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Cell adhesion marker expression dynamics during fusion of the optic fissure 

Holly Hardy, Joe Rainger * 

The Division of Functional Genetics and Development, The Roslin Institute, Midlothian, EH25 9RG, UK  

A B S T R A C T   

Tissue fusion is a critical process that is repeated in multiple contexts during embryonic development and shares common attributes to processes such as wound 
healing and metastasis. Ocular coloboma is a developmental eye disorder that presents as a physical gap in the ventral eye, and is a major cause of childhood 
blindness. Coloboma results from fusion failure between opposing ventral retinal epithelia, but there are major knowledge gaps in our understanding of this process 
at the molecular and cell behavioural levels. Here we catalogue the expression of cell adhesion proteins: N-cadherin, E-cadherin, R-cadherin, ZO-1, and the EMT 
transcriptional activator and cadherin regulator SNAI2, in the developing chicken embryonic eye. We find that fusion pioneer cells at the edges of the fusing optic 
fissure have unique and dynamic expression profiles for N-cad, E-cad and ZO-1, and that these are temporally preceded by expression of SNAI2. This highlights the 
unique properties of these cells and indicates that regulation of cell adhesion factors may be a critical process in optic fissure closure.   
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1. Introduction 

Tissue fusion underpins normal vertebrate embryonic development 
for a range of organs and tissues, and its dysregulation results in multiple 
structural birth defects, such as spina bifida, cleft palate, heart defects, 
and hypospadias (Ray and Niswander, 2012; Chaturvedi and Murray, 
2021; Pé et al., 2006). Fusion events also display molecular and 
cell-behavioural overlap with wound-healing and tumour metastases, 
including the activation of EMT like processes (Ray and Niswander, 
2012; Murray, 2017), of which a critical initiating step is the decoupling 
of cell-cell adhesion complexes (Lamouille et al., 2014). 

Ocular coloboma (OC) is a structural eye malformation defined by 
the failure of optic fissure closure (OFC) – an epithelial fusion event in 
the developing ventral retina (Chan et al., 2021; Fuhrmann, 2010; 
Gregory-Evans et al., 2004). OC is clinically characterised by a persistent 
gap at any region along the proximal distal axis of the ventral retina, and 
can affect the iris, retina, or optic nerve, and results in a range of impacts 
on vision (Gregory-Evans et al., 2004). Genetic diagnosis rates are low: 
up to 80% of coloboma patients currently do not have an identified 
causative mutation (Jackson et al., 2020). Furthermore, although over 

40 loci have been associated with coloboma causation (Patel and Sow
den, 2017), few loci have been identified with recurrent mutations 
across unrelated patients (Patel and Sowden, 2017; Harding and Moo
sajee, 2019). We and others previously illustrated that the developing 
chicken eye provides an accurate model for understanding the cell be
haviours and molecular regulation of OFC (Hardy et al., 2019; Bernstein 
et al., 2018). Fusion begins at Hamburger Hamilton (Hamburger and 
Hamilton, 1951) embryonic chicken stage HH28 (~ incubation day 6; 
Fig. 1), when the two optic fissure margins (OFMs) come into close 
contact. By HH30, and over the following period to HH34 (~day 8.5), 
chicken fissures fuse bi-directionally along the proximal-distal axis and 
display the defining features of active epithelial sheet fusion (Ray and 
Niswander, 2012): open regions, leading edge apposition, cell mixing at 
a fusion plate, and a fully fused seam (Fig. 1) (Hardy et al., 2019). During 
this process, a discrete population of cells at the OFM actively mediate 
fusion (OFM) (Patel and Sowden, 2017; Hardy et al., 2019; Gestri et al., 
2018; Eckert et al., 2020). These Pioneer cells (Hardy et al., 2019) are 
positioned between the developing retinal pigmented epithelium and 
neural retina (Fig. 1), and in chick, zebrafish, mice, and humans, these 
undergo a partial EMT as they initiate the fusion process (Hardy et al., 
2019; Gestri et al., 2018; Eckert et al., 2020; Patel et al., 2020). In human 
OFC, pioneer cells lose their typical epithelial morphology, express 
vimentin, and de-laminate from the neuroepithelium (Patel et al., 2020). 
In chick, this is associated with subsequent apoptosis (Hardy et al., 
2019), and in zebrafish there are highly-transient rearrangements of 
ZO-1 and adherens-junctions observed at the fusion plate (Gestri et al., 
2018). In addition, EMT and markers of cell-adhesion have been 
implicated in OFC through ontology enrichment and OFC transcription 
profiling studies (Hardy et al., 2019; Patel et al., 2020), however no 
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definitive markers for EMT or cell adhesion have been qualitatively 
assessed in situ during the active fusion process. 

Here, we describe the expression of the key type I classical cadherin 
proteins N-cad and E-cad, and the tight-junction protein ZO-1 during the 
progression of fusion in the chicken embryonic retina epithelia. We find 
that pioneer cells have unique expression profiles for these cell adhesion 
molecules compared to the surrounding epithelia, and that this is dy
namic during the fusion process. We also found pioneer-cell specific 
expression of the EMT and cadherin regulator SNAI2 during fusion 
immediately before these changes. Our data suggest these factors may 
combine to alter localised cell-adhesion properties and drive the cell 
behaviours required for epithelial fusion during OFC. 

2. Results 

2.1. The tight junction marker ZO-1 is reduced in pioneer cells 

We found the tight-junction cell-adhesion junction marker ZO-1 
(encoded by the TJP1 gene) was absent from cells at the pioneer cell 
region in pre-fusion OFM (Fig. 2a). These OFM edges were still envel
oped by basement membrane, as shown by laminin distribution 
(Fig. 2a). In contrast, we observed ZO-1 positive staining in the adjacent 
non-fusing epithelial cell regions of the neural retina and RPE, with the 
strongest signal observed at the apical regions of these cells. This ZO-1 
distribution is consistent with the presence of tight junctions (TJs) at 
the apical regions of NR and RPE. At the fusion plate (Fig. 2b), where the 
pioneer cells were mixing across the connected OFM (as seen by 
displacement of laminin), cells were still negative for ZO-1 immuno
staining. However, in the fused region of the OFM seam (Fig. 2c), at a 
distance ~100 μm from the fusion plate ZO-1 staining was restored in 
the midline with ZO-1 distribution analogous to the adjacent neural 
retina and RPE regions that did not take part in fusion, indicating the 
establishment of newly-formed TJs in this region. This data shows that 
pioneer cells have reduced ZO-1 as they mediate the fusion process, 
suggesting the TJs in this region are disassembled as part of a process of 
cells decoupling from their neighbours to enable mixing and migration 
at the fusion plate. 

List of abbreviations 

OFC Optic fissure closure 
OFM Optic fissure margin 
OC Ocular coloboma 
RPE Retinal pigmented epithelium 
NR Neural retina 
POM Periocular mesenchyme  

Fig. 1. Schematic of fusion progress during vertebrate optic fissure closure 
(a) In the ventral vertebrate retina at pre-fusion stages the optic fissure margins (OFM) approach each other as the optic cup grows (arrows). The OFM environment is 
composed of epithelial cells from the retinal pigmented epithelium (RPE) and neural retina (NR) and is interspersed with cells from the periocular mesenchyme 
(POM). Asterisks depict the folding point. The inner (vitreal) region is of the OFM is in the dorsal aspect of the fissure, and the outer region (choroidal) is ventrally 
positioned. (b) Fissure margins are in apposition immediately prior to fusion. Basement membranes form both edges of the fissure are in direct contact, and POM cells 
are displaced. (c) In the fusion plate, epithelial cells at the interface of retinal pigmented epithelium (RPE) and neural retina (NR) decouple from their neighbouring 
epithelial cells and mix to mediate active fusion - these are the fusion pioneer cells (red hatching). (d) In the nascently fused OFM, there are now fully organised and 
distinct RPE and NR layers surrounded by newly configured basement membranes at their inner and ventral layers. Figure adapted from Chan, Moosajee, and Rainger 
(Chan et al., 2021). 
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2.2. Pioneer cells display heterotypic cadherin expression 

To investigate the initial process of the EMT-like phenotype observed 
in pioneer cells, we performed immunostaining for the type I family of 
cadherins E-cad (CDH1) and N-cad (CDH2) at the optic fissure in HH30 
chick eyes, when the OFM has all stages of active fusion available for 
analysis. We found that N-cad was strongly localised to the neural retina 
(Fig. 3a) and absent from RPE and periocular mesenchyme. In the 
pioneer cell region, we observed some positivity for N-Cad, but at a 
lower intensity than in the adjacent NR. This reduced N-cad was present 
throughout the pioneer cell region during active fusion, and persisted in 
the fusion plate of the OFM where pioneer cells were actively mixing 
across the now fused epithelia (Fig. 3b). However, in the midline of the 
nascently fused seam region of the same retinas, we observed that the N- 
cad signal was indistinguishable from the adjacent regions of epithelia 
(Fig. 3c). 

We then asked if we could see a pioneer cell specific expression 
pattern with E-Cad in stage-matched OFMs (HH30). We found that the E- 
cad expression pattern was reciprocal to that of N-cad, with strong 
expression observed in the RPE but no expression detected in the NR 
(Fig. 4). Surprisingly, we also detected some E-cad expression extending 
from the RPE into in the pioneer cell region of the OFM. Similar to N-cad, 
this pioneer cell expression was at a lower intensity than the signal in 
adjacent cells, but the expression persisted throughout the active fusion 
stages (Fig. 4a and b) and then was markedly reduced in the fused seam 

(Fig. 4c and d). We did not detect E-cad expression in the periocular 
mesenchyme (POM). Using existing transcriptomic data from published 
datasets, we asked what other cadherins may be expressed in the OFM. 
In bulk RNAseq performed on dissected chick OFMs, CHD4, the gene 
encoding R-cadherin (R-cad), displayed fissure specific enriched 
expression (Hardy et al., 2019). Our qRT-PCR from freshly dissected 
optic fissure samples at HH28 confirmed this enrichment for CDH4 
expression compared to dorsal retina tissue (Supplemental Fig. 1). We 
were unable to successfully detect R-cad protein expression in chick 
samples with commercially available antibodies but were able to detect 
CDH4 mRNA using fluorescence in situ hybridisation (Supplemental 
Fig. 1). CDH4 was specifically expressed in pioneer cells in pre-fusion 
(HH28) and at active fusion stages (HH30) (Supplemental Fig. 1). 
Thus, these experiments indicate that pioneer cells have their own 
unique heterotypic cadherin profile compared to the adjacent epithelia, 
which constitutes overlapping low levels of both N-cad and E-cad at the 
protein level, and CDH4 expression at least at the mRNA level. 

2.3. SNAI2 is specifically expressed in pioneer cells during early OFC 

Finally we sought to identify what factors may influence this het
erotypic cadherin expression in the OFM. Our qRT-PCR analysis of the 
EMT transcriptional activators SNAI1 and SNAI2 showed increased 
expression of SNAI2 in chicken pre-fusion OFMs compared to dorsal 
retina, whereas SNAI1 expression levels showed no difference between 

Fig. 2. ZO-1 displays distinct expression during fusion 
(a) Immunofluorescence staining for the cell junction marker ZO-1 and Laminin during active fusion (HH30) in the OFM revealed absence of ZO-1 expression in the 
distal tip of the open fissure in the pioneer cell region (arrowheads). Strong ZO-1 signal was observed in the region where NR and RPE meet at their apical edges 
(asterisks). (b) ZO-1 expression was still reduced in the nascently-fused fusion plate where cells from the opposing margins had mixed. (c) Positive staining for ZO-1 
was observed in the fusion seam (large arrow depicts midline) at ~100 μm from the fusion plate and in the now continuous region where the RPE and NR cells are in 
contact at their apical edges (asterisks). Scale bar = 50 μm. 
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these tissues (Supplemental Fig. 1). We then performed both fluores
cence in situ hybridisation and immunofluorescence analyses for SNAI2 
and revealed expression at both the mRNA and protein levels in pioneer 
cells prior to fusion (Fig. 5a; Supplemental Fig. 1). This expression was 
transient, as we were unable to detect SNAI2 expression in day 4 (HH22) 
OFM edge cells (approximately 48h before fusion) or in the nascently 
fused OFM (HH30) (Fig. 5b and Supplemental Fig. 1). SNAI2 expression 
at the protein and mRNA levels was detected in the POM surrounding 
the OFM and dorsal retina throughout all stages analysed, consistent 
with the presence of neural crest and mesenchymal cells in these loca
tions (Supplemental Fig. 1). Thus, SNAI2 expression in pioneer cells may 
provide a molecular link to the regulation of cadherin levels in these 
cells leading up to and during fusion. 

3. Discussion 

Determining the precise molecular signatures of the cells that 
directly mediate tissue fusion during optic fissure closure has been 
challenging due to the small size of this population and their transient 
temporal existence. Here, using immunofluorescence and fluorescence 
in situ hybridisation profiling we provide qualitative evidence that these 
are temporally distinct cell populations, and show they have dynamic 
and specific expression for the cell-cell adhesion molecules E-cad, N-cad, 
and ZO-1. We also show that the expression dynamics of these cell-cell 
adhesion factors are temporally preceded by the transient expression 
of SNAI2. These novel findings can inform future studies to understand 

some of the mechanisms that mediate cell behaviours during fusion in 
the optic fissure. 

Cell-cell cohesion is typically mediated by homophilic adhesive 
cadherin binding, with cells tightly joined to neighbouring cells 
expressing the same type I cadherin via selective adhesion between cell 
types (McClay and Ettensohn, 1987). Consistent with this function, we 
observed strong N-cad expression in the neural retina, and reciprocally, 
strong E-cad expression in the retinal pigmented epithelia. These two 
retina epithelial tissues are relatively stable, and during the remaining 
phases of eye development will either undergo further differentiation 
into photoreceptor cell types (neural retina) or will mature as a single 
epithelial layer (RPE) (Fuhrmann, 2010; Chow and Lang, 2001). Thus, 
stable cell-cell adhesion supports their further development. In contrast, 
epithelial cells at the edges of the OFM must decouple from their im
mediate neighbours to actively facilitate fusion (Chan et al., 2021), a 
process that presumably would require a loss of cell-cell adhesion. Here, 
we provided supportive evidence for this through observed reduction of 
ZO-1 expression in pioneer cells at pre-fusion stages and during active 
fusion. 

Our data revealing the heterogeneous cadherin profile of these cells 
suggests that cadherin dynamics may promote epithelial decoupling 
during OFC, but this expression profile could also have a role in defining 
pioneer cell boundaries during retinal development. The observation of 
overlapping E-cad and N-cad protein expression at pioneer cell surfaces 
is in line with the “differential adhesion hypothesis” that proposes that 
distinct cell types can be sorted because of tissue surface and interfacial 

Fig. 3. N-cadherin displays distinct expression during fusion 
(a) Immunofluorescence staining for N-Cad/CDH2 and Laminin during active fusion (HH30) OFM revealed a localised reduction of N-Cad at the distal tip regions of 
the open fissure (arrowheads). (b) Reduced N-Cad was persistent in the nascently-fused fusion plate. (c) Positive staining for N-Cad was observed in the fusion seam at 
~100 μm from the fusion plate (Large arrow depicts midline). (d) Enlarged views of a-c illustrating N-Cad expression at the midline during progression of fusion. 
Scale bar = 50 μm. 
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tensions as a function of their cadherin expression (Steinberg, 2007; 
Takeichi, 2005). In this context, RPE and NR are defined by their 
expression of E-cad and N-cad, respectively, whereas pioneer cells are 
defined by their heterogeneous N-cad, E-cad and R-cad cadherin 
expression. In addition to forming a buffer between NR and RPE, this 
heterotypic cadherin expression may be sufficient to determine pioneer 
cell identity, as direct crosstalk among classical cadherins has recently 
been shown to form heterotypic connections (Dash et al., 2022; Rogers 
et al., 2018). 

Our favoured hypothesis is that the heterotypic cadherin presenta
tion acts as a driving mechanism for reduced cell-adhesion in these cell 
populations, enabling cell decoupling, mixing and intercalation across 
the margins to initiate fusion. This process may also trigger localised 
changes and breakdown of the ECM and overlying basement mem
branes, but further work is required to provide direct evidence for this. 
Intriguingly, both RNAseq (Hardy et al., 2019; Patel et al., 2020) and our 
data here (Supplementary Fig. 1) suggest that additional type I cad
herins are likely to be expressed in pioneer cells, such as CDH6 and 
CDH4/R-cad, and this may further increase the diversity of heterotypic 
cadherin presentation at cell-surfaces and affect cell-cell adhesion dy
namics. Whether these different type I cadherins directly and function
ally interact within the pioneer cell population remains unknown, but 
there is existing evidence that this may be the case (Dash et al., 2022; 

Rogers et al., 2018), including a recent study that found both 
co-expression and molecular interactions between heterotypic E-cad and 
N-cad in the developing chicken neural tube (Rogers et al., 2018). There 
may also be other, atypical (e.g. type II), cadherins expressed in the 
pioneer cells, which could disrupt cell-cell adhesion more potently. A 
further possibility is that the level of cadherins expressed is important in 
regulating pioneer cell adhesion dynamics, as the number of cadherin 
molecules presented on cell surfaces is directly related to cell-cell 
adhesion properties (Steinberg, 2007). Thus, to fully understand how 
pioneer cells are de-epithelialized during the early stages of fusion, 
future work in this area should determine the full complement and levels 
of adhesion molecules expressed in these cells, and their functional in
teractions, including the downstream effects of heterotypic cadherin 
co-expression. It is worth also considering what the consequence of 
heterotypic cadherin expression may be at the intracellular level. The 
intracellular domains of cadherins bind to the alpha-, beta-, and 
delta-catenins, in what is referred to as the cadherin-catenin complex. 
This complex forms a direct link to the actin cytoskeleton and can 
mediate cell responses to external signalling and mechanical stimuli 
(Conacci-Sorrell et al., 2002; Leckband and de Rooij, 2014). In the 
absence of alpha-catenin in a conditional mouse Ctnna1 knock-out 
model of eye development, beta-catenin, filamentous actin, and N-cad
herin were all reduced in the optic fissure margins, and the mice 

Fig. 4. E-cadherin displays distinct expression during fusion 
(a) Immunofluorescence staining for E-Cad/CDH1 and Laminin during active fusion (HH30) in the OFM revealed strong expression in the RPE that extended its 
domain into the distal tip of the open fissure in the pioneer cell region (arrowheads). (b) Reduced E-Cad was observed in the nascently-fused fusion plate. (c) Residual 
staining for E-Cad was observed in the fusion seam at ~100 μm from the fusion plate. (d) Enlarged views of a-c illustrating E-Cad expression at the midline during 
progression of fusion. Scale bar = 50 μm. 
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displayed colobomas (Chen et al., 2012). Furthermore, live imaging 
during OFC in transgenic zebrafish illustrated loss of alpha-catenin 
labelled adherens junctions in the pioneer cell region as normal fusion 
progresses (Gestri et al., 2018). These suggest that correct regulation of 
the intracellular cadherin-catenin complex is essential for normal fusion 
in OFC, and could similarly be affected by cadherin-cadherin in
teractions. Thus, the relationships between heterotypic cadherin 
expression, intracellular signalling, and cell behaviours during OFC 
should be explored in more detail. This current study therefore provides 
a basic framework for ongoing analyses into cadherin roles during OFC 
by identifying the presence of heterotypic cadherin expression in 
pioneer cells. 

How cadherin expression is regulated in this small and transient cell 
population is currently unknown. The transcriptional repressor SNAI2 is 
a mediator of EMT (reviewed in (Craene and Berx, 2013)) and can both 
directly and indirectly regulate the expression of cadherins, including 
E-cadherin via interaction with the E-cadherin promoter (Boló et al., 
2003; Cô et al., 2004). SNAI2 was therefore a strong candidate for this 
function in pioneer cells at the OFM and so we assessed SNAI2 expres
sion at both the mRNA and protein levels. We found that SNAI2 was 
specifically expressed in pioneer cells, but only at pre-fusion stages and 
not in the fusion plate. As the heterotypic expression of cadherins in 
pioneer cells was observed at pre-fusion and active fusion stages, but 

was resolved in the nascently-fused retina, this suggests that if SNAI2 
does directly regulate the precise balance of cadherin expression, it is 
likely to function in this role principally to set up the pioneer cells to 
drive fusion, rather than acting as a continually active factor in this 
process. Determining the functional requirement for SNAI2 during OFC, 
and confirming its role in balancing cadherin expression, will be 
important next steps in understanding pioneer cell behaviours and their 
regulation. 

4. Methods 

4.1. Chicken embryo processing 

Wild type Hy-Line chicken eggs were collected and incubated at 
37 ◦C and collected for analysis of OFC fusion between 5 and 7 days. All 
embryos were staged according to Hamburger and Hamilton criteria and 
for fusion progression based on Hardy et al (Hardy et al., 2019). For each 
assay, a minimum of 3 separate eyes from different embryos were used 
as replicates. We did not sex embryos, but found no variation in our 
observations between sample replicates. Embryos were rinsed in PBS 
(pH 7.0) on ice for 5 min then fixed in 4% paraformaldehyde for 4 h at 
4 ◦C with gentle agitation. Embryos were then rinsed three times in PBS 
(pH 7.0) for 15 min on ice and then incubated in 10% sucrose PBS (pH 

Fig. 5. SNAI2 expression was observed in pioneer cells prior to fusion 
(a) Immunofluorescence analyses showed SNAI2 was localised to the pioneer cell domains (arrowheads) in the pre-fusion stage OFM at HH25 and HH28 but was 
absent from the fissure margins in the earlier optic cup at HH22 (E4). Strong expression was observed in all stages in the POM (filled arrows) and was observed in the 
surface ectoderm (open arrows) at HH22. SNAI2 was also detected in the ectoderm of the developing pecten (E). (b) During active fusion stage (HH30) SNAI2 was 
observed in the pioneer cell domains at HH30 in the open OFM (arrowheads) but was absent from the fusion plate (large arrowhead). SNAI2 was consistently 
detected throughout the POM (filled arrows). Scale bars = 50 μm. 
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7.0) overnight at 4 ◦C with gentle agitation. Samples were embedded in 
Neg50 embedding media (Epredia) and snap frozen as either whole 
embryos (HH22-HH28/day 4–6) or, for HH30 (E7) samples, ventral 
retinas were dissected only, then stored at minus 80◦C until further use. 
Sections were cut on a Leica CM1900 cryostat at 14 μm and sections 
were attached onto Superfrost Plus glass slides (Epredia) air dried for 1 h 
at room temperature, then stored at minus 80◦C until further use. 

4.2. Immunofluorescence 

Slides were rinsed in PBS for 5 min at room temperature, then 
incubated in Block #1 (2% bovine serum albumin, 0.25% Triton-X-100 
in PBS, pH 7.0) for up to 5 h at room temperature. Primary antibodies 
were diluted as stated below in Block #2 (0.1% bovine serum albumin, 
0.05% Triton-X-100 in PBS, pH 7.0) applied to slides and then incubated 
overnight at 4 ◦C. Slides were then rinsed three times in PBS for 5 min at 
room temperature and then PBS was replaced with secondary antibodies 
diluted 1:1000 in Block #2 and incubated for 1.5 h at room temperature. 
Slides were then rinsed three times in PBS for 5 min at room temperature 
and PBS was removed and slides were mounted in Fluorsave (Millipore; 
#345789) and allowed to cure overnight in a dark chamber. Primary 
antibodies used and their working dilutions were rabbit anti SNAI2 
(C19G7) (Cell Signalling Technology #9585) at 1:100; mouse mono
clonal anti E-Cadherin antibody (BD Biosciences #610181) at 1:2500; 
anti ZO-1 rabbit polyclonal antibody (Thermo #40–2200) at 1:100 
dilution, anti Laminin (DSHB #3H11) at 1:20, and mouse monoclonal 
anti-N-Cadherin antibody (Thermo #C3865) at 1:100. We used Alexa 
Fluor IgG (H + L) Cross-Adsorbed fluorescent secondary antibodies 
(647 nm, 594 nm and 488 nm) (Thermo). For nuclei staining, we used 
DAPI (diamidino-2-phenylindole; Thermo #15105118) at 1 μg/mL 
incubated with secondary antibodies. For SNAI2, samples were cut and 
fully processed for immunofluorescence within one week of dissection. 

4.3. Fluorescence in situ hybridisation 

For SNAI2 RNA fluorescence in situ hybridisation we used RNAScope 
(ACD, Biotechne) following the RNAscope Multiplex Fluorescent V2 
Assay protocol on 14 μm cryosections prepared as above and processed 
as described previously (Hardy et al., 2019; Trejo-Reveles et al., 2023) 
with the probe ID #1172211-C1. This probe was designed to target 
Gallus gallus snail family transcriptional repressor 2 (SNAI2) transcript 
variant X1 mRNA [NCBI GeneID:432368]. 

4.4. Imaging 

All imaging was captured on a Zeiss LSM 880 AxioObserver confocal 
microscope using Plan-Apochromat 20x/0.8 M27, Plan-Apochromat 
63x/1.4 Oil DIC M27, or Plan-Apochromat 40x/1.3 Oil DIC UV-IR 
M27 objectives and Zen Black image software (Zeiss). Images were 
saved as .czi files and then opened and processed in imageJ. 

Institutional animal review board statement 

Chickens were maintained at the University of Edinburgh (Estab
lishment licence X212DDDBD) according to institutional regulations for 
the care and use of laboratory animals under the UK Animals (Scientific 
Procedures) Act 1986. All chicken embryology work was carried out on 
embryos prior to 2/3 gestation, and no regulated procedures were 
performed. 

Open access 

For the purpose of open access, the author has applied a CC-BY public 
copyright licence to any Author Accepted Manuscript version arising 
from this submission. 

Contributions 

Conceptualization - JR; Data curation – JR & HH; Formal analysis - 
JR & HH; Funding acquisition - JR; Investigation - HH & JR; Method
ology – HH & JR; Project administration - JR; Roles/Writing - original 
draft - JR; and Writing - review & editing – HH & JR. 

Submission declaration and verification 

This article is not under consideration for publication elsewhere, that 
its publication is approved by all authors and tacitly or explicitly by the 
responsible authorities where the work was carried out, and that, if 
accepted, it will not be published elsewhere in the same form, in English 
or in any other language, including electronically without the written 
consent of the copyright-holder. 

Declaration of competing interest 

The authors declare no conflict of interest. The funders had no role in 
the design of the study; in the collection, analyses, or interpretation of 
data; in the writing of the manuscript; or in the decision to publish the 
results. 

Data availability 

Data will be made available on request. 

Acknowledgments 

We would like to thank Roslin Institute staff in the Greenwood 
Building and National Avian Research Facility for chicken husbandry, 
and colleagues from the Bioimaging and Flow Cytometry Facility for 
help with microscopy. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gep.2023.119344. 

References 

Bernstein, C.S., Anderson, M.T., Gohel, C., Slater, K., Gross, J.M., Agarwala, S., 2018. The 
cellular bases of choroid fissure formation and closure. Dev. Biol. 440, 137–151. 
https://doi.org/10.1016/j.ydbio.2018.05.010. 
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Côme, C., Arnoux, V., Bibeau, F., Savagner, P., 2004. Roles of the transcription factors 
snail and slug during mammary morphogenesis and breast carcinoma progression. 
J. Mammary Gland Biol. Neoplasia 9, 183–193. https://doi.org/10.1023/B: 
JOMG.0000037161.91969.de. 

Conacci-Sorrell, M., Zhurinsky, J., Ben-Ze’ev, A., 2002. The cadherin-catenin adhesion 
system in signaling and cancer. J. Clin. Invest. 109, 987–991. https://doi.org/ 
10.1172/JCI0215429. 

Craene, B. De, Berx, G., 2013. Regulatory networks defining EMT during cancer initiation 
and progression. Nat. Rev. Cancer 13, 97–110. https://doi.org/10.1038/nrc3447. 

Dash, S., Duraivelan, K., Hansda, A., Kumari, P., Chatterjee, S., Mukherjee, G., 
Samanta, D., 2022. Heterophilic recognition between E-cadherin and N-cadherin 
relies on same canonical binding interface as required for E-cadherin 
homodimerization. Arch. Biochem. Biophys. 727, 109329 https://doi.org/10.1016/ 
j.abb.2022.109329. 

H. Hardy and J. Rainger                                                                                                                                                                                                                      

https://doi.org/10.1016/j.gep.2023.119344
https://doi.org/10.1016/j.gep.2023.119344
https://doi.org/10.1016/j.ydbio.2018.05.010
https://doi.org/10.1242/jcs.00224
http://refhub.elsevier.com/S1567-133X(23)00041-8/sref3
http://refhub.elsevier.com/S1567-133X(23)00041-8/sref3
https://doi.org/10.1159/000513880
https://doi.org/10.1371/journal.pone.0051705
https://doi.org/10.1371/journal.pone.0051705
http://refhub.elsevier.com/S1567-133X(23)00041-8/sref7
http://refhub.elsevier.com/S1567-133X(23)00041-8/sref7
https://doi.org/10.1023/B:JOMG.0000037161.91969.de
https://doi.org/10.1023/B:JOMG.0000037161.91969.de
https://doi.org/10.1172/JCI0215429
https://doi.org/10.1172/JCI0215429
https://doi.org/10.1038/nrc3447
https://doi.org/10.1016/j.abb.2022.109329
https://doi.org/10.1016/j.abb.2022.109329


Gene Expression Patterns 50 (2023) 119344

8

Eckert, P., Knickmeyer, M.D., Heermann, S., 2020. In Vivo analysis of optic fissure fusion 
in zebrafish: pioneer cells, basal Lamina, hyaloid Vessels, and how fissure fusion is 
affected by bmp. Int. J. Mol. Sci. 21 https://doi.org/10.3390/ijms21082760. 

Fuhrmann, S., 2010. Eye morphogenesis and patterning of the optic Vesicle. Curr. Top. 
Dev. Biol. 93, 61–84. https://doi.org/10.1016/B978-0-12-385044-7.00003-5.Eye. 

Gestri, G., Bazin-Lopez, N., Scholes, C., Wilson, S.W., 2018. Cell behaviors during closure 
of the choroid fissure in the developing eye. Front. Cell. Neurosci. 12, 1–12. https:// 
doi.org/10.3389/fncel.2018.00042. 

Gregory-Evans, C.Y., Williams, M.J., Halford, S., Gregory-Evans, K., 2004. Ocular 
coloboma: a reassessment in the age of molecular neuroscience. J. Med. Genet. 41, 
881–891. https://doi.org/10.1136/jmg.2004.025494. 

Hamburger, V., Hamilton, H.L., 1951. A series of normal stages in the development of the 
chick embryo. J. Morphol. 88, 49–92. https://doi.org/10.1002/jmor.1050880104. 

Harding, P., Moosajee, M., 2019. The Molecular Basis of Human Anophthalmia and 
Microphthalmia 7. 

Hardy, H., Prendergast, J.G., Patel, A., Dutta, S., Trejo-Reveles, V., Kroeger, H., Yung, A. 
R., Goodrich, L.V., Brooks, B., Sowden, J.C., et al., 2019. Detailed analysis of chick 
optic fissure closure reveals netrin-1 as an essential mediator of epithelial fusion. 
Elife 8. https://doi.org/10.7554/eLife.43877. 

Jackson, D., Malka, S., Harding, P., Palma, J., Dunbar, H., Moosajee, M., 2020. Molecular 
diagnostic challenges for non-retinal developmental eye disorders in the United 
Kingdom. Am. J. Med. Genet. Part C Semin. Med. Genet. https://doi.org/10.1002/ 
ajmg.c.31837. 

Lamouille, S., Xu, J., Derynck, R., 2014. Molecular mechanisms of 
epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15, 178–196. https:// 
doi.org/10.1038/nrm3758.Molecular. 

Leckband, D.E., de Rooij, J., 2014. Cadherin adhesion and mechanotransduction. Annu. 
Rev. Cell Dev. Biol. 30, 291–315. https://doi.org/10.1146/annurev-cellbio-100913- 
013212. 

McClay, D.R., Ettensohn, C.A., 1987. Cell adhesion in morphogenesis. Annu. Rev. Cell 
Biol. 3, 319–345. https://doi.org/10.1146/annurev.cb.03.110187.001535. 

Murray, M.J., 2017. The role of netrins and their receptors in epithelial mesenchymal 
plasticity during development. Cells Tissues Organs 203, 71–81. https://doi.org/ 
10.1159/000447424. 

Patel, A., Sowden, J.C., 2017. Genes and pathways in optic fissure closure. Semin. Cell 
Dev. Biol. https://doi.org/10.1016/j.semcdb.2017.10.010. 

Patel, A., Anderson, G., Galea, G., Balys, M., Sowden, J.C., 2020. A molecular and 
cellular analysis of human embryonic optic fissure closure related to the eye 
malformation coloboma. Development 44, 193649. https://doi.org/10.1242/ 
dev.193649. 
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