by
SOX9 (Fig. 4A2-D2), but it appears absent from the non-neural ectodermal cells marked

by PAX6 (Fig. 4A2, C2, D?). In the hindbrain, TUBB3 is expressed strongly throughout

the neuroepithelium (Fig. 4A3, D3), and is additionally expressed in a subset of migratory
NC cells marked by SOX9 (Fig. 4A3, B3, D3). In contrast to the more anterior axial levels,
TUBB3 is not drastically upregulated in the premigratory NC cells (compare with Fig. 3H
with Fig. 4A3).

At 20 SS, TUBB3 is expressed in the cells are beginning to coalesce in the region that will
form the trigeminal ganglia (Fig. 4E, TG), and expression is starting in the developing lens
(L) marked by both SOX2 (Fig. 4E-H, E1-H1) and PAX6 (Fig. 4G, G1, H, H1) as well

as the retina marked by PAX6 (Fig. 4E1, G1). At 21 SS, the TG begins forming posterior

to the developing eye, and as previously reported, TUBB3 is highly expressed along with
SOX9 (Fig. 41-L, 411-L1) (Moody et al., 1989). Compared to DAPI (Fig. 4K, K1, 0), it is
clear that TUBB3 and SOX9 are expressed in discrete tissues. At 28 SS, TUBB3 expression
is maintained in the growing TG, the trigeminal nerve (TN), and the ophthalmic branch
(OpthB) as well as the optic nerve (ON) (Fig. 4M) which leads directly to the developing
eye marked by PAX6 (Fig. 4M, N, P). And it is upregulated in the olfactory vesicle (QV, Fig.
4M).

3.5. Distinct expression of TUBB3 in the developing trunk

Our identification of novel TUBB3 expression in the premigratory and early migrating NC
cells in the anterior embryo suggests that TUBB3 may play a role in NC development.

To identify if this expression was maintained in NC cells at all axial levels, we analyzed
the developing trunk regions in similarly staged chicken embryos. By HH12 (12 SS), NC
cells are formed in the anterior trunk region and they express both SOX9 (Fig. 5B, D)

and PAX7 (Fig. 5C and D). In whole mount embryos, it is difficult to discern whether
TUBB3 co-localizes with the premigratory NC cells (Fig. 5A-D), however, in transverse
section, it is clear that TUBB3 has a more traditional expression pattern (Fig. 5A1), and

is not upregulated in the NC territory in the dorsal neural tube in stark contrast to the
cranial regions (Compare Figs. 3-5A1-D1). In a slightly later HH13 embryo (17-18 SS),
TUBB3 appears to be expressed only in cells that are differentiating into neurons (Fig.
5EL,1), and it still does not co-localize with premigratory or migratory SOX9+ or PAX7+
cells in the dorsal spinal cord (Fig. 5SF1-H1,I-L). These data suggest that TUBB3 may have
a specialized role in cranial NC development that is not conserved in trunk NC cells. Of
note, TUBB3 does co-localize with SOX9 + sclerotome cells (Fig. 51, arrow), but is absent
from the PAX7 + dermomyotome cells (Fig. 5C1, D1, asterisk).
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4. Summary

TUBB3 is expressed in the developing neural plate during neurulation, and is increased in
the dorsal neural tube during cranial NC specification (Figs. 1-3). Prior to NC specification,
TUBB3 is expressed in the neural plate border, and overlaps with cells that will become
both the central nervous and peripheral nervous systems (Figs. 2-5). We identified additional
intermittent expression in the non-neural ectoderm and cranial mesenchyme. As cranial NC
cells become specified and express definitive NC cell markers such as SNAI2 and SOX9,
TUBBS3 is upregulated in the dorsal neural tube (Fig. 3H-U3). Its expression appears to be
localized to the cells under the most tension like the apical neural tube during neurulation
(Fig. 2K1-K3), the two sides of the closing neural tube (Fig. 2H, H1) and the leading edge
of the migratory cranial NC cells (Fig. 30, Q, O1, Q). In contrast to the cranial neural

crest cells which migrate collectively, the trunk expression of TUBB3 did not co-localize
with premigratory NC (Fig. 5), and rather, expression was intermittent and in cells that

were elongated with medial projecting processes (likely neurons). Our results suggest one of
multiple possibilities for the spatial localization of TUBB3 during early avian development.
It is possible that TUBB3 is expressed in cranial NC cells as they are specified to form
neurons suggesting a very early fate determination mechanism. It is also possible that
TUBB3 functions to regulate the cytoskeletal matrix during phases of development that
require maintenance of cell structure like collective cell migration. It is also possible that
TUBB3 has a unique function in early cranial neural tube and NC cells that is yet to be
discovered. Future experiments in our lab will dissect these possibilities.
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no seconda

Fig. 1. Verification of TUBB3 antibody.
(A) Western blot using antibodies for TUBB3 and Ribosomal S6 proteins. Loading control

(Ribo S6) demonstrates amount of protein loaded in each lane, but blots were incubated
with two different primary antibody concentrations (as labeled). TUBB3 antibody identified
a single band at approximately 49kDa. At 1:1000 concentration, TUBB3 expression is

only seen in HH7-12 lane, but at 1:100, primary antibody shows bands in HH4-5, HH7-8,
and HH712 lanes. IHC for TUBB3 (yellow, B, B1, D, D1, E) and stain for DAPI (blue,

F, G). Embryo in B-D has been injected unilaterally with a TUBB3 translation-blocking
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FITC-labeled morpholino (green, C, C1, D, D). Injected area has a reduction in TUBB3
expression demonstrating specificity of antibody. (E-G) Embryo incubated with TUBB3
primary and DAPI stain, but no secondary antibody. (B-D, E-G) Whole mount embryos with
anterior to the top and posterior to the bottom. (B1-D1) Transverse sections of embryo from
(B-D). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. TUBB3 isexpressed in the developing neural plate prior to NC specification.
Immunohistochemistry (IHC) using antibodies against TUBB3 (yellow; A, C, D, F, D%, FI,

G, Gl J, 31, K, K1=3, M, M1-3)), a neuron marker, SNAI2 (green; B, E, E, F1), a definitive
NC marker, N-cadherin (NCAD) (red; H, J, H1, J1), a cell adhesion molecule, and PAX7
(magenta, I, 11, 31, L, L33, M, M1-3), a neural crest progenitor marker. At stage HH5-6
(A-C) and stage 6-7 (D-F1) TUBB3 is expressed by cells in the neural plate (NP) and
neural plate border (NPB) prior to the neural tube closure. Cranial mesenchyme/mesoderm
is Meso. (G-J) IHC using antibodies against (G) TUBB3, (H) NCAD, (I) PAX7 and (J)
Overlay in a 3 SS embryo. (G1-J1) Transverse sections through G-J. IHC for (K, K1-3)
TUBBS3, (L, L173) PAX7, and (M, M1-3) Overlay in a 5 SS embryo. TUBB3 is expressed in
the NT (cranial), neural groove (NG, vagal), and NP at these axial levels. (A-F, G-J, K-M)
are whole mounts with anterior to the top and posterior to the bottom while (D1-F1, G1-J1,
K1-M3) are transverse sections with dorsal to the top and ventral to the bottom. These data
suggest that TUBB3 protein may have early roles in addition to later fate determination.
Scale bars are as marked. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 3. TUBB3isupregulated in premigratory and migratory NC cells.

IHC using antibodies against TUBB3 (yellow, A, AL, C, Cl E, F, G1, G3, H, H1, J, )L, L,
M, N1, N3, 0,01, Q, QL S, T, UL, Ud), SNAI2 (red, B, B, C, CL, F, G2, G3, I, 11, J, )L, M,
N2, N3), SOX9 (green, P, P1, Q, Q1, T, U2, U3), and stain for DAPI (blue, D-F, K-M, R-T),
in 3 SS (A-G3), 5SS (H-N3) and 6 SS (0O-U3) embryos and sections. (A-C1) transverse
sections from 3 SS embryo in (G1-3) demonstrates TUBB3 expression in the neural tube,
non-neural ectoderm, and cranial mesenchyme. Blue circle and blue arrow represents cells
that are TUBB3+ and SNAI2+ or SOX9 + ; white circle and arrow represents cell that seem
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to be expressing SNAI2 or SOX9 only without TUBB3. At 5SS (H, H1, J, 31, L, M, N,

N3), and 6 SS (O, O%, Q, Q1, S, T, UL, U3), TUBBS3 expression is enhanced in the dorsal
neural tube where definitive cranial NC cells marked by SNAI2 (1, 11, J, J1, M, N2, N3) and
SOX9 (P, PL, Q, QL, T, U2, U3) are assembling for migration. (G1-3, N1-3, U1-3) are whole
embryos with anterior to the top and posterior to the bottom, while all other images are
transverse sections with dorsal to the top and ventral to the bottom. Scale bars are as marked.
(For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. TUBB3 ismaintained in cranial ganglia.

IHC using antibodies against TUBB3 (yellow, A-A3, D-D3, E, EL, H, HL, I, I, L, L1,

M, P), SOX9 (green, B-B3, D-D3, J, J%, L, L1), PAX6 (red, C-C3, G, G1, H, H!, N), and
SOX2 (magenta, F, F1, H, H1) and stain for DAPI (blue, K, K%, L, L1, O, P) in multiple
stages of chick embryos. (A1-D3) Transverse sections at different axial levels from 15 SS
embryo indicated in (A-D) show that TUBB3 co-localizes with SOX9+ migratory cranial
NC cells. (AL, BY', D1") Zoom in of regions indicated in dashed boxes from (AL, B,

DY) demonstrating overlap. (E1-H1) Coronal section of 20 SS embryo indicated in (E-H)
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shows that TUBB3 maintains expression in the brain and developing eye. (11-L1) Transverse
sections from 21 SS embryo indicated in (I-L) show that TUBB3 co-localizes with SOX9

+ cells that are condensing to form the TG. (M-P) Verification that TUBB3 is expressed

in differentiating cranial neurons. (A—D) Whole mount embryo with anterior to the left

and posterior to the right. (E-H, I-L, M-P) Whole mount embryos with anterior to the
top/left, posterior down, dorsal to the right. R = retina, L = lens, NC = neural crest, Di =
diencephalon, TG = trigeminal ganglia, OV = olfactory vesicle, TN = trigeminal nerve, ON
= optic nerve, OpthB = ophthalmic branch. Scale bars are as marked. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 5. TUBB3 does not co-localize with trunk NC cells.

IHC using antibodies against TUBB3 (yellow, A, AL, D, D, E, EL, H, H1, I, L), SOX9
(green, B, BY, D, DY, F, F1, H, H1, J, L), PAX7 (magenta, C, C1, D, D), and PAX6 (red,
G, GL, H, HL K, L) in the spinal cord of various staged embryos. TUBB3 is expressed
intermittently in the developing spinal cord (A1, E1) at 12 SS and 17 SS, but expression
becomes more stereotypic of differentiating spinal neurons at 18 SS (I). (A-D, E-H) Whole
mount embryos with anterior to the left and posterior to the right. Dorsal side is facing
reader. (AL-D1, E1-H1, I-L) Transverse sections with dorsal to the top and ventral to the
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bottom. Asterisks indicate TUBB3-/PAX7 + cells and arrows indicate TUBB3+/SOX9+
cells. Scale bars are as marked. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Stages analyzed and number of replicates.

Developmental relevance Stage  Number
Gastrulation/neural induction HH4 10
HH5 8
HH6 4
Neurulation HH7 4
Neural crest specification HH8 18
Neural crest EMT/migration  HH9 4
HH10 3
HH11 3
HH12 1
Cranial ganglia formation HH13 3
HH14 7
HH15 7
HH16 2
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Key resources table

Reagent or resource Source Identifier
Antibodies
Mouse anti-Tubulin beta 11l lgG2a R & D Systems MAB1195
Mouse anti-Pax7 1gG1 Developmental PAX7
Studies
Hybridoma
Bank
Rabbit anti-Sox9 1gG Millipore AB5535MI
Rat anti-N-cadherin 19gG2a Developmental MNCD2
Studies
Hybridoma
Bank
Mouse anti-Pax6 1gG1 Developmental PAX6
Studies
Hybridoma
Bank
Rabbit anti-Sox2 1gG Proteintech 20118-1-AP
Rabbit anti-Slug/Snai2 Cell Signaling 9585T
Morpholino Oligomers
TUBB3MO Gene Tools 5 -TGGATGTGGACGATCTCCCTCAT-3’

Experimental Models: Organisms/Strains

Gallus Gallus

SunState Farms, CA
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