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A B S T R A C T

In vertebrate embryos, somite pairs form on either side of the neural tube along the main body axis. Somites 
generate the tissues of the musculoskeletal system, including cartilage of the vertebral column and ribs and 
skeletal muscles of the trunk and limbs. The detailed anatomy of somite-derived tissues varies along the axis, 
with unique features most easily visible in the vertebral column. Here we investigate the genetic control of this 
regionalization, which drives the subsequent cell differentiation programmes, focusing on the cervical to thoracic 
(C-T) boundary. Using ATAC-sequencing and RNA-sequencing, we establish molecular profiles of somites, in 
particular the chromatin landscapes and transcriptional programmes, that define this anatomical transition. 
Differential analysis highlights candidate cis-regulatory elements (CRE), and in silico footprints identify coverage 
of transcription factor (TF) binding sites associated with differentially expressed genes. Electroporation of citrine 
reporters in vivo validates the activity of CREs associated with key HOX genes, HOXC6 and HOXC8. HOXC6 
footprints indicate its role in regulating a trio of differentially expressed SOX transcription factors, SOX5, SOX6 
and SOX9, which are involved in chondrogenesis. In addition, the differential analysis identifies several lncRNAs, 
including one that is located within the HOXC cluster. CRISPR-on experiments suggest HOXC6 regulates its 
expression and therefore we name it lncRNA-HOXC6TA, however, its function in the thoracic region is currently 
unknown. Our study provides valuable datasets and illustrates how they can be mined to gain further insights 
into the regulatory mechanisms underlying the C-T transition along the vertebrate body axis.

1. Introduction

During vertebrate embryogenesis, somites emerge as transient 
mesodermal structures on both sides of the neural tube. The process of 
somitogenesis is conserved across vertebrates and generates the 
segmented body plan. It is governed by waves of gene expression, which 
oscillate across the presegmented mesoderm tissue at the posterior of the 
embryo, producing a new somite pair. Genes with oscillating patterns of 
expression include components of the Wnt, Notch and fibroblast growth 
factor (FGF) signalling pathways. In addition, there are opposing sig-
nalling gradients along the axis, comprising Wnt, FGF and Retinoic acid 
(RA) pathways, which determine the formation of the next segment 
(Benazeraf and Pourquie, 2013; Dequeant and Pourquie, 2008).

Somites progressively differentiate along the axis. This generates a 
maturation gradient as shown by the expression of lineage markers. As 

embryogenesis proceeds somite differentiation accelerates and marker 
gene expression is detected at earlier somite stages (Berti et al., 2015; 
Borman and Yorde, 1994; Maschner et al., 2016; Mok et al., 2015). 
Molecular analysis showed that this earlier gene activation correlates 
with a change in the permissiveness of the chromatin landscape 
(Ibarra-Soria et al., 2023).

As they mature, somites go through a stereotypical process of 
morphogenesis forming different compartments, the mesenchymal 
sclerotome ventrally, the epithelial dermomyotome dorsally and the 
myotome in between. In response to signals from adjacent tissues, cells 
differentiate to generate the musculoskeletal system, including skeletal 
muscle, cartilage, tendons, and vertebrae (Brent and Tabin and 2002; 
Christ et al., 2007; Christ and Scaal, 2008). To better understand the 
gene regulatory processes underlying these cell differentiation pro-
grams, we previously characterised the dynamic changes of the 
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transcriptomes and chromatin accessibility along the main body axis in 
chick, starting with presegmented mesoderm tissue (PSM) to early, 
maturing and differentiating somites (Mok et al., 2021). Furthermore, 
we used single cell RNA-sequencing of somites and surrounding tissues 
to identify the discrete cell lineages within the embryonic trunk. We 
combined this with RNA-tomography, which generated spatially 
resolved expression data, to discover candidate genes with potential 
roles in cell differentiation and the emergence of the avian body axis 
(Mok et al., 2024).

Depending on their location along the embryonic axis, somites have 
unique regional identities. These produce distinct axial domains, 
including occipital, cervical, thoracic, lumbar, sacral, and caudal, which 
are characterised by anatomical features such as limbs and vertebral 
elements (Weldon and Munsterberg, 2022). How cellular differentiation 
programs are adapted to generate different morphologies is not fully 
understood. It is known that the influence of collinear HOX gene 
expression on determination of axial identity is critical (Deschamps and 
Duboule, 2017). HOX expression is initiated prior to somite formation 
and these transcription factors control the timing of ingression of PSM 
precursors through the primitive streak (Iimura and Pourquie, 2006). In 
both, PSM and in the adjacent neural tube, their expression is initiated 
by temporal and directional activation within each cluster. This begins 
during gastrulation and is also detected in progenitor cell populations 
located caudally in the embryo (Wymeersch et al., 2021). This pattern 
ultimately instructs anatomically distinguishable vertebrae subtypes of 
the vertebral column (Chal and Pourquie, 2017; Scaal, 2016, 2021). 
Similarly, the competence of somites to generate either migratory or 
nonmigratory hypaxial muscle precursors depends on axial identity 
conferred by Hox genes (Alvares et al., 2003). The progressive opening 
of HOX clusters is associated with changes in chromatin structure 
(Ibarra-Soria et al., 2023; Soshnikova and Duboule, 2009). In chick this 
has been visualised using chromatin accessibility within PSM and so-
mites (Mok et al., 2021, 2024). Differentially accessible chromatin 
detected across all four HOX clusters reflects the organisation of genes 
within clusters and their collinear expression. Footprints for transcrip-
tion factors involved in HOX gene regulation and patterning, such as 
CDX1/2 and RA receptors, were found in intergenic regions (Mok et al., 
2021).

Here we focus on axial positions that represent prospective cervical 
and thoracic levels, the cervical to thoracic boundary (C-T), which 
generates vertebrae with anatomically discrete features such as ribs. The 
C-T boundary is demarcated by HOXC6 and HOXC8 in many vertebrates, 
including mouse and chick (Burke and Tabin and 1996; Gaunt, 1994), 
alligator (Mansfield and Abzhanov, 2010) and snakes (Cohn and Tickle, 
1999; Leal and Cohn, 2018; Woltering et al., 2009). Overexpression of 
HOX6 paralogues in PSM produces ectopic ribs in cervical and lumbar 
regions, indicating that HOX6 can determine thoracic identity 
throughout the vertebral column. Conversely, ectopic HOXA10 sup-
presses rib formation and the absence of HOX10 function leads to 
ectopic ribs in all posterior vertebrae (Wellik and Capecchi, 2003; Car-
apuco et al., 2005). Both HOX6 and HOX10 interact with an enhancer 
element that regulates expression of the myogenic regulators, MYF5 and 
MRF4/Myf6, in the hypaxial myotome, which in turn activates FGF and 
PDGF signalling to promote rib formation (Vinagre et al., 2010). Poly-
morphisms in this enhancer element modulate responses to 
rib-suppressing and rib-promoting HOX proteins leading to an expanded 
rib cage in some species (Vinagre et al., 2010), including in snakes 
(Guerreiro et al., 2013).

Mutation analysis shows that combinatorial expression of HOX genes 
at a given anterior-posterior position is an important determinant of 
axial identity. However, the interplay between HOX genes and other 
contributing factors in cellular differentiation events, and their role in 
the emergence of specific anatomical traits remains incompletely un-
derstood. To address this we generated molecular profiles, tran-
scriptomes and chromatin accessibility, of somites across the C-T 
boundary. Differential analysis of these datasets highlights ATAC-peaks 

associated with either cervical or thoracic regions. We validate cis-reg-
ulatory elements for HOXC6, HOXC8 and HOXC5, and identify footprints 
and candidate factors potentially involved in the transcriptional acti-
vation of these HOX genes. We locate HOXC6 footprints associated with 
differentially expressed SOX transcription factor genes and discover 
several differentially expressed lncRNAs. One of these lncRNAs resides 
in the HOXC cluster and its expression is activated after HOXC6 mis- 
expression. Our study contributes to a better understanding of the 
regulation of the C-T transition, provides a resource and proof-of- 
principle for future mining of the datasets generated.

2. Results and discussion

2.1. Differential profiles of somite transcriptomes across the cervical to 
thoracic boundary

To investigate the molecular basis underpinning the generation of 
anatomically distinct derivatives at cervical versus thoracic axial levels, 
we mapped individual somite transcriptomes across this boundary. We 
dissected the final six somites from chick embryos at stage HH14 
(Hamburger and Hamilton, 1992). This stage embryo has 22 somites, 
including cervical level somites (6–19) and thoracic level somites 
(20–22) (Weldon and Munsterberg, 2022). New somites continually 
form and progressively differentiate and based on agreed nomenclature 
(Christ and Ordahl, 1995) the final six somites represent somite stages I - 
the most recently formed and least mature, to somite stage VI - residing 
more anteriorly and more differentiated. To account for the differences 
in somite maturation, we dissected the final three cervical-level somites 
(17–19) from a younger embryo (HH13), when they are at the epithelial 
stage of differentiation and thus comparable with the epithelial stages 
(I-III) of the final three thoracic somites 20–22 harvested at HH14 
(Fig. 1A).

Differential gene expression analysis was conducted for three con-
trasts (Fig. 1B and C). Comparing cervical with thoracic somites from the 
same embryo at stage HH14 - representing somite stages I-VI, revealed 
1105 genes differentially expressed, 466 genes were up-regulated and 
639 down-regulated in thoracic somites (differential D1). These genes 
should include those associated with the C-T transition, but also genes 
involved in somite maturation. A second contrast compared cervical 
somites from HH13 with thoracic somites from HH14 embryos (differ-
ential D2). These somites are all at the epithelial stage of maturation, 
somite stages I-III, and represent C-T axial level differences. This anal-
ysis identified 6082 differentially expressed genes, 3299 genes were up- 
regulated and 2783 down-regulated in thoracic somites. The third 
comparison examined cervical somites 17–19, either at epithelial stage 
(HH13) or more mature stage (HH14) (differential D3). This revealed 
4995 genes differentially expressed in cervical level somites, these are 
likely associated with maturation and 596 of these genes were over-
lapping with D1 (Fig. 1C). Many more genes were identified as differ-
entially expressed in D2 and D3, compared to D1. The reason for this is 
not clear, however, samples were either derived from different embryos 
(D2, D3), or from the same embryo (D1).

To refine the list of genes of interest, we selected those identified in 
both D1 and D2 and removed those present in D3. This identified a set of 
343 differentially expressed genes predicted to be responsible for cer-
vical versus thoracic axial level specific patterning but not for somite 
maturation (Fig. 1C). This subset consisted of 153 up-regulated and 190 
down-regulated genes, including genes associated with relevant GO- 
terms such as anterior posterior pattern specification (HOXC8, HEY1, 
HOXB8, HER2), bone and cartilage development (CALCR, FGF18, 
BMP7, PRP3, FGF8, BMP2K, CREB3L2, CDH2, NFIB, SOX9, RARB, 
SULF2, SNAI1, TWIST1, ASF1A, CD276, ITGB3, FBN2, CD81, COL1A2, 
DHRS3), or skeletal muscle development (PDLIM1, ASF1A, KRT24, 
ANXA1, MEOX2, CD81, ITGB1, DMD, BMP7, SDC4, GPC1, EYA1, CDH2, 
MAFF). Genes associated with regulation of signalling pathways 
included: Notch signalling (ADAM17, GSX2, HEY1, BMP7, BMP2K, 
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GATA5, EGFL7, KRT24), Wnt signalling (USP8, DACT1, SHISA2, 
CCDC88C, CDH2), BMP signalling (BMP7, BMP2K) and FGF signalling 
(GPC1, FGF18, FGF8, SPRY2, SHISA2, SULF2) (Fig. 1D). The gene lists 
are included as supplementary information.

Among the genes upregulated in thoracic somites were mid-level 
HOX genes, with HOXC8 and HOXC6 emerging as the most differen-
tially expressed (Fig. 1E). In contrast HOXC5 was expressed at similar 
levels in cervical and thoracic somites. Wholemount in situ hybrid-
isation in HH16 chick embryos (Fig. 1F) illustrates the association of 
HOXC6 expression with the first thoracic somite, somite 20, which aligns 
with the posterior boundary of the forelimb. HOXC8 is expressed from 
the next thoracic somite, somite 21. In contrast, HOXC5 is expressed 
equally in somites across the C-T boundary. In the neural tube, the 
boundaries of HOXC6 and HOXC8 expression are shifted to more ante-
rior regions compared to the boundaries in paraxial mesoderm. This is 

consistent with the published expression boundaries for these genes in 
mouse and chick (Burke et al., 1995; Nishimoto et al., 2014).

Hierarchical clustering and heatmap visualization reinforced PCA 
findings, effectively segregating cervical and thoracic somites. Gene 
ontology (GO) for functional terms highlighted biological processes 
linked to anatomical structure morphogenesis and anatomical structure 
development for both up-regulated and down-regulated genes 
(Supplementary Fig. 1C and D). Genes and pathways associated with 
anterior-posterior pattern formation, bone morphogenesis and muscle 
differentiation were identified. This included classic markers for chon-
drogenesis and cartilage condensation, such as the transcription factors, 
SOX9, SOX5, SOX6 and PAX1, as well as bone morphogenetic protein 7 
(BMP7). The three SOX family members are referred to as the ‘chon-
drogenic trio’. SOX9 is a transcriptional activator required for chon-
drogenesis, and SOX5 and SOX6 are closely related DNA-binding 

Fig. 1. Transcriptional profiling of somites across the C-T boundary. (A) Schematic representation of the experimental setup for library generation to produce 
three contrasts. Line indicates C-T boundary at somite level 19/20. An additional dotted line indicates somite 17, the anterior expression boundary of HOXC5 and the 
first of six individual somites used for RNA-Seq and ATAC-Seq in this project. Cm 

= cervical maturing, Ce 
= cervical epithelial, Te 

= thoracic epithelial (B) The 
contrasts examined are shown. Differential 1 (D1) compares somites across the C-T boundary at different stages of development - from epithelial to maturing and 
identifies genes associated with regionalization and differentiation. Differential 2 (D2) compares epithelial somites from different HH stage embryos spanning the C-T 
boundary to identify genes involved in position. Differential 3 (D3) compares cervical level somites at different stages of maturation. (C) Venn diagram of all 
differentially expressed genes, up or down, across the three comparisons. The starred intersection between D1 and D2 comprises 343 genes predicted to be mainly 
responsible for C versus T regional differences. (D) Selected GO terms relevant to skeletal system development, associated differentially expressed genes are shown. 
(E) RNA-sequencing shows log2 fold change of expression of HOXC cluster genes in cervical (red) or thoracic (blue) level somites. (F) In situ hybridisation of the same 
genes: HOXC5, HOXC6 and HOXC8 in chick embryos stage HH18. Vertical black line marks the forelimb, red lines mark expression boundary in somites, green lines 
mark expression boundary in neural tube. (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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proteins that promote its function (Liu and Lefebvre, 2015). Together 
with SOX9, PAX1 regulates expression of genes involved in chondro-
genesis, including for example Bapx1 (Rodrigo et al., 2003; Yamashita 
et al., 2009). Signalling pathways expressed in a graded fashion along 
the axis included FGF and Wnt, which were more highly expressed in 
thoracic samples (Aulehla and Pourquie, 2010). In contrast, the Notch 
signalling pathway, which is involved in somite boundary formation 
(Dale et al., 2003), was more highly expressed in cervical samples.

Further hierarchical clustering analysis partitioned differential genes 
based on similar expression patterns spanning the C-T boundary 
(Supplementary Fig. 2). To reduce complexity, we removed the two 
somites overlapping the boundary (19, 20) and compared cervical so-
mites 17 and 18 with thoracic somites 21 and 22. This analysis yielded 
five distinct clusters. Notably, clusters 3 and 5 exhibited expression 
patterns akin to HOXC6 and HOXC8/9, respectively. Genes within these 
clusters were significantly associated with anterior-posterior patterning 
and anatomical structure development, including for example HAPLN1, 
a gene known for its structural support in cartilage formation and PDGF, 
a growth factor expressed in skeletal cells or osteoblasts.

2.2. Differential chromatin accessibility of somites across the C-T 
boundary identifies cis-regulatory elements for HOXC cluster genes

To identify regulatory elements associated with differentially 
expressed genes we performed ATAC-sequencing using matching so-
mites. As before, libraries were prepared on six individual somites 
(17–22) spanning the C-T axial boundary. Four biological replicates per 
somite were sequenced. PCA showed that samples segregated according 
to axial level origin (Supplementary Fig. 3A and B). Data analyses 
revealed distinct chromatin accessibility profiles across C-T somites, 
with 27,583 differential peaks reflecting dynamic patterns that correlate 
with developmental progression along the axis (Supplementary Fig. 3C). 
We observed characteristic profiles with peaks surrounding gene loci 
and focussed on the HOXC cluster genes, HOXC6 and HOXC8, which are 
associated with the C-T transition (Fig. 1E and F) across species; both 

genes were highly differentially expressed. Classic experiments showed 
that heterotypic grafting of thoracic presegmented mesoderm into a 
cervical location leads to ectopic rib formation (Kieny et al., 1972). This 
observation suggested that level-specific morphogenetic capacity of the 
cervical and thoracic somitic mesoderm is determined before metame-
rization occurs, however, the molecular mechanisms were not clear at 
the time. Here we grafted presegmented thoracic level tissue into cer-
vical regions (Huang et al., 2000) and show that expression of HOXC6 
was activated in the graft, in an ectopic location (Fig. 2A). This dem-
onstrates that PSM cells are committed to a particular axial identity and 
is in contrast to bipotential neuromesodermal progenitors cells (NMP) in 
the tail bud, which when grafted heterotypically can reset their HOX 
identity to match the new environment (McGrew et al., 2008). Activa-
tion of HOXC6 expression in a PSM-graft of thoracic-level origin is 
consistent, as it demarcates the anterior thoracic boundary in many 
vertebrates (Burke et al., 1995; Gaunt, 1994; Mansfield and Abzhanov, 
2010; Woltering et al., 2009).

The consecutive transcriptional activation of HOXC5, HOXC6 and 
HOXC8 genes across the C-T boundary suggests the presence of specific 
CREs for each gene. Thus, we examined accessible chromatin peaks 
flanking the HOXC5, HOXC6 and HOXC8 loci, both upstream and 
downstream, focusing on differential peaks that showed sequence con-
servation in other vertebrates. Candidate CREs were cloned into a citrine 
reporter plasmid containing the herpes simplex virus thymidine kinase 
(HSV-TK) minimal promoter (Mok et al., 2021; Williams et al., 2018). 
Citrine reporters were electroporated in ovo into the neural tube. 
Compared to microinjections of individual somites, the hollow centre of 
the neural tube is easy to microinject, with the plasmid solution 
spreading along its length. Since the anterior expression boundaries are 
well characterised, we decided to use this approach, to validate CREs for 
HOXC5, HOXC6 and HOXC8. We observed discreet boundaries 
mimicking endogenous patterns of the cognate genes (Figs. 1–3, Sup-
plementary Fig. 4). Therefore, the neural tube is a valid system to test 
reporter activity.

A differential peak of 342 bp, which is more accessible in thoracic 

Fig. 2. Identification of a cis-regulatory element for HOXC6. (A) Schematic of heterotopic graft. One somite (numbered 20) and the following presegmented 
mesoderm (PSM) of thoracic tissue equivalent to two somites in length were removed from a HH13+ donor embryo and transplanted in place of cervical level somite 
15 plus the following PSM in HH12- host embryo in ovo. Two days post-op the ectopic thoracic-level derived PSM has produced somites, which express HOXC6 in the 
cervical environment (vertical dashed line). This is also shown in higher magnification, horizontal dashed line indicates limit of endogenous HOXC6 expression. (B) 
To identify a regulatory element for HOXC6 differential ATAC-peaks flanking the HOXC6 locus (yellow) were cloned and validated. Blue box indicates the putative 
cis-regulatory element. Black bars indicate other differential peaks called in this region. (C) Magnified image of CRE sequence with transcription factor binding sites, 
overlapping in region A/B and in region C (green). (D) The HOXC6 citrine reporter shows an anterior cut-off in neural tube at forelimb level, compared to the 
mCherry control plasmid, which is not restricted (n = 10/10). (E) Mutagenesis (substitution) of individual TF binding sites located in B or C did not affect anterior 
boundary of HOXC6 enhancer citrine reporter expression in neural tube, representative embryo shown for n = 6/6 each. (F) After deletion of region A, the HOXC6 
citrine reporter no longer showed an anterior cut-off and citrine expression extended along the length of the neural tube including the neural crest, nc (n = 8/8). (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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somites, was identified 12 kb upstream of HOXC6 (Fig. 2B). HINT-ATAC 
(Li et al., 2019) identified genome-wide in silico footprints, including for 
CDX1, CDX2 and several mid-level and posterior HOX genes (Fig. 2C). 
The HOXC6-citrine reporter was co-injected and electroporated with a 
ubiquitously expressed mCherry plasmid control into the neural tube. 
Expression of fluorescence was monitored after overnight incubation. 
Citrine expression highlighted an anterior boundary in the neural tube at 
the forelimb level (somite 17). This correlates well with the endogenous 
HOXC6 expression. Expression of the mCherry control plasmid, 
extended more anteriorly (Fig. 2D). Mutagenesis using nucleotide sub-
stitutions of footprint sites B or C within the HOXC6 reporter had no 
effect on the anterior boundary of citrine expression suggesting that they 
are not essential (Fig. 2E). Another possibility is a repressive role in more 
posterior regions, as some of the HOX members called are expressed 
more posterior to the boundary captured, with the exception of HOXC9, 
which is expressed in thoracic somites. The remaining footprint within 
site A is for CDX1/2, which have been well documented to be involved in 
anteroposterior patterning and posterior axis elongation (van den Akker 
et al., 2002). Other mid-level HOX members called for site A are HOXA9 
and HOXB9, which are expressed in thoracic somites. Interestingly, a 
deletion of site A from the HOXC6 citrine reporter led to anteriorly 
expanded citrine expression and loss of restriction to forelimb level 
(Fig. 2F). This suggests that site A is required to repress anterior 
expression of HOXC6. Several additional differential peaks around the 
HOXC6 locus were tested. Most of these peaks were not conserved and 
no citrine expression was detected with those fragments. It is possible 
that some could be active only in somite tissue and this remains to be 
tested.

Next, we examined the HOXC8 locus and identified a peak located 3 
kb upstream that was conserved with other vertebrates and differen-
tially accessible in thoracic somites compared to cervical somites 
(Fig. 3A). The sequence of this candidate CRE was the same as a pre-
viously identified element in mouse and chick (Shashikant et al., 1995). 
HINT-ATAC identified potential transcription factor footprints within 
this region, for RHOX11 and Obox6 (Fig. 3B). The activity of this 159 bp 
region was validated by in ovo electroporation of a HOXC8 citrine re-
porter plasmid electroporated into the neural tube of stage HH10 

embryos. Citrine fluorescence was detected with the anterior boundary 
reflecting the endogenous expression of HOXC8 in the neural tube 
(Fig. 3C). Expression of the ubiquitous mCherry control plasmid 
extended more anteriorly. Mutations within the A/B region of this 
element comprising a footprint site for RHOX11 did not affect citrine 
expression. Similarly, mutation of the Obox6 footprint found in region E 
had no effect and HOXC8 citrine-reporter expression was observed after 
in ovo electroporation (Fig. 3D). This suggests RHOX11 or OBOX6 are 
not essential for the regulation of this HOXC8 CRE across the C-T 
boundary. The previously identified short elements (7 bp in regions C 
and D) did not have footprints and were not tested any further 
(Shashikant and Ruddle, 1996). We propose that different TFs regulate 
HOXC6 and HOXC8 as footprints called are different in each case. 
However, their role remains speculative.

Using the same approach, we identified a 658bp long putative CRE 
located 13 kb downstream of HOXC5. This element displayed enhancer 
activity in the neural tube following electroporation, with a pattern 
comparable to that of the endogenous HOXC5 in situ expression 
(Supplementary Fig. 4).

2.3. Potential downstream targets of HOXC6 include SOX transcription 
factors and lncRNAs

To uncover downstream targets of HOXC6, we examined genes 
differentially expressed across the C-T boundary for differentially 
accessible chromatin containing a HOXC6 footprint. This approach 
identified nine potential HOXC6 target genes. This included a trio of 
transcription factor genes pivotal in chondrogenesis: SOX5, SOX6, and 
SOX9, which showed reduced expression in thoracic somites (Fig. 4A). 
Footprint coverage for all three SOX transcription factors was concom-
itantly reduced in thoracic samples compared to cervical. SOX9 is a 
transcriptional activator required for chondrogenesis. A differential 
HOXC6 footprint was detected 10 kb upstream of its promoter (Fig. 4B). 
SOX5 and SOX6 are closely related proteins that enhance SOX9 function 
(Liu and Lefebvre, 2015). Their genomic loci also included HOXC6 
footprints within differentially accessible chromatin (Fig. 4C and D). 
Due to their roles in chondrogenesis it is plausible to speculate that these 

Fig. 3. Identification of a cis-regulatory element for HOXC8. (A) ATAC-Seq profile at the HOXC8 locus. Yellow shading indicates the HOXC8 gene. Blue shading 
indicates the CRE identified. Black bars indicate location for all differential peaks identified across the HOXC8 locus. (B) Schematic representation of putative 
enhancer with regions A-E (green), three of these (A, B, E) contain footprints. (C) HOXC8 enhancer citrine reporter with distinct cut-off compared to mCherry 
expression in neural tube (NT) (n = 13/13). (D) HOXC8 citrine reporter expression in neural tube (NT) following mutagenesis of individual footprints, region A (n =
2/3), region B (n = 4/4) or region E (n = 4/4). The example shown is a region B mutant. (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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genes may be important for implementing the change in vertebrae 
anatomy across the C-T boundary. The other downregulated genes with 
a HOXC6 footprint were TWIST1, ETS1, GATA5 and RARB, while Cyclic 
AMP-Responsive Element-Binding Protein 3-Like Proteins 1 and 2, 
CREB3L1 and CREB3L2, were upregulated in thoracic somites. Inter-
estingly, CREB3L1 is a transcriptional regulator of COL1A1 (Murakami 
et al., 2009) and CREB3L1 mutations in humans are associated with 
Osteogenesis Imperfecta (Keller et al., 2018; Lindahl et al., 2018). 
CREB3L2 is critical for chondrogenesis by activating the transcription of 
SEC23A, which promotes the transport and secretion of cartilage matrix 
proteins (Hino et al., 2014).

The RNA sequencing revealed previously uncharacterized lncRNAs 
with differential expression across the C-T axial boundary in chick em-
bryos. Among the 343 differential genes, 18 were novel lncRNAs with 10 
in the top 25 differentially expressed genes, emphasizing their potential 
significance for axial differentiation. The lncRNAs did not overlap with 
protein-coding genes and showed no predicted protein-coding potential 
based on analysis using predictprotein.com (Bernhofer et al., 2021). We 
further examined a 3941 bp lncRNA (ENSGALG00000053345) located 
16 kb downstream of HOXC4, with a differential ATAC-peak which may 
represent its promoter (Fig. 5A). In situ hybridisation showed that this 
sequence was expressed in a pattern similar to HOXC6 (Fig. 5B), raising 
the possibility of shared functions in determining thoracic identity. We 
examined whether lncRNA ENSGALG00000053345 is regulated by 
thoracic HOXC cluster genes, HOXC6 or HOXC8, using a CRISPR-on 
approach (Gimenez et al., 2016). Short guide RNAs directed a modi-
fied CRISPR-CAS9 linked to the strong transcriptional activator, VP16, 

to the promoters of either HOXC6 or HOXC8 using electroporation into 
gastrula stage embryos in EC culture (Fig. 5C and D). The specific guides 
led to ectopic HOXC6 and HOXC8 expression, detected by in situ 
hybridisation prominently in extraembryonic regions (Fig. 5C and D). In 
addition, CRISPR-on of HOXC6 but not HOXC8 resulted in ectopic 
expression of lncRNA ENSGALG00000053345. This suggests that this 
lncRNA may be a HOXC6 target, therefore we named it HOXC6TA.

We asked whether lncRNA HOXC6TA could act as a microRNA 
sponge by analysing the presence of potential microRNA binding sites. 
We found multiple seed sequences for several microRNAs, some of 
which are associated with vertebrate evolution and gastrulation 
(Supplementary Table 1) (International Chicken Genome Sequencing, 
2004; Shao et al., 2012). Whilst this is an interesting observation, the 
function of HOXC6TA as a sponge and the significance of the candidate 
microRNAs for thoracic vertebrate development remain hypothetical 
and require future experimental validation.

3. Conclusion

Here we generated molecular profiles of somites across the C-T 
boundary. This benefited from the accessible chicken embryo, a classic 
model for vertebrate development. We demonstrate the value of these 
datasets for identification of differentially expressed genes and of cis- 
regulatory elements. Proof-of principle experiments validate CREs for 
several HOX genes including for HOXC6, which defines the first thoracic 
segment. In silico footprint analysis identified CDX1 and CDX2, both of 
which have been well documented to be involved in anteroposterior 

Fig. 4. HOXC6 footprints indicate target genes. (A) RNA-sequencing data for genes with differential expression across the C-T boundary. Differential read 
coverage for footprints for the trio of SOX transcription factors, SOX9, SOX6 and SOX5 in cervical (red) and thoracic somites (blue). (B) ATAC-Sequencing profile of 
the SOX9 locus, (C) the SOX6 locus, and (D) the SOX5 locus. Yellow boxes indicate the gene body, blue boxes indicate a region containing a HOXC6 footprint 
indicated below by a green bar. (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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patterning and posterior axis elongation (van den Akker et al., 2002). 
Footprints for HOXC6 are associated with several genes differentially 
expressed across the C-T boundary that are known to be involved in 
chondrogenesis, notably a trio of SOX transcription factors. We postulate 
that HOXC6 mediated regulation of these genes in cervical and thoracic 
somites may be involved in regulating the distinct morphologies of 
vertebrae derivatives that are generated subsequently. This hypothesis 
remains to be tested and future experiments should verify the roles of 
SOX9, SOX6 and SOX5, TWIST1, ETS1, GATA5 and RARB, CREB3L1 and 
CREB3L2, and their regulation by HOXC6.

4. Materials and methods

4.1. Chicken embryo dissection

Fertilised white leghorn chicken eggs were ordered weekly from 
Henry Stewart & Co. Ltd, UK and stored at 17oC prior to incubation. To 
initiate development, the eggs were then transferred to a humid incu-
bator and kept at 38oC until they reached Hamburger and Hamilton 
(HH) stages, HH13 and HH14, when embryos have developed between 
19 and 22 pairs of somites. Embryos were dissected into Ringer’s solu-
tion, which was replaced with Dispase (1.5 mg/ml) in DMEM 10 mM 
HEPES pH7.5 at 37 ◦C for 7 min prior to treatment with Trypsin (0.05 %) 
at 37 ◦C for 7 min. The reaction was stopped with Ringer’s solution with 
0.25 % BSA. The somites were dissected away from neural and lateral 
mesoderm tissue using sharp tungsten needles and were used for RNA- 
seq and ATAC-seq. Gastrula stage HH4 embryos were used in EC cul-
ture for injection and electroporation. All experiments were performed 
on chicken embryos younger than 14 days of development and therefore 
were not subject to regulation by the Animal Scientific Procedures Act 
1986.

4.2. RNA extraction, library preparation and sequencing and ATAC-seq

Individual dissected somites were placed into RLT lysis buffer. RNA 
was extracted using Qiagen RNAeasy kit (Cat no. 74104) and DNase 
treated (Qiagen Cat no 79254) for removal of DNA. Libraries were 
prepared and sequenced on the Illumina HiSeq4000 platform (75 bp 
paired end) at the Earlham Institute. A minimum of four biological 
replicates for each stage were used for analysis. For ATAC-sequencing, 
dissected somites were transferred immediately into 10 μl of cold 
lysis/tagmentation buffer in a 96 well plate for 15 min, with intermittent 
pipetting to attain a single cell suspension. The plate was then spun for 
10 s at 500 g and tagmentation was carried out for 1 h at 37oC on a 
shaking thermomixer using the Illumina Nextera DNA kit (FC-121- 
1030). Tagmented DNA was purified following manufacturer’s in-
structions using Qiagen MinElute kit (Cat no. 28004) and then amplified 
using NEB Next High-Fidelity 2X PCR Master Mix (Cat no. M0543S) and 
a universal AD1 forward primer with individual reverse primers per 
sample, for indexing. Library preparation was complete after further 
clean up using Qiagen PCR MinElute kit (Cat no. 28004) and Beckman 
Coulter XP AMPpure beads (A63880). Tagmented fragment size was 
assessed using Agilent 2100 Bioanalyser. Libraries were quantified with 
Qubit 2.0 (Life Technologies) and sequenced using paired-end 150bp 
reads on the Illumina HiSeq4000 platform at Novogene UK.

4.3. Enhancer cloning

Chick genomic DNA (gRNA) was extracted from HH14 embryos 
using Invitrogen Purelink gDNA extraction kit (Cat no. K1820-00). Pu-
tative enhancers were amplified using primers with specific sequence 
tails to enable cloning into reporter vector using a modified Golden Gate 
protocol under the following conditions: 94 ◦C, 3 min; 10 cycles of: 

Fig. 5. lncRNA HOXC6TA is regulated by HOXC6 but not HOXC8. (A) ATAC-sequencing profile of the HOXC cluster. Yellow boxes indicate location of genes 
across the cluster with the gene names above, the pale blue box indicates the HOXC6 CRE, the grey box indicates the HOXC5 CRE, the turquoise box indicates the 
novel lncRNA identified (ENSGALG00000053345). Navy blue bars indicate location for all differential peaks identified across the genome section shown. Conser-
vation across selected vertebrate species is indicated below the tracks. (B) In situ hybridisation detects expression of lncRNA at HH17. The red arrow indicates the 
level of the first thoracic somite. The emerging forelimb bud is indicated by a black line. (C) Electroporation of CRISPR-on control or of HOXC6-CRISPR-on at HH4 
gastrula stages as indicated. Embryos were incubated to HH10 and in situ hybridisation detected ectopic expression of HOXC6 and lncRNA-53345, renamed lncRNA 
HOXC6TA. (D) Electroporation of CRISPR-on control or of HOXC8-CRISPR-on at HH4 gastrula stages as indicated. Embryos were incubated to HH10 and ectopic 
expression of HOXC8 but not lncRNA was detected by in situ hybridisation. Black arrows indicate embryonic tissues: neural tube (NT), somites (S), presomitic 
mesoderm (PSM), and extraembryonic membrane (EEM). (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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94 ◦C, 15 s; 55 ◦C, 15 s; 68 ◦C, 3 min, 25 cycles of 94 ◦C, 15 s; 63 ◦C, 15 s; 
68 ◦C, 3 min; and final step of 72 ◦C, 4 min. Amplicons were purified 
using Qiagen PCR Cleanup (Cat no. 28104) and pooled with pTK 
nanotag reporter vector with T4 DNA ligase (Promega) and BsmBI (NEB) 
restriction enzyme. This reaction was prepared for T4-mediated ligation 
and BsmBI digestion under the following conditions: 25 cycles of 37 ◦C, 
2 min; 16 ◦C, 5 min; a single step of 55 ◦C, 5 min; and a final step of 
80 ◦C, 5 min. For mutagenesis of specific sites in enhancers we utilised 
FastCloning methodology.

4.4. Embryo preparation and ex ovo electroporation

Hamburger and Hamilton (HH3+) embryos were captured using the 
filter paper based easy-culture method (Chapman et al., 2001). Briefly, 
eggs were incubated for ~20 h, the embryo and yolk were transferred 
into a dish and thin albumin above and around the embryo was removed 
using tissue paper. A circular filter paper ring was placed on top, excised 
and transferred into a separate dish containing Ringer’s solution and 
excess yolk was removed. The embryo was transferred into a dish con-
taining albumin-agar with the ventral side up and plasmid DNA (1 
μg/μl) in 10 % injecting dye (Fast Green FCF, Sigma-Aldrich; Cat no./ID 
F7252) was injected between the vitelline membrane and embryo and 
electroporated used five pulses (5 V, 50ms at 100ms intervals). Thin 
albumin was used to seal the lids of dishes and embryos were cultured at 
37 ◦C to the desired stage.

4.5. In ovo plasmid injection and electroporation

Eggs were incubated with the blunt end up where they were then 
punctured with a forceps and a large window above the embryo was 
created for easy accessibility. Egg shell membranes were removed and a 
solution of 1:500 PBS/Pen Strep (PS) with black India Ink (Winsor & 
Newton) was injected beneath the embryo using a 1 ml syringe with a 
25Gx 5/8” needle for contrast and then 2 drops of 1:500 PBS/PS- 
solution was applied above the embryo. A small incision was made in 
the vitelline membrane above the injection site of the embryo, a 
micromanipulator was used to direct the needle into the neural tube for 
injection. Stage HH10 chick embryos were injected into the brain and at 
multiple sites along the neural tube. Electroporation was performed 
using five pulses (60 V for 50ms at 100ms intervals) using a square wave 
electroporator, ~3 ml of thin albumin was removed using a syringe, the 
egg was sealed with tape and incubated at 38oC for ~20 h.

4.6. Wholemount in situ hybridisation

Wholemount in situ hybridisation used DIGUTP labelled antisense 
RNA probes for HOXC5, HOXC6, HOXC8 and lncRNA and standard 
methods. Briefly, following fixation in 4 % PFA embryos were treated 
with Proteinase K, hybridised over night at 65 ◦C. After post- 
hybridisation washes and blocking with BMB (Roche), embryos were 
treated with anti-DIG antibody, coupled to alkaline phosphatase 
(Roche). Signal was developed using NBT/BCIP. Wholemount embryos 
were photographed on a Zeiss SV11 dissecting microscope with a 
Micropublisher 3.5 camera and acquisition software or Leica MZ16F 
using Leica Firecam software.

4.7. RNA-sequencing analysis

Four biological replicates were used for analysis. Adaptors were 
removed from raw paired-end sequencing reads and trimmed for quality 
using Trim Galore! (v.0.5.0) using default parameters. QC was per-
formed before and after read trimming using FastQC (v.0.11.6) and no 
data quality issues were identified after checking the resultant QC re-
ports. Processed reads were mapped to galGal6 cDNA using kallisto 
(v.0.44.0). Resultant quantification files were collated to generate an 
expression matrix. Differential expression and pathway analyses were 

then conducted using the DESeq2 package in R Studio (v.1.3.959) and 
default settings within the iDEP (v.9.51) web interface. GO term analysis 
(Gene Ontology) was carried out using g:Profiler, a web server for 
functional profiling and interpretation of gene lists. Principal compo-
nent analysis (PCA) based on expression count data revealed a 
discernible batch effect and replicate samples clustered based on time of 
dissection (1.5 h apart) rather than on cervical versus thoracic origin. 
The batch effect was attributed to developmental timing disparities, 
specifically the phase of somitogenesis. This was supported by expres-
sion fluctuations in key genes associated with the segmentation process 
such as HAIRY1/2 and LFNG (Dale et al., 2003; Jouve et al., 2000; 
McGrew et al., 1998; Palmeirim et al., 1997), which showed variation 
between replicates. The effect was mitigated by applying the Combat_-
seq function from the BioConductor package to yield adjusted data that 
eliminated batch variations and normalized the dataset (Supplementary 
Fig. 1A and B).

4.8. ATAC-sequencing and in silico foot printing analysis

Four biological replicates were sequenced at 30 million reads (150 
paired-end). Analysis followed a previously established work flow (Mok 
et al., 2021). Adaptors were removed from raw paired-end sequencing 
reads and trimmed for quality using Trim Galore! (v.0.5.0) a wrapper 
tool around Cutadapt and FastQC. Default parameters were used. 
Quality control (QC) was performed before and after read trimming 
using FastQC (v.0.11.6) and no issues were highlighted from the QC 
process. Subsequent read alignment and post-alignment filtering was 
performed in concordance with the ENCODE project’s “ATAC-seq Data 
Standards and Prototype Processing Pipeline” for replicated data 
(https://www.encodeproject.org/atac-seq/). Reads were mapped to the 
chicken genome galGal6 assembly using bowtie2 (v.2.3.4.2). The 
resultant Sequence Alignment Map (SAM) files were compressed to the 
Binary Alignment Map (BAM) version on which SAMtools (v.1.9) was 
used to filter reads that were unmapped, mate unmapped, not primary 
alignment or failing platform quality checks. Reads mapped as proper 
pairs were retained. Multi-mapping reads were removed using the Py-
thon script assign_multimappers provided by ENCODE’s processing 
pipeline and duplicate reads within the BAM files were tagged using 
Picard MarkDuplicates (v.2.18.12) [http://broadinstitute.github. 
io/picard/] and then filtered using SAMtools.

For each step, parameters detailed in the ENCODE pipeline were 
used. From the processed BAM files, coverage tracks in bigWig format 
were generated using deepTools bamCoverage (v 3.1.2) and peaks were 
called using MACS2 (v.2.1.1) (parameters -f BAMPE -g mm -B -nomodel - 
shift − 100 -extsize 200). Coverage tracks and peaks (narrow peak 
format) were uploaded to the UCSC Genome Browser as custom tracks 
for ATAC-seq data visualization. Analysis for differential accessibility 
was carried out in R (v.3.5.1) using the DiffBind package (v.2.8.0) with 
default parameter settings. Differential accessibility across samples was 
calculated using the negative binomial distribution model implemented 
in DEseq2 (v1.4.5). Computational footprinting analysis was conducted 
across samples using HINT-ATAC which is part of the Regulatory 
Genomic Toolbox (v.0.12.3) also using default parameter settings and 
the galGal6 genome.

4.9. CRISPR-ON primer design

Potential Cas9 target sites were identified by scanning manually the 
promoter regions of HOXC6 and HOXC8 for PAM sequences (NGG). 
Identified sequences were then surveyed genome-wide using BLAT to 
ensure that they had a single hit in the genome and then run through 
oligo-calc to identify any potential self-annealing sequences. Forward 
and reverse oligos for each guide recognition sequence (18-20 nt) 
directly preceding the PAM (NGG), but not include the PAM itself, were 
designed. Sequences including a G base at the 5’ end were preferentially 
selected for, as this is required for polIII to initiate transcription from a 
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U6 promoter. In the case for sequences where this was not possible, a G 
residue was added upstream of the selected recognition sequence. Each 
of the sgRNA sequences used also included flanking BsmBI sites and 
corresponding overhangs for Golden Gate cloning into the U6 vector, 
where multiple fragments of DNA can be assembled by using combina-
tions of overhang sequences in a single PCR step.
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