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ABSTRACT

Neural crest (NC) cells are dynamic embryonic stem cells that undergo an epithelial-to-mesenchymal
transition (EMT) and alter their cell states from tightly adherent to migratory and invasive during early
development. While EMT transcriptional programs are well characterized, how cytoskeletal architecture
is developmentally patterned across EMT states remains poorly understood. Here, we present a spatial
and temporal atlas of a- and B-tubulin isotype gene expression during NC EMT in the chick embryo.
Single cell RNA-sequencing reveals diversity in tubulin isotype gene expression from ubiquitous
(TUBA1A, TUBA1B) to cell type specific (TUBAL3, TUBB4B). In addition, we identified novel
enrichment of several tubulin isotypes in NC and NC-associated clusters (TUBB3, TUBA3E, TUBG1).
Using fluorescent in situ hybridization chain reaction (HCR), we focus on NC EMT and migration states
to validate and spatially resolve these expression patterns. Additional characterization in differentiated
cells reveals tubulin gene expression in specific neuronal and myogenic populations. We further identify
expression of the microtubule motor genes KIF17 and DYNC1LI1 within neural tube and NC
populations, suggesting coordinated regulation of microtubule composition and cargo transport
capacity. Together, these data establish that vertebrate NC EMT is accompanied by systematic
reprogramming of tubulin gene expression and provide a developmental resource for investigating
cytoskeletal control of cell state transitions.

SUMMARY STATEMENT

This study defines when and where distinct tubulin genes are expressed during neural crest epithelial-
to-mesenchymal transition in the chicken embryo providing a resource for understanding cytoskeletal
organization across embryonic cell state changes.
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INTRODUCTION

Epithelial-to-mesenchymal transition (EMT) is a conserved developmental process enabling epithelial
cells to lose apico-basal polarity, remodel adhesion, and acquire migratory capacity (Campbell and
Casanova, 2016; Nieto et al., 2016; Yilmaz and Christofori, 2009). In vertebrate embryos, neural crest
(NC) cells undergo a highly orchestrated EMT after neurulation, delaminating from the dorsal neural
tube (NT), collectively migrating away from the midline, and becoming mesenchymal and invasive as
they migrate to distant sites in the embryo (Leathers and Rogers, 2022). NC cells generate craniofacial
bones and cartilage, the peripheral nervous system, and pigment cell derivatives among other cell and
tissue types (Martik and Bronner, 2017). Although transcriptional gene regulatory networks governing
NC EMT have been extensively defined (Hockman et al., 2019; Williams et al., 2019), how cytoskeletal
gene expression is developmentally and dynamically patterned to respond to and control these
transitions remains unclear.

Microtubules are dynamic cytoskeletal polymers essential for polarity, intracellular transport, and
mitosis. Microtubules are composed of a- and B-tubulin heterodimers encoded by multigene families
that generate distinct isotypes. In humans, nine a- and ten B-tubulin genes encode highly conserved
proteins that differ primarily within their C-terminal tails (Tantry and Santhakumar, 2023). Although there
are unique genes that code for each isotype, the a- and B-tubulin amino acid sequences are highly
conserved across evolution, with divergence in the N- and C-termini (Ramarapu et al., 2026). These
sequence differences contribute to the “tubulin code,” influencing microtubule stability, motor
recruitment, and interactions with microtubule-associated proteins (Roll-Mecak, 2020).

Isotype specialization is well documented in differentiated tissues. For example, TUBB3 is enriched in
neurons and required for axon outgrowth (Chacon and Rogers, 2019; Katsetos et al., 2003), whereas
prior studies showed that TUBB2A, TUBB2B, TUBB4B, and TUBB6 exhibit tissue-restricted enrichment
in neural, retinal, or mesodermal derivatives (Breuss et al., 2015; Brock et al., 2021; Luscan et al.,
2017; Maurin et al., 2021). However, whether tubulin isotype expression is developmentally
reprogrammed during transient cell state transitions such as NC EMT remains unknown.

We hypothesized that NC EMT is accompanied by coordinated reprogramming of tubulin isotype
expression, together with associated motor proteins, kinesin, and dynein. To test this, we integrated
analysis of publicly available single-cell RNA sequencing datasets with spatial validation using
fluorescent in situ hybridization chain reaction (HCR) in chick embryos. This work establishes a stage-
resolved atlas of tubulin gene expression during vertebrate EMT.

Results
Single-cell RNA sequencing reveals cell state-specific tubulin transcript enrichment

To determine whether tubulin genes exhibit cell type or cell state-specific expression during early chick
development, we combined two open-source single cell RNA-sequencing datasets (GSE181577,
GSE221188) spanning chicken stages Hamburger Hamilton (HH) stage 4 - HH11 (Pajanoja et al., 2023;
Pajanoja et al., 2025; Williams et al., 2019). As a resource, we have provided an Rmarkdown product in
supplementary, detailing the analysis pipeline and parameter selection, as a resource for the
community (Supplementary File 1). We first performed a global clustering analysis of 82,092 cells
across all stages which revealed the presence of 25 clusters across the three germ layers
(Supplementary File 2, S1). We identified a global enrichment of tubulin transcripts in the NC and
affiliated lineages (Supplementary File 2 S2A, B). TUBA1A, TUBA1B, TUBB2A, TUBB3, and TUBB4B
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were enriched in neural plate, NT, and NC-associated populations. Furthermore, we identified
spatiotemporal differences in tubulin isotype expression independent of a/B/y subtype (Supplementary
File 2 S2C- L). Some isotypes showed homogeneous ubiquitous expression (TUBA1A, TUBA1B).
Isotypes that were heterogenous in expression were either specific to particular lineages (TUBB3,
TUBBZ2A in the NC and neural clusters) or enriched in some clusters within specific lineaages (TUBB2B
and TUBB4B in NC and neural clusters) (Supplementary File 2 S2C-L).

Following our global analysis, we subset and independently clustered HH8, HH9 and HH11 samples
(Supplementary File 1, S3). Integration of only the ectodermal derivatives from these stages revealed
15 clusters across 30,826 cells (Figure 1A, B). We identified 4 major groups including committed
neural, NC, non-neural/placodal ectoderm and an uncommitted aggregate. All clusters were identified
through known marker genes and staging (Figure 1C, D). Similar to the global analysis, we identified an
enrichment of TUBA1A, TUBA1B, TUBB2A, TUBB3, and TUBB4B within neural progenitor, NT, and
NC-associated populations with the highest expression corresponding to the pre-migratory NC (Figure
1E-K). We additionally noted a downregulation of many tubulins in the migratory NC (Figure 1K).

These data indicate that tubulin gene expression is not uniform across early embryonic tissues but is
patterned according to developmental cell identity. To spatially resolve these transcriptional signatures
during EMT, we performed fluorescent in situ hybridization chain reaction (HCR) for a subset of genes
that were expressed in NC EMT-stage chick embryos (TUBB2A, TUBB2B, TUBB3, and TUBB4B)
together with two additional probes against genes that were differentially represented in the single cell
datasets (TUBA4A, TUBBS6).

TUBAA4A is enriched in dorsal NT and NC during EMT

We first examined TUBA4A expression during premigratory (6 SS) and migratory (9 SS) NC stages. At
6 SS, transverse sections revealed strong TUBA4A expression in the dorsal NT (Fig. 2A, A"),
overlapping with the definitive NC marker SOX9 (Fig. 2B, B') and in the non-neural ectoderm. Merged
images and higher-magnification views at specification/early EMT stages demonstrated colocalization
of TUBA4A and SOX9 within dorsal NT domains, with broader TUBA4A expression into more lateral
regions of the dorsal NT (Fig. 2A"-C’).

At 9 SS, TUBA4A expression expanded throughout the NT and overlapped with premigratory migrating
SOX9-positive NC cells and was weakly maintained in the non-neural ectoderm (Fig. 2D-F'). Higher-
magnification views confirmed TUBA4A expression within cells delaminating from the dorsal NT and in
migratory SOX9-positive NC cells (Fig. 2D-F’). In posterior trunk sections, TUBA4A exhibited pan-
neural expression (Fig. 2G), with SOX9 labeling dorsal neural fold and notochord-associated
populations (Fig. 2H, I). Together, these data demonstrate dorsal enrichment and continued deployment
of TUBA4A during NC EMT.

TUBB2A and TUBB2B exhibit distinct spatial biases during NC migration

We next examined expression of two closely related p-tubulin genes TUBB2A and TUBB2B at NC EMT
and migration stages (9 SS and 8 SS, respectively). At migratory stages, TUBB2A was weakly
expressed in the dorsal NT and in collectively migrating NC cells with sparse signal in the mesodermal
and non-neural ectodermal tissues (Fig. 3A-C’). Higher-magnification views showed TUBBZ2A signal
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overlapping with SOX9-positive cells within dorsal NT and migrating populations (Fig. 3A-C’). In
contrast, TUBB2B displayed strong expression within the NT but comparatively reduced signal in
migrating NC cells at similar stages (Fig. 3D-F’). Higher-magnification views highlighted pronounced NT
expression relative to collectively migrating SOX9-positive NC cells and non-neural ectoderm (Fig. 3D'-
F".

At later stages (37 SS), strong TUBB2B expression became restricted to ventral NT domains (Fig. 3G,
1), whereas SOX9 labeled sclerotome and ventral NT populations (Fig. 3H, I). We performed HCR for
TUBB2B together with TUBB3 (a neuronal marker at these stages), and TUBB2B expression was
restricted to the ventral most populations in comparison to TUBB3, which extended across the
dorsoventral length of the NT (Fig. 3G, G’, J, K, Fig. 4G-I). These findings demonstrate that TUBB2A
and TUBB2B exhibit distinct spatial biases during EMT and subsequent axial patterning.

TUBBS3 is upregulated in premigratory and migratory NC and enriched in differentiated neurons

We next characterized expression of the neuron-associated B-tubulin gene TUBB3. While we
previously identified that the TUBB3 protein was upregulated in NC cells at EMT stages (Chacon and
Rogers, 2019), we had not confirmed the specific localization of the transcripts. At premigratory stages
(6 SS), TUBB3 expression was detected throughout the NT, but was upregulated in dorsal NT regions
overlapping with SOX9 (Fig. 4A-C'). Higher-magnification views confirmed localization within dorsal NT
cells induced toward NC fate (Fig. 4A’-C’). During migratory stages (10 SS), TUBB3 remained enriched
within the NT and migrating NC cells (Fig. 4D-F'), with overlapping signal in SOX9-positive NC
populations (Fig. 4D'-F"). At later stages (28 SS), TUBB3 expression became concentrated in basal NT
domains where neurogenesis is occurring (Fig. 4G, |), while SOX9 marked sclerotome and was
expressed weakly across NT regions (Fig. 4H, I). These data indicate that TUBB3 is expressed during
both EMT and subsequent neural and neuronal differentiation.

TUBBA4B is expressed across neuroectodermal tissues

At EMT and migratory stages (9 SS), TUBB4B was diffusely expressed across the NT, non-neural
ectoderm, and in early migrating NC cells (Fig. 5A-C). Higher-magnification views confirmed
colocalization with the NC marker SNA/2 within the dorsal NT along with signal in the early migrating
NC cells and the non-neural ectoderm (Fig. 5A'-C’). At later migratory stages (12 SS) in the posterior
region, TUBB4B also showed pan-neural, non-neural ectoderm, and premigratory NC expression
overlapping with SOX9 (Fig. 5D-F). High magnification images show overlap of TUBB4B in
premigratory and early migrating NC cells. At late stages (29 SS), TUBB4B together with closely related
TUBB4A expression appeared ubiquitous across all tissues, including ectodermal and mesodermal
derivatives (Fig. 5G-l) These observations show that TUBB4B expression remains broadly expressed
throughout the embryo.

TUBB6 show EMT-associated and tissue-specific expression domains

At EMT stage (8 SS) in the cranial region, TUBB6 was expressed broadly across several tissues
including the NT, cranial mesenchyme, and endodermal populations (Fig. 6A-C). Higher-magnification
views confirmed colocalization in the NT with the NC marker SOX9 in premigratory NC cells and
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outside of the neural tube in the cranial mesenchyme along with weaker expression in the non-neural
ectoderm (Fig. 6A'-C").

At posterior axial levels, TUBB6 expression signal was visible in the NT overlapping with SOX9, but it
was also strongly expressed in the mesodermal tissues including the paraxial, intermediate, and lateral
plate mesoderm (12 SS, Fig. 6D-F). In later stages TUBB6 appeared enriched in the myotome (Fig. 6G,
1), whereas SOX9 marked sclerotome and ventral NT domains (Fig. 6H, |). These observations
demonstrate stage-dependent redistribution of TUBB6 from neuroectodermal EMT-associated
populations to mesodermal derivatives.

Microtubule motor genes DYNC1LI1 and KIF11 are expressed in NT and NC populations

Because tubulin isotype composition can influence motor recruitment, we examined the expression of
genes encoding microtubule motor proteins using the same methods as in Figure 1 and identified
selective enrichment of several genes encoding dynein subunits and kinesin proteins in the NT and NC
cells during our stages of interest (Figure 7A-D). We have also provided the expression profiles for
cytoplasmic dynein subunit and kinesin genes in both the global and ectodermal single cell RNA-seq
datasets (Supplementary File 1, S3).

Using HCR to validate the spatiotemporal localization of select transcripts showed that the dynein
subunit gene, DYNC1LI1, and the kinesin-5 gene KIF11 are expressed in NC cells and in the NT. In
cranial sections, DYNC1LI1 expression overlapped with premigratory SOX9-positive NC cells and
appeared limited to the presumptive NC population (Fig. 7E-G). Higher-magnification views show direct
overlap with DYNC1LI1 and premigratory and early migrating NC cells expressing SOX9 (Fig. 7E’-G’).

In contrast to DYNC1LI1, KIF11 was expressed broadly throughout the NT and within migrating NC
cells in cranial regions (Fig. 7H-J). Higher-magnification views confirmed overlapping expression with
SOX9-positive populations (Fig. 6H'-J"). Together, these data indicate that tubulin gene expression and
motor gene expression are coordinately deployed within neural and NC populations during EMT.

DISCUSSION

This study establishes a stage-resolved, spatially validated atlas of tubulin isotype and motor gene
expression during early chick neural development and NC EMT. By integrating single-cell transcriptomic
datasets (Fig. 1,7) with high-resolution HCR across axial levels and developmental stages (Figs 2-7),
we demonstrate that tubulin gene expression is not uniform across embryonic tissues, but instead
exhibits cell state-, axial-, and lineage-specific patterning.

Tubulin isotypes are differentially deployed during EMT

Our analysis reveals that distinct tubulin isotypes are enriched in specific developmental contexts.
Single-cell datasets spanning HH8 - HH11 identified unique patterns of enrichment of TUBA1A,
TUBA1B, TUBB2A, TUBB2B, TUBB3, and TUBB4B within ectodermal derivative clusters (Fig. 1A-K),
with several tubulin genes that are upregulated in NC and neural lineages compared to non-neural
ectodermal tissue (Fig. 1E-K). Notably, TUBB3 appears to have higher expression in NC cells and late-
stage neural lineages compared to other tissues supporting our HCR data. We focused our analyses
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and presentation of the single cell datasets on genes that were identified in all datasets, but in our HCR
analysis we also showed robust upregulation of both TUBA4A and TUBBG6 in the NT and NC tissues,
(Pajanoja et al., 2023; Pajanoja et al., 2025).

Spatial validation further demonstrated that dorsal NT and premigratory NC regions are enriched for
TUBA4A, TUBB2A/2B, and TUBB3 compared to other tissues at early developmental stages
overlapping with SOX9-positive NC progenitors (Figs. 1-4). During migration, subsets of these genes
remain expressed in delaminating and collectively migrating NC cells, indicating that EMT is
accompanied by sustained deployment of specific a- and B-tubulin transcripts.

Importantly, closely related isotypes exhibited distinct spatial biases. TUBB2A showed low but
detectable enrichment in migrating NC cells (Fig. 3A-C’), whereas TUBBZ2B was strongly expressed
within the NT but comparatively reduced in migratory NC populations (Fig. 3D-F'). At later stages,
TUBBZ2B became restricted to ventral NT domains (Fig. 3G-I), contrasting with the broader dorsoventral
distribution of TUBBS3 (Figs 3G',J,K; 4G-I). These findings highlight potential functional divergence
among paralogous or related B-tubulins during neural patterning.

Together, these data show that EMT and early neural differentiation are associated with systematic
shifts in tubulin transcript composition rather than uniform upregulation of cytoskeletal genes.

Lineage-restricted redistribution of tubulin expression

As development proceeds, tubulin expression becomes progressively lineage-restricted. TUBB3,
previously associated solely with neuronal differentiation and axon maturation, is enriched in dorsal NT
and NC progenitors during EMT (Fig. 4A-F'), and only later becomes concentrated within neurons (Fig.
4G-l). Similarly, TUBBG6 transitions from broad distribution in dorsal NT and NC-associated tissues
together with mesodermal progenitors at EMT stages (Fig. 6A-F) to myotome enrichment at posterior
axial levels in late stages (Fig. 6G-I), indicating dynamic redeployment across germ layer derivatives or
alternatively, select maintenance of expression in specific tissues. By comparison, TUBB4B displays
relatively broad and sustained expression across neuroectodermal and non-neural ectodermal
derivatives throughout all stages analyzed (Fig. 5), suggesting that certain isotypes may serve more
constitutive roles, whereas others exhibit tighter lineage association. These observations collectively
support a model in which tubulin isotype composition is developmentally patterned and progressively
refined during lineage allocation.

Coordinated deployment of tubulin isotypes and motor machinery

Microtubule behavior is shaped not only by tubulin composition but also by associated motor proteins.
We therefore examined global expression of genes encoding dynein subunits and kinesins and
identified that there are, in fact, a subset of dynein subunits and kinesin genes that are preferentially
upregulated in NT and NC tissues compared to others (Fig. 7, Supplementary File 2). Our HCR
analysis focused on two genes, the dynein subunit DYNC1L/1 and the kinesin-5 motor KIF11.
DYNC1LI1 expression overlapped with premigratory and early migrating NC cells and appeared
relatively restricted to this population in cranial sections (Fig. 7E-G'). In contrast, KIF11 was broadly
expressed across the NT and migrating NC cells (Fig. 7H-J").
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The coordinated expression of specific tubulin isotypes with microtubule motors during EMT suggests
that cytoskeletal gene programs may be co-regulated to tune polymer properties and transport
dynamics during cell state transitions. Although functional interactions were not directly tested here, the
spatial concordance between tubulin and motor gene expression raises the possibility that EMT-
associated cytoskeletal remodeling involves simultaneous modulation of both microtubule substrates
and motor machinery.

Expanding the EMT framework to include cytoskeletal gene deployment

EMT has traditionally been conceptualized through transcriptional regulation of adhesion molecules,
polarity complexes, and actomyosin regulators (Nieto et al., 2016; Youssef and Nieto, 2024). Our
findings extend this framework by demonstrating that microtubule gene expression itself is
developmentally patterned during EMT. Rather than acting solely as a structural scaffold, the
microtubule cytoskeleton appears transcriptionally tuned during NC specification, delamination, and
migration. These data are consistent with the emerging concept of a “tubulin code,” in which isotype
composition and post-translational modifications influence microtubule behavior and motor interactions
during specific timepoints in cellular homeostasis and instability (Janke and Magiera, 2020; Ramarapu
et al., 2026). The patterned deployment of tubulin transcripts described here provides a developmental
context in which this code may operate during morphogenetic transitions.

As a resource study, this work focuses on transcriptional patterning and spatial validation. However,
these findings do not consider transcript-protein correspondence. Tubulin isotypes often exhibit
overlapping and unique biochemical properties (Janke, 2014) and it is possible that the distinct and
overlapping gene expression we show may be linked to protein redundancy or competition. Additionally,
MRNA enrichment does not necessarily predict protein abundance or incorporation into microtubules.
Future work integrating isotype-specific antibodies, proteomics, or tagged knock-in alleles will be
required to confirm protein-level deployment at EMT and during differentiation (Ramarapu et al., 2026).
Additionally, tubulin function is heavily influenced by post-translational modifications (PTMs) (Minguez
et al., 2015; Wethekam and Moore, 2022). The present study does not assess modification patterns, or
the expression of readers or writers of microtubule PTMs, which may differ across cell states even
when transcript levels are similar. Determining whether the spatial differences observed here reflect
functional specialization will require perturbation approaches. While EMT involves dynamic changes in
tissue mechanics, how isotype composition interacts with mechanical cues, cell polarity, and
cytoskeletal cross-talk remains to be addressed.

By combining single-cell transcriptomics with spatially resolved validation, this study establishes a
developmental resource for the field: a comprehensive, stage-specific map of tubulin isotype and motor
gene expression during NC EMT and early neural patterning. These data provide a framework for
investigating how cytoskeletal gene deployment contributes to morphogenetic transitions and expand
current models of EMT to include transcriptional regulation of microtubule composition itself.

MATIERALS AND METHODS

Collection and staging of Chicken embryos
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Fertilized chicken eggs were obtained from UC Davis Hopkins Avian Facility and incubated at 37°C to
the desired stages according to the Hamburger and Hamilton (HH) staging guide. After incubation,
embryos were dissected out of eggs onto Wattman filter paper and placed into room temperature
Ringer's Solution. Embryos were then fixed using one of the methods listed below prior to fluorescent in
situ hybridization chain reaction (HCR)(Echeverria et al., 2025).

Fluorescent in situ hybridization chain reaction (HCR)

HCR was performed using the protocol suggested by molecular Technologies with minor modifications
as described in (Monroy et al., 2022). All probes and kits were acquired from Molecular Technologies.
Described briefly, chicken embryos were fixed in 4% paraformaldehyde (PFA) for 20 minutes- 1 hour at
room temperature. Embryos were then washed in PBST and dehydrated in a series of 25%, 50%, 75%,
and 100% methanol. Embryos were stored at -20 °C prior to beginning HCR protocol. Embryos were
rehydrated in a series of 25%, 50%, 75%, and 100% PBST but were not incubated with proteinase-K as
suggested by the protocol. Embryos were incubated with 2.5-10 L of probes dissolved in hybridization
buffer overnight (12-24 hours) at 37 °C. After washes on the second day, embryos were incubated with
10 uL each of hairpins diluted in amplification buffer at room temperature overnight (12-24 hours).
Embryos were subsequently incubated with 1:500 DAPI in PBST for 1h at room temperature and
washed with PBST. All embryos were post-fixed in 4% PFA for 1 hour at room temperature or 4 °C
overnight (12-24 hours) prior to cryosectioning. Following postfix, embryos were washed in 1X PBS
with 0.1% Tween-20 (P-Tween) and imaged in whole mount using a Zeiss Imager M2 with Apotome
capability and Zen optical processing software.

Embedding and Cryosectioning

Embryos were incubated in 5% sucrose in 1x PBS for 30 minutes to 1 hour, and then in 15% sucrose in
1x PBS at 4°C overnight. The 15% sucrose was then replaced with 10% gelatin (0.5x PBS, 15%
sucrose, and 10% gelatin) and incubated overnight at 37 °C. Embryos were next embedded in 10%
gelatin with sucrose, flash-frozen in liquid nitrogen, and stored at -80 °C until cryosectioning. Embryos
were cryosectioned with a Microm NX70 cryostat at 16 um thickness.

Fluorescence Microscopy

Fluorescence images were taken using Zeiss ImagerM2 with Apotome.2 and Zen software (Karl Zeiss).
Whole embryos were imaged at 10X (Plan-NEOFLUAR 10X/0,3 420340-9901) and transverse sections
were imaged at 20X (Plan-APOCHROMAT 20X/0,8 420650-9901) with Apotome optical sectioning.
Exposure times varied for samples. All images were captured at maximum light intensity and exposure
time was adjusted for the strength of each sample.

Single cell analysis

We previously published an integrated analysis single cell RNA-sequencing of the developing chick
embryo (Leathers et al., 2024). We utilized NCBI GEO datasets GSE181577 (Williams et al., 2022) and
GSE221188 (Pajanoja et al., 2023) which included developmental timepoints HH4 - HH9. Recently,
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GSE221188 was updated with a HH11 dataset which was incorporated into this analysis (Pajanoja et
al., 2025). We have provided our complete workflow in the form of an Rmarkdown file which includes
detailed charting, working as a resource to support mining of publicly available chick embryo data
(Supplementary File 1). In brief, individual filtered feature matrices were analyzed using Seurat V5
(Satija et al., 2015). Filtered feature matrices were independently log-normalized and scaled. Quality
control parameters utilized by source manuscripts were adopted in the pipeline. Objects generated from
GSE221188 were then subject to SoupX for ambient RNA correction (Young and Behjati, 2020). Al
objects were passed through DoubletFinder to remove multiplets. Objects were integrated by sample
using the harmony package (Korsunsky et al., 2019) following which dimensionality reduction (standard
30 dimensions, validated with elbow plots), neighbor identification, and k-means clustering (resolution
determined using clustree package (Zappia and Oshlack, 2018). The embeddings were utilized for
Uniform Manifold Approximation and Projection (UMAP) plotting. Seurat::FindAlIMarkers was utilized to
generate differentially expressed gene (DEG) lists by cluster. The DEG list for the global clustering
results is available in supplementary (Supplementary File 3). HH8, HH9 and HH11 subsets were
generated and stage-specific sub-clustering was performed in the same manner as the global analysis.
Clustering results and DEG lists for HH8, HH9 and HH11 are available in supplementary
(Supplementary File 1, S4; Supplementary Files 4-6). Ectodermal derivatives were merged to generate
an ectodermal object reanalyzed for NC and NC-affiliated clustering. DEG lists for this analysis are
available in supplementary (Supplementary File 7).

Cell type annotations for clustering analyses were performed using marker expression from the source
manuscripts, DEG lists, literature and the database GEISHA (Antin et al., 2014; Thiery et al., 2023;
Williams et al., 2022). Plotting was performed using native Seurat and ggplot2 functions (Wickham,
2016). Tubulin, cytoplasmic dynein subunit, and kinesin genes were extracted from the gene list using
grep capture parameters “*“TUBA”, “ATUBB”, “*TUBG”, “*DYN”, and “*KIF”. Dynein gene organization
was based off consensus nomenclature (Braschi et al., 2022). Kinesins were organized by superfamily
(Miki et al., 2001).
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Figure 1. Analysis of publicly available single cell RNA-sequencing data of chick embryos shows
enrichment of tubulins in NC cells. Unsupervised clustering of publicly available single cell RNA-seq data of
chick ectodermal cells from HH8, HH9 and HH11 reveal 4 major cell groups composed of 15 clusters. (A) UMAP
of clustering analysis. (B) Table of cell count by stage and cluster. (C) Dot plot demonstrating expression profile of
select marker genes across clusters. (D) UMAP colored by stage. (E- J) UMAP feature plots showing expression
of select tubulin genes across transcriptionally defined clusters. (K) Dot plot showing expression of all identified
tubulin genes across clusters. NC, neural crest; EMT/Mig NC, epithelial-to-mesenchymal transitioning and
migratory neural crest; tNP, transitional neural progenitors; NP, neural progenitors; NT, neural tube; vNT, ventral
neural tube; NNE, non-neural ectoderm; PPE, pre-placodal ectoderm.
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.

Figure 2. TUBA4A expression during NC EMT. HCR for the definitive NC marker SOX9 (green), a-tubulin isotype TUBA4A
(far red), and DAPI (white) in chick embryos at premigratory/EMT (6 SS) and migratory (9 SS) stages (n= 6). (A-C')
Transverse sections at 6 SS. (A,A’") TUBA4A and (B,B") SOX9 show strong enrichment in the dorsal NT relative to ventral
regions. (A'-C') Higher magnification views demonstrate colocalization of TUBA4A and SOX9 in dorsal NT domains. (D-F’)
Transverse sections at 9 SS. (D,D’') TUBA4A is broadly expressed throughout the NT and overlaps with (E,E’) SOX9-positive
premigratory and migrating NC cells. (D'-F') Higher magnification views show TUBA4A expression in delaminating and
migrating NC cells. (G-lI) Transverse trunk sections showing pan-neural TUBA4A expression (G,l) and SOX9 localization in
the neural fold and notochord (H,l). Scale bars as indicated.
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Figure 3. Distinct deployment of TUBB2A and TUBB2B during EMT and axial patterning. HCR for B-tubulin
isotypes TUBBZ2A (blue) or TUBB2B (yellow), the NC marker SOX9 (green), and DAPI (white). (A-C') Cranial
transverse sections at migratory stages showing (A,A") TUBB2A and (B,B") SOX9 (n= 8). TUBB2A is weakly
expressed in the dorsal NT and collectively migrating NC cells. (A-C') Higher magnification views demonstrate
overlap between TUBB2A and SOX9 in dorsal NT and migrating NC populations. (D-F') Cranial transverse sections
at migratory stages showing (D,D’) TUBB2B and (E,E") SOX9 (n= 7). TUBB2B is strongly expressed in the NT with
comparatively reduced signal in migrating NC cells and ectoderm. (D'-F') Higher magnification views highlight dorsal
NT-enriched, but low NC, TUBB2B expression. (G-l) Late-stage trunk sections (37 SS) showing ventral restriction
of TUBB2B within the NT (G,I), while SOX9 localizes to the sclerotome (Scl) and ventral NT (H,l)(n= 2). (G’,J,K)
Higher magnification view of ventral NT shows unique and overlapping expression of TUBB2B in ventral neurons
with TUBB3. Scale bars as indicated.
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Figure 4. TUBB3 expression during EMT and neuronal differentiation. HCR for p-tubulin isotype TUBB3 (far red),
SOX9 (green), and DAPI (white) in transverse sections of chick embryos at premigratory (6 SS), migratory (10 SS),
and later trunk stages (28 SS). (A-C’) Cranial sections at 6 SS showing enrichment of TUBB3 and SOX9 in the dorsal
NT (n= 5). (A’-C") Higher magnification views demonstrate overlap in dorsal NT and NC progenitors. (D-F') Cranial
sections at 10 SS showing TUBB3 expression throughout the NT and in migrating NC cells (n= 7). (D'-F') Higher
magnification views confirm overlap with SOX9-positive NC cells. (G-l) Trunk sections at 28 SS showing TUBB3

enrichment in ventral-basal NT domains (G,l), while SOX9 marks the sclerotome (Scl) and NT (H,l)(n= 2). Scale bars
as indicated.
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Figure 5. TUBB4B is expressed in the NT and non-neural ectoderm. HCR for B-tubulin isotype TUBB4B (far red), NC
marker SNAI2 (green), and DAPI (white) in transverse sections at EMT and migratory stage 9 SS (HH9, n= 6). (A-C)
TUBB4B is broadly expressed across the NT, non-neural ectoderm, and collectively migrating NC cells. (A’-C’") Higher
magnification views show colocalization of TUBB4B with SNAI2-positive migrating NC cells. (D-F) TUBB4B is broadly
expressed across the NT in posterior sections at 12 SS, non-neural ectoderm, and mesodermal cells (n= 2). (D'-F') Higher
magnification views show colocalization of TUBB4B with SNA/2-positive premigratory NC cells. (G-l) Trunk sections at 29
SS showing TUBB4B and TUBB4A ubiquitous enrichment (n= 2). Scale bars as indicated.
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Trunk

Trunk

Figure 6. Dynamic expression of TUBB6. HCR for B-tubulin isotype TUBB6 (orange), SOX9 (green), and DAPI (white).
(A-C") Cranial transverse sections at 8 SS showing dorsal NT and cranial mesenchyme (Mes) enrichment of TUBB6 (n= 5).
(A'-C") Higher magnification views demonstrate overlap with SOX9 in dorsal NT and NC populations as well as expression
outside of the NT in the Mes. (D-F) Trunk regions at cranial migratory stage (10 SS) shows TUBB6 enrichment in the NT
and the paraxial mesoderm (PM), intermediate mesoderm (IM), and lateral plate mesoderm (LPM). (G-1) Late-stage 28 SS
trunk sections showing TUBB6 enrichment in the myotome (G, 1), while SOX9 marks the sclerotome (Scl), notochord, and
ventral NT (H,l)(n= 2). Scale bars as indicated.


https://doi.org/10.64898/2026.03.04.709627
http://creativecommons.org/licenses/by/4.0/

399

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.04.709627; this version posted March 6, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

DYNCALM
A B “KKIF“ D [l O KIFC1{ + « « o <« o o o ¢ o o o & o«
; . 3 KIFC3 | o o o o o o o o o
KIF2A (& B & 3 I X
KIF2C o @)} e
KIFSA{ » e o o @ e © o © o © o o
KIF5B ® & | X X J
KIF5C @ ® : ] ®
KIF11 o © [ ]
KIF6, = % o o o o ® % ® o & o o » =
D, . AP KIF71 o ® o o @ ® 6 0o ¢ 0 o 0 o
C o et € KIF9 e © o o o © 5 ® o o o ® o o
F13A ® o ©c ® ®© 0 ¢ 0 © 0 0 o
DYNC1H1 @ e ® ¢ : ®© ® o 0 o ® o0 00 0 o
oncir @ @ ¢ RS RREEE Aaes R
DYNC1/12| @ ® Al @ e o0 0 ; ® T )
oo @@ 393338 R 8
DYNCILI2| @ @ ® KIF3B | ® e 09 o0 ° e @0 o
DYNLLT | @ KIF3C| & ® o 6 . ' 6 e o o .
KIF21A1 @ ® @ ® ® o
OYNLL2 @ > 4 KIF1IB1 ® @ o © o @ *" @ ' ® e o
DYNLRB1 4 KIF4A | = o o e o s 2 o
DYNLRB2| o » + . KIF4B .‘.‘ m.’@ Y )
KIF20A- % . . . e o o e
oynr1| @@ o KIF23 ® ] o ePe
DYNLT3 & @ ° B KIF18A ® ® o ®
DYNC2H1 ® > D s KIF18B @ L] (] L L ]
] ovvc2it e @ o o @ ° .’0. ’,’.,.,.0
il DYNC22( @ @ o 0 o @ ° o o o e S BB
£5 ® ® o e 0 0 @ e 000 0 o
LR DOYNC2LIT @ @ o & o o ® KIF26A ¢ o o o o o o o o o o o © @ o
DYNLT2 @ ® e o o @ e o 9 o o KIF26B| © © o o s o @ o + s« @ o @ © o
OO NV L&A L Lo & OO N TP L LA L Lo &
SO LS T ¥ L TLRELRS RPN e & S8 s(&qq R E®
NTEEE & & © NI & & ©
LSS & ™ A\ § S &L & <X N\
Q Q/Q &S S < Q/Q P o $
S S RS S

Cranial

.

_.-DYNCIL?

25um \ KIF11 )
Figure 7. Expression of microtubule motor genes DYNC17LI1 and KIF11 during EMT. (A,B) UMAP feature plots showing
expression of select cytoplasmic dynein subunit (DYNC1LI1) and kinesin family 11 (KIF11) genes across transcriptionally
defined clusters from Figure 1. (C) Dot plot showing expression of cytoplasmic dynein subunit genes across clusters, colored
by contribution. (D) Dot plot showing expression of kinesin genes across clusters, colored by kinesin superfamilies. (E-J)
HCR for DYNC1LI1 (blue) or KIF11 (purple), SOX9 (green), and DAPI (white) in premigratory/EMT-stage embryos (6 SS,
n= 4). (E-G) Cranial transverse sections showing DYNC1LI1 expression overlapping with premigratory SOX9-positive NC
cells at EMT stage (n=5). (E'-G') Higher magnification views of boxed regions. (H-J) Cranial transverse sections showing
broad KIF11 expression throughout the NT and migrating NC cells. (H'-J') Higher magnification views of boxed regions. NC,
neural crest; EMT/Mig NC, epithelial-to-mesenchymal transitioning and migratory neural crest; tNP, transitional neural
progenitors; NP, neural progenitors; NT, neural tube; vNT, ventral neural tube; NNE, non-neural ectoderm; PPE, pre-placodal
ectoderm. Scale bars as indicted.
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