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Summary 

Vertebrates display positional identities along the head-to-tail axis. The forelimb is one of the 

characteristics among them that shows its specific position at the interface between the 

cervical and thoracic region independent of the length of the neck of animals. The axial 

identities, including limb positioning, are determined by the temporal and spatial collinearity 

expression pattern of Homeobox (Hox) genes. This can be realized through their collinearity 

activation during gastrulation. Hox PG 4-5 genes, whose down-regulation in mice induces 

homeotic transformations in the cervical-thoracic interface, activate Tbx5 transcription. Tbx5 

is the first factor to initiate forelimb bud formation from the dorsal layer of the lateral plate 

mesoderm. The expression of Hox PG 9 inhibits Tbx5 expression, thus limiting the posterior 

boundary of the forelimb. However, which Hox genes determine the anterior boundary of the 

forelimb is still not clear. Considering the expression pattern of Hox PG 6-7 genes during 

forelimb induction, I hypothesized that Hox PG 6-7 genes participate in regulating the 

anterior forelimb boundary. The hypothesis was experimentally performed in chick embryos. 

Before manipulating gene expression, I first identified the prospective wing region using DiI 

and EGFP labeling approaches and found that the wing-forming mesoderm maintains its axial 

level from generation to differentiation. The anterior boundary of the wing bud is located at 

the level of the prospective somite 15/16. Then, I electroporated constructs expressing Hox 

PG 6-7 into the dorsal lateral plate mesoderm anterior to the prospective wing region. This 

ectopic expression caused additional wing buds formation anterior to the endogenous ones. In 

situ hybridization and mRNA sequencing data indicated that the ectopic wing buds have 

partial similarities to the normal wing bud. Hence, Hox PG 6-7 are sufficient to induce 

forelimb buds. To demonstrate the functional correlation of Hox PG 4-5 and Hox PG 6-7 

genes, the dominant-negative form of Hoxb4 was electroporated into the prospective wing 

mesoderm, resulting in a flattened wing bud. This observation identified the necessity of Hox 

PG 4-5 genes in forelimb induction. In summary, the anterior boundary of the forelimb is 

regulated by two functionally distinct Hox gene groups. While Hox PG 4-5 genes initiate 

Tbx5 expression, Hox PG 6-7 genes maintain Tbx5 expression to instruct the forelimb 

formation. This permissive and decisive induction would be a general mechanism for the 

combinatory functions of a Hox code for morphogenesis and organogenesis. 
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1 Introduction 

 
The term ‘axial identity’ describes the fact that tissues and organs are specified in a region-

specific manner along the anterior-to-posterior or head-to-tail axis of the human or animal 

body (Jeannotte et al., 1993). This is most obvious by comparing the vertebrae of the spinal 

column. Axial identity is regulated by a set of genes, with a specific cluster, the homeobox 

(Hox) genes, being of particular importance (Kessel and Gruss, 1991). Hox genes, a family of 

transcription factors characterized by the ‘homeo-box’, are expressed with defined segmental 

anterior borders along the body axis (Kessel and Gruss, 1990). This holds true for both 

invertebrates and vertebrates. Originally performed in Drosophila melanogaster, numerous 

studies on the developmental regulation of axial identity are now carried out in vertebrates 

(Nüsslein-Volhard and Wieschaus, 1980; Nüsslein-Volhard et al., 1984). The most common 

methods are experimental micro-manipulations and reverse genetic approach. Chicken and 

mouse embryos are vertebrate models for the investigation of axial development, including 

the positioning of the extremities. The forelimb and hindlimb also have their specific axial 

levels. The posterior (caudal) boundary of the forelimb is regulated by paralogous Hox4 and 

Hox9 genes (Moreau et al, 2019). However, it is yet unknown yet how the anterior (cranial) 

boundary is determined. In this study, I focused on wing bud induction in chicken embryos, 

aiming to identify Hox genes that determine the anterior boundary of the forelimb. 

 

1.1 Axial identities  

1.1.1 Determination of axial identities during gastrulation  

The best example to describe axial identity is the specific morphology of vertebrae along the 

anterior-posterior (AP) axis of the body. During development, the first five somites are 

incorporated into the occipital region of the skull (Lim et al, 1999). The following somites are 

included in the development of the trunk and form cervical, thoracic, lumbar, sacral, and 

coccygeal/caudal vertebrae (Burke, 2000; Nowicki and Burke, 2000). Accordingly, each 

vertebra is formed from two adjacent somites. The anterior half of the vertebra is derived 

from the posterior half of the somite and its posterior half from the anterior half of the next 

caudal somite (Burke et al., 1995). For example, the first cervical vertebrae is developed from 

the posterior half of somite 5 and the anterior half of somite 6 (Fig. 1). 
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Fig. 1: Diagram for body plan with vertebrae and related somites in the chick and mouse (Burke et 

al., 1995). Somites and vertebrae levels are shown by number. 

 

Different vertebrate classes have distinct vertebrae formulas. Chicken have 14 cervical, 7 

thoracic, 12-13 lumbosacral, and 5 coccygeal/caudal vertebrae. Mice have 7 cervical, 13 

thoracic, 6 lumbar, 4 sacral, and a variable number of coccygeal/caudal (20+) vertebrae (Fig. 

1) (Burke et al., 1995). The pectoral fin in zebrafish is the homologous organ to the forelimb 

in mouse or the wing in chicken. The axial level of the forelimb among vertebrate classes is 

highly conserved and always located at the region of the cervical-thoracic interface or the 

anterior tip of the trunk (Fig. 2) (Burke et al., 1995; Molven et al., 1990). 
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Fig. 2: Diagram for somites and related Hox genes (Burke et al., 1995). The spinal nerves are 

indicated by black bars. The limb bud or fin bud is indicted by curved line. The expression 

level of Hoxc6 is shown by shaded circles. Somites levels are shown by numbers. 

 

The blueprint of the embryonic body plan and its subsequent morphogenesis is laid down 

during the progression of gastrulation (Tam and Behringer, 1997). It consists of the ingression 

of the prospective mesoderm and endoderm and the migration of cells to their ultimate 

positions (Chuai and Weijer, 2008, 2009; Downs, 2009; Mikawa et al., 2004). Ingression 

mainly occurs in the primitive streak (PS), which is formed in the midline region of the 

gastrula (Lawson et al., 2001), and the Hensen’s node (Charrier and Teillet, 1999; DeRuiter, 

Corinne, 2011). At the end of gastrulation, most embryonic cells are determined for their final 

fates. During further differentiation, the axial skeleton-muscular system, including the  
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vertebral column and the muscles of the back, become distinct along the AP axis (Bellairs and 

Osmond, 2005). This ‘rule’ is also true for the spinal cord, gut, heart and other organs which 

are specified along the AP axis during embryonic development (Bellairs and Osmond, 2005). 

 

The three germ layers, derived from epiblast and hypoblast, are the definitive ectoderm, 

mesoderm and endoderm (Fig. 3) (Bellairs and Osmond, 2005). The ectoderm mainly gives 

rise to the epidermis and neural tissues. Beneath the ectoderm is mesoderm, which can be 

subdivided into axial notochord, paraxial mesoderm (somites), intermediate mesoderm (IM) 

and lateral plate mesoderm (LPM) (Fig. 3) (Bellairs and Osmond, 2005). The somites are the 

first segmental structures, arranged on the left and right sides of the notochord (Chuai and 

Weijer, 2009). The first pair of somites in chicken is formed during HH-stage 7 (after 24 h of 

incubation; according to Hamburger and Hamilton, 1951) (Hamburger and Hamilton, 1951) 

and others are formed successively in an anterior-to-posterior order. The region posterior to 

the last newly-formed somite is the presomitic mesoderm (PSM) for pre-segmented somite 

formation (Bellairs and Osmond, 2005). 

 

The LPM is located laterally to the IM and consists at first of one layer of cells, which is then 

subsequently separated into two layers. The dorsal layer, beneath the ectoderm, is the somatic 

LPM and the ventral layer is the splanchnic LPM adjacent to the endoderm (Fig. 3) (Bellairs 

and Osmond, 2005). Between the two layers is the coelom, which gives rise to the body cavity. 

Forelimb and hindlimb become visible by a thickening of the somatic LPM at specific axial 

levels (Tickle, 2015). Endodermal cells generate the lining of the gastrointestinal and 

respiratory tracts (DeRuiter, Corinne, Doty, 2011). 
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Fig. 3: Diagram showing the anatomy of embryo by transverse section (Bellairs and Osmond, 2005). 

 

Due to the easy access, chicken embryos are amendable by molecular techniques (genetic 

manipulations) and in ovo and ex ovo manipulations, as well as observable by live imaging 

techniques (Vilches-Moure, 2019). The standard description of chick embryonic development 

is by Hamburger and Hamilton (1951) (Hamburger and Hamilton, 1951). Gastrulation of 

chick embryos starts at HH-stage 2 and proceeds to HH-stage 11, when the prospective limb 

fields can be determined (Moreau et al., 2019). 

 

As discussed above, during gastrulation precursor cells are formed along the AP axis for e.g. 

the neural tube, paraxial mesoderm, LPM and extraembryonic mesoderm (Fig. 4). This takes 

place in a collinear fashion of the activation of Hox genes (Iimura and Pourquie, 2006). The 

forelimb precursor cells and their axial position are specified by the same process (Moreau et 

al., 2019).  
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Fig. 4: Diagram showing a fate map of epiblast cells (Iimura and Pourquie, 2006).  

 

1.1.2 Regulation of axial identities through Hox genes 

Regionalization of the body in various vertebrate classes is regulated by homologous 

mechanisms although their morphologies are distinct; e.g. the mouse has a short neck and the 

chicken a long neck. Regionalization is controlled by a specific pattern of Hox genes and each 

somite has a nested Hox gene pattern (McIntyre et al., 2007). The combined activity of Hox 

genes relates to distinct cell behavior and morphogenesis by gene regulation, which remains 

incompletely understood (Böhmer, 2017; Böhmer et al., 2015a, b). Patterning by Hox genes is 

found in various organ systems including gut, urogenital, as well as the nervous system 

(Barak et al., 2012; Wellik, 2007). 

 

1.1.2.1 The expression pattern of Hox genes 

Homeobox (Hox) genes, first discovered in Drosophila (Lewis, 1978), encode a family of 

transcription factors which regulate the morphogenesis of embryonic tissues (Zakany and 

Duboule, 2007). Mutations of Hox genes, including gain-of- and loss-of-function, can result 

in ‘homeotic transformations’ of vertebrae in mice (Mallo, 2018; Mallo et al., 2010). 

Overexpression or negative expression can induce positional shifting along the AP axis in 

chicken (Cohn et al., 1997; Moreau et al., 2019; Nelson et al., 1996).  
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Hox genes are named after their conserved homeodomain (homeobox), which is a region of 

183bp, encoding a highly conserved DNA-binding domain of 61 amino acids (Kessel and 

Gruss, 1990; Pick, 2016). There are 39 Hox genes organized in 4 clusters (A, B, C, D) (Fig. 5). 

Each cluster is located in one chromosome, including chromosomes 6, 11, 15 and 2, and has 

up to 13 paralogue groups (Hox PG 1-13) (Fig. 5) (Gaunt and Strachan, 1996). Each PG is 

located at the same homologous region in different clusters and has redundant functions 

(Burke, 2000). Each Hox gene has its specific expression domain, but the exact level of the 

expression domain may differ in different organ anlagen, such as in the NT, somite, IM, and 

LPM cells at a particular developmental stage (Barak et al., 2012; Cohn et al., 1997). 

Furthermore, their expression domains are not fixed during embryonic development, such that 

5’ Hox genes can show regression of their expression pattern in the NT. Furthermore, the 

expression patterns of 3’ genes and 5’ genes have distinct reactions to different signaling 

treatment (Bel-vialar et al., 2002).  

 

 

Fig. 5: Hox genes in mice (Boehmer et al., 2015b). Occipital: purple; cervical: green; thoracic: 

orange; scral: blue; caudal: red. *Hoxc3 exists in lizards and snakes, but not in birds and 

placental mammals. 

 

In general, Hox genes show temporal and spatial collinearity of their expression patterns in 

vertebrates (Bel-Vialar et al., 2002; Duboule and Dollé, 1989; Kessel and Gruss, 1990; Kessel 

and Gruss, 1991). The temporal collinearity means that Hox genes are sequentially activated 

in a 3’ to 5’ direction along their chromosomal sequence and Hox genes in 3’ location are 

activated earlier than those in the 5’ position. In chick embryos for example, expression of the 

Hoxb cluster is initiated at HH-stage 3 with Hoxb1, followed at HH-stage 3+ by Hoxb2, HH-

stage 4 by Hoxb3, HH-stage 5 by Hoxb5, and HH-stage 6 by Hoxb8 (Barak et al., 2012). The 

spatial collinearity indicates that early activated Hox genes are expressed at a more 

anterior/cranial level along the AP axis, whereas later activated Hox genes are expressed in a 

more posterior/caudal region; e.g. Hox PG 1-3 genes are expressed in the head region and  
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Hox PG 13 genes in the tail bud (Fig. 6). Usually the anterior expression boundary is used to 

define the expression domain, for example in chicken embryos, Hoxb4 at somite level 6-7, 

Hoxb6 at somite level 19-20 and Hoxb9 at somite level 21-22 (Fig. 6) (Barak et al., 2012; Bel-

Vialar et al., 2002; Burke et al., 1995;). Although the dynamic collinear expression of Hox 

genes is exemplified, there are a few exceptions of independent expression, as in the IM 

(Barak et al., 2012).  

 

 

Fig. 6: Diagram of vertebrae and related Hox genes in chick and mouse (Burke et al., 1995). The 

levels of the anterior expression boundaries of Hox genes in the somites are shown by their 

names. The somite level is shown by number. 

 

1.1.2.2 Occipital skull shows Hox PG 1-3 expression 

Hoxa1 is the first gene to be detected at HH-stage 3 in chicken embryos. Its expression covers 

the posterior two-thirds of the PS during gastrulation (Barak et al., 2012). Hoxb1 is first 

detected at HH-stage 4 and expressed along the entire PS of HH-stage 5, except for the 

Hensen’s node (Gaunt and Strachan, 1996). Hoxb2 is expressed in the posterior PS of HH-

stage 3 and then mainly in the neural plate and NT. Hoxb3 expression is initiated at HH-stage 

4 in the posterior half of the PS and in the PSM and neural plate at HH-stage 8 (Gouveia et al., 

2015). Hoxd3 is first expressed at HH-stage 3, but only weakly in the posterior PS around 

HH-stage 4; however, at HH-stage 10, Hoxd3 is expressed strongly in the entire NT without 

any expression in the IM or LPM (Barak et al., 2012). In general, Hox PG 1-3 genes are 

activated in the earlier stages and located in the most anterior parts of the embryos. Their 

expression has anterior boundaries in the head region and they have the strongest expression 

in the NT. They mainly regulate the hindbrain formation (Krumlauf, 2016; Wellik, 2009). 
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1.1.2.3 The cervical vertebrae show Hox PG 4-5 expression 

In chicken embryos, Hoxa4 and Hoxb4 are first detected at HH-stage 4 covering two-thirds of 

the PS (Barak et al., 2012). Hoxc4 is first detected at HH-stage 9 with the expression from the 

level of somite 2 posteriorly in the NT.  Hoxd4 is maintained strongly in the NT at the level of 

somite 1-9; in the somites, its anterior boundary is somite 6/7 and it is faintly expressed in the 

LPM (Barak et al., 2012; Burke et al., 1995). The expression pattern of Hox PG 4 in mice is 

different from those in chicken because of the different length of their necks. After formation 

of forelimb and wing in mice and chicken, respectively, Hoxa4 and Hoxc4 share the same 

anterior boundary, at somite 7-8 (cervical 3, C3) in mice and somite 10-11 (C6) in chicken. 

Similarly, Hoxb4 and Hoxd4 have the same anterior expression boundary at somite 6-7 (C2) 

in mice but somite 7-8 (C3) in chicken (Burke et al., 1995). Hox PG 4 is conserved in the 

formation of cervical vertebrae (Burke et al., 1995). Overexpression of Hoxa4 and Hoxd4 

induce cervical vertebrate transformation (Horan et al., 1994; Horan et al., 1995b). Both 

Hoxb4 and Hoxd4 single mutant mice show an anterior transformation of C2 to C1 and even 

an anterior transformation of C3 to C2 (Horan et al., 1995b; Ramfrez-Solis et al., 1993). 

Hoxa4 also has an effect on the dorsal-ventral aspect of the cervical vertebrae (Horan et al., 

1994; Kostic and Capecchi, 1994). Besides the homeotic transformations at C1 to C3, Hox PG 

4 single mutation also causes a more posterior transformation at the cervical-thoracic interface 

at the level of C7 and T1 (Horan et al., 1994; Horan et al., 1995b). Furthermore, there is a 

dose-dependent increase of transformations in the C1-C3 region from the single mutant to 

double and triple mutants of Hox PG 4 genes (Horan et al., 1995a). The dose-dependent 

increase in transformation also exists in the cervico-thoracic region, when comparing the 

Hoxb4 and Hoxd4 double mutant with the additional Hoxa4 triple mutant, resulting in 

shortened cervical vertebrae (Horan et al., 1995a). Hence, Hox PG 4 genes are necessary for 

the morphogenesis of the entire cervical vertebrae.  

 

Hox PG 5 genes are expressed posterior to Hox PG 4 and thus located at the posterior part of 

the cervical region in chicken, mice and crocodiles (Böhmer et al., 2015a; Burke et al., 1995). 

Hoxa5 is restricted at C8-C14 of chicken and Hoxc5 expression starts posteriorly from C13 

(somite 17/18) in chicken, C6 (somite 10/11) in mice and the penultimate cervical vertebrae in 

the Nile crocodile (Böhmer et al., 2015a; Burke et al., 1995). Hoxb5 is first detected at HH-

stage 4 at the posterior edge of PS and extends anteriorly in LPM precursor cells, as well as in 

the extraembryonic mesoderm (Gouveia et al., 2015). Hoxb5 is expressed posteriorly from C2  
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in chicken, mice and Nile crocodiles (Böhmer et al., 2015a, b). Hoxa5 has potential in the 

specification of axial identity and regulates rib repression and/or cervical-thoracic transition 

(Böhmer et al., 2015a; Chen et al., 2013; Jeannotte et al., 1993; McIntyre et al., 2007). Down-

regulation of Hoxa5 at HH-stage 11-12 of chicken embryos induces cartilage reduction (Chen 

et al., 2013). Hence, Hox PG 5 genes are related to the formation of posterior cervical 

vertebrae. 

 

1.1.2.4 The thoracic vertebrae with Hox PG 6-7 expression 

There is no expression of Hoxa6 until HH-stage 6 in chicken embryos (Barak et al., 2012). At 

HH-stage 12, Hox PG 6 expression is mainly in the posterior part of the embryo from somite 

12 level onwards in the NT, somites and LPM (Bel-Vialar et al., 2002; Gaunt and Strachan, 

1996). Hoxa6, Hoxb6 and Hoxc6 expression have the same anterior boundary at T1 in 

vertebrate animals, like birds, mice and frogs (Burke et al., 1995). Hox PG 6 mutation causes 

the transformation of vertebrae around the cervical-thoracic interface (McIntyre et al., 2007). 

Hoxa6 mutation results in a posterior transformation of C7 to T1 (Kostic and Capecchi, 1994). 

Hoxb6 mutants show an anterior shift of cervical-thoracic vertebrae from C6 through T1 

(Rancourt et al., 1995). Hoxc6 has a role in the determination of the morphology of thoracic 

vertebrae in mice (Garcia ‐ Gasca and Spyropoulos, 2000). Hence, the morphogenesis of the 

cervical-thoracic vertebral region has relations to the function of Hox PG 6 genes. 

 

The expression of Hox PG 7 is restricted to the thoracic vertebrae. Hoxa7 starts at T2 in 

crocodiles and chicken while at T1 in mice (Burke et al., 1995). At HH-stage 16 of chicken 

embryos, Hoxb7 is expressed in the neural crest and in the LPM, including the preliminary 

wing region (Coelho et al., 1992). Hoxb7 mutant mice show fusion of the first with the second 

rib and Hoxb7 and Hoxa7 double knockout mice show increased penetrance of this fusion. 

Hoxa7 and Hoxb7 regulate morphogenesis of thoracic vertebrae in a dose-dependent manner 

(Chen et al., 1998). 

 

1.1.2.5 The lumbar-sacral vertebrae with Hox PG 8-10 expression  

Hoxb8 is expressed in the whole length of PS at HH-stage 4 in chicken embryos (Barak et al., 

2012; Gouveia et al., 2015). At HH-stage 11, Hoxb8 shows a strong expression in LPM 

posterior to the level of somite 11. Hoxc8 expression in LPM is very similar.  
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The anterior Hoxc8 expression boundary is at T5 in chicken, at T6 in mouse, and at T1 in 

crocodiles (Böhmer, 2017). Mutations of Hoxb8, Hoxc8, and Hoxd8 induce transformations of 

vertebrae in the thoracic-lumbar region with functional redundancy (van den Akker et al., 

2001). 

 

Hox PG 9 is expressed along the AP axis posteriorly from the last thoracic vertebrae of HH-

stage 24 chicken embryos, contributing to the thoracic-lumbar transition (Burke et al., 1995). 

The quadruple mutant of Hox PG 9 shows an anterior transformation from T8 - L2 into a T7-

like phenotype; in the anterior lumbar region, there are fusions of the anterior-most ribs even 

formation of extra ribs (McIntyre et al., 2007).  

 

The expression of Hox PG 10 contributes to the transition of lumbar-to-sacral vertebrae in 

chicken and mice embryos (Burke et al., 1995). Hoxa10 expression starts at the last thoracic, 

while Hoxc10 and Hoxd10 start at the first sacral vertebrae of chicken embryos; in mice, 

Hoxd10 has the same anterior boundary at the first sacral vertebrae (Burke et al., 1995). 

Mutation of Hox PG 10 results in an anterior transformation of the lumbar-sacral region to a 

thoracic-like phenotype with ribs (McIntyre et al., 2007). Together, Hox PG 8-10 genes are 

expressed in the thoracic to sacral region and maintain the vertebrae phenotype. 

 

1.1.2.6 Caudal vertebrae show Hox PG 11-13 expression 

Hox PG 11-13 genes are expressed in the posterior part of the embryo and are essential for the 

posterior trunk formation (Aulehla and Pourquie, 2009). Hox PG 11 genes are expressed in 

the sacral vertebra region (Burke et al., 1995; McIntyre et al., 2007). Mutation of Hox PG 11 

causes the entire sacral region to transform into a lumbar-like morphology (Wellik and 

Capecchi, 2003). Precocious expression of Hox PG 13 reduces the vertebrae number in the 

tail bud region (Young et al., 2009). Hox PG 11-13 genes are important for the body’s 

posterior extension. 

 

1.2 Forelimb development 

The early limb bud formation can be characterized by four phases: specification/determination, 

induction, initiation, and outgrowth (Fig. 7). Regulation of the formation of the forelimb bud 

during these four phases is described below.  
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Fig. 7: Diagram showing formation of the early forelimb bud (Nishimoto et al., 2015). Somites are 

depicted as blue circles. Ectoderm or AER in light green. ZPA as orange circle. 

 

1.2.1 Specification and Determination  

The process by which a cell or tissue is committed to developing a specific fate is called 

determination (Bellairs and Osmond, 2005). The initial, labile determination or the 

‘presumptive fate’ is known as specification (Bellairs and Osmond, 2005). The prospective 

wing is located at the level posterior to Hensen’s node at HH-stage 7-8 of chicken embryos 

(Chaube, 1959). The wing precursor cells are generated around HH-stage 4-5 when Hoxb4 is 

activated (Moreau et al., 2019). The temporal collinearity expression of Hox PG 4/7/9 genes 

and their activation or repression determines the position of the wing during gastrulation (Fig. 

8) (Moreau et al., 2019). The interface of Hoxb4 and Hoxb9 is consistent with the wing 

positioning in different avian species (Moreau et al., 2019). However, there are still many 

open questions concerning the position of the forelimb and the regulation of Hox genes. In 

this study, I addressed this question and provide a detailed analysis of this relationship. 
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Hox PG 4 genes are expressed in the entire neck region, while Hox PG 5 genes are specifc for 

the posterior neck region (Burke et al., 1995). Their mutation in mice induce the 

transformation of cervical vertebrae, especially at the cervical-thoracic interface (Horan et al., 

1995a; Horan et al., 1994).  

 

Hoxb5 mutation results in a rostral shift of the shoulder girdle (Rancourt et al., 1995). 

Furthermore, deletion of all three of Hox PG 5 genes in mice causes a skeletal defect of the 

anterior forelimb (Xu et al., 2013). There is a high level of redundancy among Hox PG 4 and 

Hox PG 5 genes in forelimb development (Xu et al., 2013). Negative expression of Hoxb4 

shortens the expression region of Tbx5 resulting in a truncated HOXB4 protein. This protein 

retains its binding to paralog-specific co-factors but cannot to bind to target DNA, acting by 

competing for co-factors (Denans et al., 2015; Gehring et al., 1990). Hox PG 4-5 genes are 

activators of forelimb induction thorough initiating Tbx5 expression (Fig. 8) (Minguillon et al., 

2012). However, Hoxc9 stops the activation of Tbx5 and determines the posterior boundary of 

the forelimb (Fig. 8) (Cohn et al., 1997; Nishimoto et al., 2014). Hoxc9 negative expression in 

the flank with Hoxb4 overexpression induces a posterior extension of the forelimb (Moreau et 

al., 2019). Therefore, the function of Hox PG 9 is to stop forelimb induction. 
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Fig. 8: Temporal collinear expression of Hox genes during gastrulation determines wing position 

(Moreau et al., 2019). Hoxb4 (light green) induces Tbx5 expression for the wing formation, 

while Hoxb9 (purple) inhibits Tbx5 expression. Activation of Hoxb4 among three avian 

species is shown. Activation of Hoxb9 in the zebra finch is earlier than in chick, therefore, 

the level of its wing is anterior to that of chick. Activation of Hoxb9 in the ostrich is later 

than in chick, and the level of its wing is posterior to that of chick. 

  

The expression of Hox PG 6 and Hox PG 7 at T1/T2 is also related to the morphogenesis of 

the cervico-thoracic region (Garcia ‐ Gasca and Spyropoulos, 2000; Kostic and Capecchi, 

1994). Hoxb7 expression is related to the specification of the wing field and cooperates with 

Hoxb4 and Hoxb9 (Moreau et al., 2019). Accordingly, we hypothesized that Hox PG 6-7 

genes may be related to forelimb development, and forelimb positioning would be determined 

by the combination of Hox PG 4/7/9 genes. Thus, Hox genes may contribute not only to the 

determination of the forelimb position but also to forelimb induction. 

 

 



 

 

                                                                   1. Introduction 

16 

 

1.2.2 Induction  

The early limb bud develops from undifferentiated mesenchymal cells derived from the 

somatic LPM (Burke, 2000). During the induction phase, signaling molecules secreted from 

adjacent NT, somites, and IM, such as Wnt/β-catenin and retinoic acid (RA), and transcription 

factors, like Hox proteins, act in concert to induce Tbx5 transcription (Minguilon et al., 2012). 

Tbx5 is expressed in the prospective wing LPM mesoderm of HH-stage 13 chicken embryos 

(Sheeba et al., 2016). The effects of Wnts during limb bud formation are mediated 

intracellularly by β-catenin. The β-catenin mutant mice have reduced Tbx5 expression 

(Nishimoto et al., 2015). 

 

Tbx5 and Tbx4 

Tbx5 is a member of the T-box family and is required for the induction and initiation of the 

forelimb (Minguillon et al., 2012). Another member of the T-box family, Tbx4, is expressed in 

the hindlimb bud, and the two can be used as the forelimb and hindlimb markers, respectively 

(Gibson-Brown et al., 1996; Minguillon et al., 2012; Rallis et al., 2003). The characteristic 

disease for TBX5 mutation in humans is the Holt-Oram Syndrome (HOS) with upper limb 

truncation (Basson et al., 1997). Deletion of Tbx5 in mice results in complete failure of 

forelimb formation (Agarwal et al., 2003; Rallis et al., 2003). Negative expression of Tbx5 or 

Tbx4 in HH-stage 7-10 chicken embryos results in wingless or legless animals, respectively, 

and the functions turns out to be stage-dependent (Hasson et al., 2007; Rallis et al., 2003; 

Takeuchi et al., 2003). Another T-box transcription factor, Tbx3, has the redundant functions 

in limb formation and body size determination. The mutation of its enhancer in mice results in 

shorter limbs (Liu et al., 2022). Hence, T-box factors, especially Tbx5 and Tbx4, are necessary 

and indispensable for limb induction. 

 

Retinoic acid 

Retinoic acid (RA), an inductive signal in somatic mesoderm, is essential for forelimb 

induction (Chambers et al., 2007). Retinaldehyde dehydrogenase-2 (Raldh2) is an enzyme to 

oxidize retinal to RA. Mutation of Raldh2 in zebrafish results in the lack of pectoral fins 

(Begemann et al., 2001). Inhibition of RA synthesis in chicken or deletion of Raldh2 in mice 

results in failure of the forelimb formation (Stratford et al., 1996). Recently, RA was identified 

to have a general role in the timing and size determination during avian wing development 

(Stainton and Towers, 2022). Hence, RA has a vitally important role in forelimb induction. 
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1.2.3 Initiation  

Limb initiation starts with fibroblast growth factor (Fgf) 10 expression in the limb mesoderm 

(Fig. 9 B, B’). From HH-stage 14 (Fig. 9 A, A’) to HH-stage 15 of chicken embryos, the wing 

bud mesenchyme is formed locally by epithelial-to-mesenchymal transition (EMT) within the 

wing field (Gros and Tabin, 2014; Ng et al., 2002). With constant expression of Fgf10 

induced by Tbx5, proliferation of forelimb cells remains high from HH-stage 15 to 18, while it 

decreases in flank cells after HH-stage 16. The prospective limb LPM with sustained EMT 

generates the limb primordium and therefore differs from the flank (Gros and Tabin, 2014; Ng 

et al., 2002). The expression of Tbx5 and Fgf10 are induced by forelimb mesenchymal cells, 

which is the core of the forelimb bud initiation (Gros and Tabin, 2014; Ohuchi et al., 1997). 

RA also forms a feed-forward loop with Tbx5 to regulate Fgf10 expression (Nishimoto et al., 

2015). Wnt2b is expressed in the IM and LPM restricted to the forelimb region and it is 

required for Fgf10 activation with Tbx5 induction. Canonical Wnt signaling via β-catenin is a 

key regulator of limb bud initiation (Kengaku et al., 1998; Sweetman et al., 2008; Takeuchi et 

al., 2003). The ectopic expression of β-catenin and Wnt2b in the flank region induce Fgf10 

ectopic expression and ectopic limb buds formation (Kawakami et al., 2001).  

 

Fgf10 

Ectopic Fgf10 expression in the flank of chicken embryos causes the formation of extra limb 

buds (Min et al., 1998). Fgf10 knock-out mice show initiation of limb buds but no outgrowth, 

and the fetuses show no forelimb and hindlimb formation (Sekine et al., 1999). Recently, a 

comparison between the chick and the emu, which has delayed and reduced forelimbs, also 

indicates the importance of Fgf10 during limb initiation. The ectopic expression of Fgf10 in 

emu embryos can cause a precocious limb formation (Young et al., 2019). This difference 

between limb development of chick and emu embryos indicates that Fgf10 is essential for 

time dependent limb initiation.  
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Fig. 9: Signaling interaction during limb bud initiation (Sheeba et al., 2016). The cyan box in A-C 

represents the prospective forelimb field. A’- C’ represent enlarged views of the prospective 

forelimb region. 

 

 

 

 

 



 

 

                                                                   1. Introduction 

19 

 

1.2.4 Outgrowth  

The middle part of the ectoderm covering the prospective limb field forms the apical 

ectodermal ridge (AER) with high Fgf8 expression (Crossley et al., 1996; Tickle, 2015). AER 

is a thickened epithelium at the tip of the limb bud. Limb bud outgrowth requires AER and 

Fgf10-Fgf8 loop formation, whereas the Fgf10-Fgf8 loop is also the key for AER formation 

(Boulet et al., 2004; Fernandez-Teran and Ros, 2008). Fgf8 expression is activated by Fgf10 

from limb mesoderm through Wnt3a and in turn, Fgf8 maintains Fgf10 expression, 

constituting a positive feedback loop ((Barrow et al., 2003; Boulet et al., 2004; Jin et al., 2018; 

Kawakami et al., 2001). Ectopic Fgf8 can induce ectopic limb bud formation in the flank, 

which has also been shown for Fgf1, Fgf2, and Fgf4 (Cohn et al., 1995). Ectopic Fgf2 

expression in the flank down-regulates Hoxc9 and induces an elongated forelimb (Cohn et al., 

1997; Vogel et al., 1996). In summary, the experiments demonstrate that Fgfs are essential for 

limb bud initiation and outgrowth (Crossley et al., 1996; Mahmood et al., 1995; Min et al., 

1998). 

 

1.2.5 Patterning  

The patterning of the limb bud is established along the three axes of the adult limb. These 

three axes are the anterior-posterior (AP), the dorsal-ventral (DV), and the proximal-distal 

(PD).  

 

The AP patterning is determined by the zone of polarizing activity (ZPA) with sonic hedgehog 

(Shh) expression, as well as Bmp2 and RA (Riddle et al., 1993; Tickle, 2002). Shh, related to 

the Drosophila segment polarity gene hedgehog, is specifically expressed in the ZPA (Riddle 

et al., 1993). It is induced by Fgf8 from the AER and located in the posterior boundary of the 

limb bud mesoderm. Transplantation of ZPA or Shh-containing micro-bead to the anterior 

margin of the wing bud causes a mirror-image duplication and a loss of anterior polarity 

(Riddle et al., 1993; Xu et al., 2013). Loss of Shh in mice and chicken results in the 

malformation of digits (Ros et al., 2003). Establishment of ZPA-Shh requires not only Fgf8 

from the AER but also Wnt7a to maintain Shh expression (Sheeba et al., 2016). In turn, Shh is 

required for the regular formation of AER (Neumann et al., 1999). It also induces the 

activation of Hoxd genes necessary for the limb AP patterning of the limb (Marigo et al., 

1996). 

 



 

 

                                                                   1. Introduction 

20 

 

The DV patterning takes place during thickening of the wing-forming mesoderm and the 

ventral folding of LPM (Michaud et al., 1997). For the DV polarity, Wnt7a is of great 

importance and starts to be expressed in the dorsal ectoderm at HH-stage 15 of chick embryos. 

Wnt7a activates Lmx1 (Lmx1b in mouse) expression in the dorsal mesoderm (Altabef et al., 

1997; Tickle, 2002), while BMP in the ventral ectoderm induces En1 expression (Chen and 

Johnson, 2002; Sheeba et al., 2016). These signals maintain the DV polarity of the limb bud.  

 

The PD patterning is established by signals secreted by the AER, especially Fgf8. The 

feedback loop between Fgf10 and Fgf8 is the first step contributing to AER formation and 

maintenance (Boulet et al., 2004; Mahmood et al., 1995). Besides Fgf8 in AER, Fgf2, Fgf4, 

Fgf9, and Fgf19 have similar functions (Cohn et al., 1995). However, Fgf8 is expressed for 

the longest time and in the entire AER, whereas the other family members are express in the 

later periods and only in the posterior part of the AER (Fernandez-Teran and Ros, 2008).  

 

Establishment of PD polarity is a complex process regulated by gradients of signals extending 

from the adjacent flank to the AER. These signals are determined by Hox PG 9-13 genes (Fig. 

10) (McQueen and Towers, 2020; Nelson et al., 1996; Zakany and Duboule, 2007). Starting at 

HH-stage 18 of chick embryos, Hoxd9 to Hoxd13 are expressed in the posterior distal part of 

the limb bud. Until HH-stage 22/23, Hoxd9 to Hoxd13 are expressed in the limb bud from the 

proximal to distal part (Tickle, 2002; Zakany and Duboule, 2007). The paralogous genes 

Hoxa9 to Hoxa13 have a similar expression pattern. Hoxa9 and Hoxd9 double mutation 

results in defects of the stylopodium (Fromental-Ramain et al., 1996a; McIntyre et al., 2007; 

Xu and Wellik, 2011). In zebrafish, Hox PG 13 knockout causes the loss of fin rays 

(Nakamura et al., 2016). Hox PG 9-10 determins the formation of the stylopodium (stylopod) 

(Fromental-Ramain et al., 1996a), Hox PG 11 the zeugopodium (zeugopod) (Wellik and 

Capecchi, 2003), and Hox PG 12-13 the autopodium (autopod) (Fromental-Ramain et al., 

1996b) (Fig. 10). Double mutation of Hoxa13 and Hoxd13 in mice causes complete loss of 

digits (Fromental-Ramain et al., 1996b; Scotti et al., 2015). HOXA13 mutation in humans 

causes the hand-foot-genital syndrome and malformations of tail and hindgut in chicks (de 

Santa Barbara and Roberts, 2002; Mortlock and Innis, 1997). 
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Fig. 10: Hoxa and Hoxd genes during limb patterning (Mcqueen and Towers, 2020). Top row shows 

the expression pattern of Hoxa9-a13 and Hoxd9-d13 in the early limb bud of chick. Bottom 

row shows the limb anatomy of chicken forelimb and mouse limb.  

 

1.3 Questions  

As described above, determination of the posterior boundary of the forelimb has already been 

studied. Restriction of the forelimb-forming region is by Hox PG 9 genes, which repress the 

limb-forming activity of Tbx5. Before, Tbx5 is induced by Hox PG 4 genes. However, it is not 

known how the anterior boundary of the forelimb is determined. Hox PG 4 genes cannot be 

involved in the process, since their anterior expression boundary is located anterior to the 

forelimb field. I hypothesized that other Hox genes might be involved in this pattern 

formation and asked which paralogous group of Hox genes might determine the anterior 

boundary of the forelimb. My primary choice was the Hox PG 6-7 genes although single 

mutations have not yet provided evidence for defects in forelimb formation. Since my 

investigations revealed evidence for involvement of the Hox PG 6-7 genes, I further 

investigated how the Hox PG 6-7 genes interact with Hox PG 4 genes during forelimb 

induction. 
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2. Materials and Methods 

 

2.1 Materials 

 

2.1.1 List of Laboratory Equipments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.2 Preparation of micro-manipulation tools  

 

Tungsten needle 

Sharpened tungsten needles were the main tool for the isolation of wing buds from the 

surrounding mesenchyme. Accordingly, a 20 mm tungsten wire was inserted into the anterior 

opening of a glass Pasteur pipette whose thin nozzle had been removed with a diamond knife. 

The glass around the wire was heated over the flame of a Bunsen burner and removed when it 

began to melt. It was then pressed with the forceps and the tungsten wire was fixed in the 

anterior end of the Pasteur pipette. The tip of the tungsten wire was sharpened by electrolysis 

in saturated NaNO3 solution. 

Name Supplier 

Disposable syringes  (2 ml) 

Egg Incubator 

EP21 Current Amplifier 

Fiber Illuminator  

Fluorescence Microscope (SM21500) 

Forceps (microsurgical) 

Glass Pasteur pipettes (150 mm) 

Light Microscope (SMZ1000) 

Ovodyne TSS20 Electroporator 

pH-Meter 

PCR strip tubes (0.2 ml) 

Round bottom tubes (12 x75 mm) 

Scissors (microsurgical) 

Serological pipettes (5 ml, 10 ml, 25 ml) 

Tubes (0.5 ml, 1.5 ml, 2 ml, 15 ml, 50 ml) 

 

BD Biosciences 

Grumbach 

Intracel 

Nikon 

Nikon 

Fine Science Tools 

Brand 

Nikon 

Intracel 

Hanna Instruments 

Fermantas 

Greiner Bio-one 

Fine Science Tools 

Falcon 

Nerbeplus 
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Dye tip 

Since staining of the translucent embryonic tissue helps to improve its visibility, dye tip is one 

of the prerequisites for microsurgery. The center of the narrow end of a Pasteur pipette was 

melted over the flame of a Bunsen burner until it began to melt. Then the anterior end of the 

pipette was removed from the flame and quickly pulled off to form a long thread. The 

sharpened end of the glass thread was shortly heated over the flame till it formed a small bulb 

(0.5-1 mm). Dye solution with 2.5% agarose and 1% Nile blue sulfate was placed on a heating 

block and stirred repeatedly to keep it in the liquid state. The small bulb of the glass pipette 

was dipped into the dye solution several times to coat it with the blue dye. 

 

Glass capillary 

The glass Pasteur pipettes were used to prepare glass capillaries. The narrow end of the glass 

pipette was flame heated over the Bunsen burner until it starts to melt. Immediately, the tip 

was pulled off with the forceps to form a very fine capillary. Following which, the blind end 

at the tip of the capillary was opened with the fine forceps. Another method that was used for 

preparing the glass capillary for injection was by an appropriate machine, NARISHIGE 

(model PC-100 (NARISHIGE CO., LTD). The capillary needed for this machine is from 

GB150T-10 (SCIENCE PRODUCTS GmbH). And the procedure is by two-step model with 

100℃ at first and 93℃ at second time. 

 

2.1.3 List of Chemicals, Reagents and Supplements 

 

 

Name Supplier 

Agarose  Sigma 

Anti-Digoxigenin-AP, Fab fragments Roche 

Blocking reagent Roche 

CaCl2.2H20 (Calcium chloride dehydrate) Sigma 

DEPC (Diethylpyrocarbonate) Sigma 

DNA ladder (100 bp, 1 kb) Fermantas 

DMSO (Dimethylsulfoxide) Merck 

EDTA (Ethylenediaminetetraacetic acid) Fluka 

EGFP (Enhanced green fluorescent protein) R&D systems 

Ethanol Merck 



 

 

            2. Materials and Methods 

 24 

  

Ethidium bromide Carl Roth 

Fast Green FCF Sigma 

FCS (Fetal calf serum) Invitrogen 

Formamide Sigma 

Gluteraldehyde solution (25%) Sigma 

Glycerol Sigma 

HCl (Hydrochloric acid) Merck 

Heparin Sigma 

H2O2  (Hydrogen peroxide) Merck 

India ink Pelikan 

KCl (Potassium chloride) Merck 

KH2PO4 (Potassium dihydrogen phosphate) Merck 

LB Agar Sigma 

Maleic acid (C4H4O4 ) Merck 

Methanol Applichem 

MgCl2 (Magnesium chloride) Merck 

Mowiol Merck 

NaCl (Sodium chloride) Merck 

Na2HPO4 (Disodium hydrogen phosphate) Merck 

NaOH (Sodium hydroxide) Merck 

NaHCO3 (Sodium bicarbonate) Merck 

Nile blue sulfate Merck 

Paraformaldehyde Merck 

Penicillin-G sodium salt Sigma 

Proteinase-K Roche 

Sodium azide Merck 

Sodium citrate Merck 

Sucrose Merck 

Tissue Tek (O.C.T.) Sakura Fintek 

Tris Carl Roth 

Tris-HCl (Tris hydrochloride) Sigma 

Triton-X100 Sigma 

Tryptone Fluka 
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Tween-20 Dako 

Yeast extract Sigma 

 

 

2.1.4 Buffers, Solutions and Media 

 

Alakaline phosphatase (AP) buffer 

5 ml of Tris 1M pH 9.5, 2.5 ml of 1M MgCl2, 1 ml of 5M NaCl, and 2 ml of 25% Triton X-

100 with the final volume adjusted to 50 ml with distilled water. For optimal results, this 

buffer was prepared immediately before use. 

 

AP staining solution 

NBT/BCIP was mixed well in AP buffer (20 l/ml) and used to prepare the staining solution. 

 

10% CHAPS 

10g CHAPS powder was dissolved in 100 ml of DEPC-treated water. Solution was stored at 

4C. 

 

DEPC-treated water 

0.5 ml DEPC was added to 500 ml distilled water and allowed to sit for a minimum of 2 hour 

before sterilization by autoclaving. 

 

Hybridization buffer  

250 ml deionized formamide, 125 ml 20X SSC, 2.5 g CHAPS, 0.5ml Triton X-100, 5 ml 

0.5M EDTA, 25 mg heparin powder, 500 mg tRNA, 10 g blocking reagent were added and 

made up to 500 ml with DEPC-treated water. Solution was heated at 65ºC to dissolve all 

ingredients. Hybridization buffer was stored at –20ºC in 50 ml tubes. 

 

KTBT buffer 

8.8 g NaCl, 1.5 g KCl, 10 ml Tween-20 and 25 ml 1M Tris pH 7.3 were dissolved in 965 ml 

of distilled water and the solution was sterilized by autoclaving.  
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LB medium 

5 g yeast extract, 10 g Tryptone and 10 g sodium chloride were added to prepare 1 liter of LB 

medium. The pH was adjusted to 7.0 by adding NaOH and the medium was sterilized by 

autoclaving. 

 

Magnesium chloride (1 M MgCl2)  

101.5 g MgCl2 was made up in a final volume of 500 ml of distilled water. The solution was 

sterilized by autoclaving. 

 

4% paraformaldehyde in PBS  

20 g of paraformaldehyde powder was dissolved in a final volume of 500 ml of DEPC-treated 

PBS, heated to 65ºC and shaken periodically to dissolve. Solution was stored in 50 ml tubes at 

-20C. 

 

Phosphate buffered saline (PBS)  

8 g NaCl, 0.2 g KCl, 1.15 g Na2HPO4 and 0.1 g KH2PO4 were dissolved in 1000 ml of 

distilled water and the pH was adjusted to 7.4. The solution was sterilized by autoclaving. 

 

PBT 

0.1% Tween-20 was added to PBS and stored at room temperature. 

 

Proteinase-K  

100 mg of Proteinase-K powder was dissolved in DEPC-treated water (20 g/l), vortexed 

and aliquoted into 50 l. The aliquots were stored at -20C and thawed on ice immediately 

before use.  

 

Standard saline citrate buffer (SSC, 20X) 

175 g Sodium chloride and 88 g Sodium citrate was made up to 1000 ml with distilled water.  

The pH was adjusted to 7.0 and the solution autoclaved and stored at room temperature.   

 

Sucrose/PBS Solutions 

2.5 g, 7.5 g and 15 g sucrose were dissolved in PBS to make 50 ml of 5%, 15% and 30% 

sucrose solutions, respectively.  The solutions were freshly prepared before use.   
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TAE buffer (50X) 

2 M Tris, 50 mM EDTA (pH 8.0), and 1 M glacial acetic acid were mixed well and stored at 

room temperature. 

 

Tris buffer (pH 9.5 and 7.3) 

121.12 g Tris base was dissolved in 800 ml of distilled water.  The pH was titrated to 9.5 or 

7.3 with concentrated HCl. Distilled water was added to a final volume of 1 liter. The solution 

was autoclaved and stored at room temperature. 

 

 2.1.5 DNA Plasmids and RNA Probes 

 

DNA plasmids for electroporation 

DNA plasmids were bought from a company (Dongzebio co.Ltd). Thereby, Hoxa6 (693bp), 

b6 (675bp), c6 (735bp), a7 (657bp), and b7 (651bp) coding sequences were inserted into 

pCAGGS-P2A-EGFP plasmid between EcoRI and XhoI restriction enzymes (Fig. 11). The 

dominant-negative form of Hoxb4 plasmid was produced using the same method, with its 

coding sequence lacking 144bp at the most C-terminal. The sequences were obtained from 

NCBI as shown in Table 1. 

 

Table 1: Hox genes for chicken 

 

Hoxb4 NCBI Reference Sequence: NM_205293.3 

Hoxa6 NCBI Reference Sequence: NM_001030987.4 

Hoxb6 NCBI Reference Sequence: NM_001396636.1 

Hoxc6 NCBI Reference Sequence: XM_015300352.2 

Hoxa7 NCBI Reference Sequence: NM_204595.2 

Hoxb7 NCBI Reference Sequence: XM_040691977.1 

 

RNA probes 

The plasmids for in situ hybridization were a kind gift from O. Pourquie, H. Ohuchi and C. 

Tabin. Restriction enzymes for probe production are shown in a Table 2. 
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Table 2: RNA probes for chicken 

 

Tbx5-T7  

 

PF: TACTGGAGCCCACTGGATGA 

PR: ATGCTCGGTGGTGGAACATT 

Hoxb4-T7 PF: ACCAAGCAGCGGTGTTATCC 

PR: CTGGAAGGGTTGGACCTGAT 

Hoxa6-T7 PF: GTCCAACACCGTCATTGCTT 

PR: CTCCCCTGACTTTTCCTCTGTT 

Fgf8 EcoR I  T7 O. Pourquie 

Fgf10 Nco I  SP6 H. Ohuchi 

Shh Hind III  T3 C. Tabin 

Lmx-1 Not I T7 C. Tabin 

 

 

 

Fig. 11: The diagram for the map of the pCAGGS-P2A-EGFP plasmid. 
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2.2 Methods 

  

2.2.1 Eggs for operation 

Fertile chicken eggs were obtained from the farm maintained by the Institute of Animal 

Sciences, the Agricultural Faculty at the University of Bonn, Germany. The eggs were 

incubated in a humidified incubator at 38℃ for the desired time and stages based on the 

description of Hamburger and Hamilton (HH), 1951. After the required period of incubation 

and checked by transmitted light, eggs were rinsed with 70% ethanol and windowed above the 

embryo for electroporation. After electroporation and re-incubation till the desired HH-stages 

were reached, the embryos were separated from the shells, transferred into PBT and cleaned 

from their attached membranes using fine surgical scissors and forceps. The processed 

samples were then used for fixation with 4% PFA. 

 

2.2.2 DiI injection into chicken embryos 

DiI original powder was dissolved in 100% ethanol to 1mg/ml. The DiI/ethanol solution was 

diluted in a 1:3 ratio with tetraglycol for injection. The DiI solution was injected into the 

lateral plate mesoderm at HH-stage 8-12 with fine glass capillaries. The embryos were re-

incubated at 38℃ and checked them with fluorescence microscope.  

 

2.2.3 In ovo Electroporation 

DNA plasmid solution, re-suspended in RNase-free water at 5-10ng/μl supplemented with 

0.2% fast green, was injected into the coelom of HH-stage 11 embryos at specific level by 

using a glass capillary. The embryos were electroporated dorsally by putting the anode on top 

and cathode underneath the embryos and parallel to each other. Subsequently, one pulse on 

high voltage, 70V, 0.01ms with 99.9ms interval and two pulses on low voltage, 7V 50ms with 

200ms interval were applied with an electroporator (CUY21EDIT II). The un-electroporated 

contralateral side and the electroporation of EGFP-containing vector were used as controls. 

The effect of electroporation was assessed after re-incubation still HH-stages 20-22 by direct 

observation with a microscope and by in situ hybridization.  
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2.2.4 Preparation of template DNA plasmids 

1μl plasmid DNA was added to 10μl competent cells, mixed gently and incubated on ice. 

After 30min incubation, cells were given a heat shock at 42℃ for 35 seconds, cooled on ice 

for 2min, mixed with 500μl LB medium and incubated 1 hour at 37℃ with shaking. 50-100μl 

of the solution was spread on a pre-warmed culture plate and incubated for 16 hours at 37℃ 

for the colonies to grow. A single colony from a streaked plate was used to inoculate 200ml of 

LB medium with appropriate antibiotics. The culture was grown over night at 37°C with 

vigorous shaking and then transferred into specific centrifuge tubes. The NucleoBond® Xtra 

Midi DNA preparation kit was used to isolate DNA from these cultures (Table 3). 

 

Tab. 3: The protocol for DNA preparation kit 

 

Harvest Centrifuge 30min, at 4000g, 4℃ 

Cell lysis 8 ml buffer LYS (storage in 4℃ ) 

Equilibration of the column and filter 12ml buffer EQU,  

vertically drop to the filter 

Neutralization 8ml buffer NEU,  

mix thoroughly until colorless 

Clarification and loading of the 

lysate 

Invert the tube 3 times,  

load lysate on the filter 

First wash 5ml buffer EQU,  

vertically drop to the filter 

Filter removal  

Second wash 8ml buffer WASH 

Elusion 8ml buffer ELU to a new 15ml tube 

Precipitation 

 

3.5ml isopropanol, vortex,  

12000g, 4℃, 30min 

Washing and drying 2ml 70% ethanol, 12000g, RT, 5min; 

air drying  

Reconstitution Appropriate volume of TE buffer, 

check the concentration, storage at -20℃  
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2.2.5 Linearization of plasmids and template purification 

The plasmid DNA was linearized in the reaction system with specific enzyme and specific 

reaction buffer after overnight digestion at specific temperature related to the enzyme. The 

linearized DNA was at first purified by extracting using phenol/chloroform (1:1) to remove 

proteins. The top aqueous layer was then isolated and extracted with 100μl of chloroform to 

remove the phenol carry-over. 10μl of 3M sodium acetate (pH 5.2) was added, followed by 

220μl ethanol. The sample was mixed and transferred to -80℃ for 30 minutes before 

centrifuging at 12,000 x g for 45 minutes at 4°C. The resulting pellet was washed in 100μl 

cold 70% ethanol which was again centrifuged at 12000 g for 30 minutes. The pellet was air 

dried and re-suspended in 20μl water. The DNA concentration was determined using a 

NanoPhotometer (IMPLEN). 

 

2.2.6 RNA probes for in situ hybridization 

The RNA probes were the cleaved products of the DNA plasmids using restriction enzymes, 

and some RNA probes were produced by PCR and subsequently transcription using a DIG-

RNA labeling Kit with T3/T7/SP6 polymerases. The purified linearized DNA and purified 

PCR product were concentrated and prepared for transcription using a commercial kit (Table 

4). 

Table 4: Protocol for RNA probes preparation kit 

 

Add 1μg purified DNA to a sterile, RNase-free reaction vial, then add enough water 

to make the volume up to 13μl. 

Place the reaction vial on ice, then add the following reagent: 

10 X NTP labeling mixture 2μl 

10 X transcription buffer 2μl 

Protector RNase inhibitor 1μl 

RNA polymerase SP6/T3/T7 2μl 

Mix gently and centrifuge briefly. 

Incubate for 2 hours at 37°C. 

Add 2μl DNase I, RNase-free to remove template DNA. 

Incubate for 15min at 37°C. 

Stop the reaction by adding 2μl 0.2M EDTA (pH 8.0). 

The RNA probes were aliquoted in 10μl each tube and storage in -80°C. 
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2.2.7 Whole mount in situ hybridization (ISH) 

 

 

Prepare embryos for hybridization  

Dissection of embryos in PBT  

Fixation in 4% PFA with PBT overnight, 4℃ 

Wash in PBT 10-20 min, 4℃ 

Dehydration in 100% methanol 20-30min, 4℃ 

( embryos can be stored in -20℃ for several months ) 

Rehydration with PBT 10-20min x2, 4℃ 

Proteinase K in PBT, stock solution 20mg/ml 

1:1000, final 20ug/ml                    

1min/stage, RT 

Wash in PBT 10min x3, 4℃ 

Fixation in 1% Glutaraldehyde in 4% PFA in PBT 30min x2, 4℃ 

Wash in PBT 30min, 4℃ 

Pre-hybridization with Hybridization buffer 1-2hour, 65℃ 

Replacement with fresh Hybridization buffer overnight (18 hours), 65℃ 

Adding 1ul RNA probe to hybridization buffer 2days, 65℃ 

Washing  

2 X SSC without CHAPS 20min, 65℃ 

2 X SSC with CHAPS（1:50） 2x20min, 65℃ 

0.2 X SSC with CHAPS（1:50） 

( solution should be preheated in 65℃) 

2x20min, 65℃ 

Replacement with KTBT 5min, RT 

Immunocytochemical detection of the probe  

Preblocking with 10% FCS in KTBT 4 hours, RT 

Incubation with antibody  

(anti-DIG 1:2000 in 10% FCS) 

overnight , 4℃ 

Wash with KTBT 2 hours ,6 times, RT, 

overnight, 4℃ 

Wash in AP-buffer 15min,x 2, RT 

Incubation in the dark with Staining-solution  
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200μl stock solution to 10ml AP buffer variable, RT 

Rewash in AP-buffer variable, RT 

Refix in 4% PFA overnight, 4℃ 

  

2.2.8 Photographic documentation and data analysis 

Samples were photographed by using a Nikon digital camera DXM1200C connected to a 

Nikon SM21500 fluorescence microscope. Images were assembled and annotated using 

ImageJ and Adobe Photoshop CS3.  

 

2.2.9 mRNA-sequencing analysis 

The lateral plate mesoderm and overlying ectoderm of the neck field, ectopic wing buds 

induced by Hoxa6 ectopic expression, and the endogenous wing buds from HH-stage 22 

embryos were dissected and collected. Total RNA was isolated with miRNeasy Micro Kit 

(QIAGEN). DNase digested total RNA samples used for transcriptome analyses were 

quantified (Qubit RNA HS Assay, Thermo Fisher Scientific) and the quality measured by 

capillary electrophoresis using the Fragment Analyzer and the ‘Total RNA Standard 

Sensitivity Assay’ (Agilent Technologies, Inc. Santa Clara, USA). All samples in this study 

showed good RNA Quality Numbers (RQN; median = 8.1). The library preparation was 

performed according to the manufacturer’s protocol using the ‘VAHTS™ Universal RNA-

Seq Library Prep Kit for Illumina® V6 with mRNA capture module’. 500 ng total RNA were 

used for mRNA capturing, fragmentation, synthesis of cDNA, adapter ligation and library 

amplification. Bead purified libraries were normalized and finally sequenced on the 

HiSeq 3000/4000 system (Illumina Inc. San Diego, USA) with a read setup of 1x150 bp. The 

bcl2fastq tool was used to convert the bcl files to fastq files as well for adapter trimming and 

demultiplexing.  

 

2.2.10 Statistical analysis 

Data analyses on fastq files were conducted with CLC Genomics Workbench (version 21.0.4, 

QIAGEN, Venlo. NL). The reads of all probes were adapter trimmed (Illumina TruSeq) and 

quality trimmed (using the default parameters: bases below Q13 were trimmed from the end 

of the reads, ambiguous nucleotides maximal 2). Mapping was done against the Gallus 

gallus (GRCg6a) (March 19, 2021) genome sequence. Statistical differential expression tests 

were determined using the ‘Differential Expression for RNA-Seq’ tool (version 2.4) (Qiagen  
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Inc. 2021). The resulting 𝑃 values were corrected for multiple testing by FDR and Bonferroni-

correction. A 𝑃 value of ≤ 0.05 was considered significant. The RNA expression level was 

indicated by reads per kilobase of transcript per million mapped reads (RPKM) and the 

statistical analyses between three groups were done by two-way ANOVA, using GraphPad 

Prism v6 (San Diego, CA, USA). Data are presented as means ± SEM. And the level of 

statistical significance was set at *p≤0.05. 
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3. Results  

In order to investigate our hypothesis that Hox PG 6-7 genes are involved in anterior 

boundary formation of the wing bud, at first, I studied gene expression in the prospective 

wing region and compared the expression patterns of Tbx5 and Hox genes in chicken embryos. 

Next, I chose HH-stage 11 embryos to perform electroporation with Hox PG 6-7 

overexpression plasmids or a plasmid containing the dominant-negative form of Hoxb4. The 

observed effects on wing bud development clearly indicated morphogenetic functions of Hox 

genes and the Hox code for forelimb initiation and positioning. 

 

3.1 Identification of the prospective wing region 

In order to investigate the function of Hox genes on wing bud induction, at first, I wanted to 

identify the axial level of the prospective wing field at stages before wing bud induction. Two 

cellular-tracing methods were used to label the forelimb-forming LPM cells. For embryos at 

HH-stage 10-12, I carried out electroporation with EGFP plasmid to label mesodermal cells. 

This was done because at these stages, the somatic and splanchnic LPM are separated by the 

coelom, into which DNA solution can be injected. Then, plasmids were uni-directionally 

introduced into the dorsal layer of mesoderm. For younger embryos from HH-stage 8 to 10, I 

performed injection with DiI solution to label cells directly. Embryos were studied after re-

incubation periods when the wing bud was already present. 

 

3.1.1 Identification of the prospective wing region using DiI  

To label the prospective wing-forming mesoderm at HH-stage 8 to 10, I performed in ovo 

injections with DiI solution into LPM at three axial levels: i.) anterior end of the presomitic 

mesoderm (PSM), ii.) anterior to and iii.) posterior to Hensen’s node. The embryos were 

subsequently re-incubated till HH-stage 19, when the early wing bud was formed. Embryos 

were studied under a fluorescence microscope. 

 

DiI injection into HH-HH-stage 8 embryos 

After injection at the level posterior to Hensen’s node of HH-stage 8 embryos with 3-5 

somites, the DiI was located within the preliminary wing bud at HH-stage 19 (n=12) (Fig. 

12A). The DiI injected at the level anterior to the Hensen’s node level of HH-stage 8 embryos 

was located at the level of somite 8-13 at HH-stage 19 (n=15). This region with DiI was 

anterior to the wing bud. The embryos injected with DiI at the level of the anterior end of  
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PSM displayed red fluorescence at the level of somite 4-10 (n=5). Based on these results, it 

could be concluded that the prospective wing region is restricted to the level posterior to the 

Hensen’s node of HH-stage 8 embryos. 

 

DiI injection into HH-stage 9 embryos 

The LPM cells which were located at the level posterior to the Hensen’s node at HH-stage 8 

were found anterior to it at HH-stage 9 (with 6-8 somites). Hence, I chose the level anterior to 

Hensen’s node for DiI injection with HH-stage 9 embryos. And I observed that the 

preliminary wing bud was labeled (n=13) (Fig. 12B). LPM cells at the level of the anterior 

end of PSM were now located adjacent to somites 7-13 (n=6). These results indicated that 

cells of the LPM located anterior to the Hensen’s node at HH-stage 9 are determined for wing 

bud formation. 

 

DiI injection into HH-stage 10 embryos 

As described above, the wing field of HH-stage 10 embryos are expected to be located at a 

level more anterior to Hensen’s node than in HH-stage 9. Hence, the DiI injection was now 

performed at the level of the anterior end of PSM. When checked embryos at HH-stage 19, 

the red color was located anterior to the wing bud but and some adjacent to the anterior part of 

the wing bud (n=18) (Fig. 12C). This indicated that the prospective wing region is located 

around the level of the anterior part of PSM at HH-stage 10.  

  

As Hensen’s node regresses, the wing bud-forming LPM cells remain at the same axial level 

during HH-stages 8 to 10. At HH-stage 8, it was located at the level posterior to Hensen’s 

node. At HH-stage 9, it was situated at the level anterior to Hensen’s node, and at HH-stage 

10, it was restricted to the level of the anterior part of PSM. Due to diffusion of DiI solution, 

the labeled domain can be much broader than the injected region, which raises a problem of 

reduced specificity. EGFP electroporation is one way to partially solve this problem partially 

and give a much clearer indication of the position of the pre-wing field. Therefore, I 

performed electroporation to further narrow down the location of the wing field. 
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Fig. 12: Prospective wing field as demonstrated by DiI labelling. The DiI injected region is shown 

by red bars in embryos at HH-stage 8 (A), HH-stage 9 (B), and HH-stage 10 (C). The 

position of DiI was tracked at HH-stage 19 in injected chick embryos. The otic vesicle is 

shown by red dotted circle. Somites are marked by numbers. 
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3.1.2 Identification of the prospective wing field using EGFP electroporation 

In the set of experiments, I performed EGFP-electroporation to trace the prospective wing 

region from HH-stage 10 to 12 (embryos of 9 to 17 somites). Results from DiI labelling 

showed that at HH-stage 10, the wing-forming LPM was located around the level of the 

anterior part of PSM. Accordingly, I performed electroporation at the level of the anterior end 

of PSM at these three stages. After re-incubation, embryos were checked at HH-stage 22 

under the fluorescence microscope. 

 

EGFP electroporation of HH-stage 10 embryos 

At HH-stage 22, the green fluorescence was located at the level anterior to the wing bud with 

or without labelling of the anterior part of the wing bud (n=8) (Fig. 13A). This variation may 

be due to minor differences of the injection level, which covered the length of several somites. 

It was concluded that the prospective wing field is located immediately posterior to the rostral 

end of PSM of HH-stage 10 embryos. The cells at the anterior end of PSM at HH-stage 10 

were found at the level of somite 12, which was consistent with the results from the DiI 

injections at HH-stage 10.  

  

EGFP electroporation of HH-stage 11 embryos 

After electroporation at the level of the anterior end of PSM at HH-stage 11, it was surprising 

that EGFP was always located in the anterior part of the wing bud, even the entire bud (n=9) 

(Fig. 13B). The cells of the anterior end of PSM at HH-stage 11 were found at the level of 

somite 15. This indicated that the prospective wing region is located at the level of the 

anterior part of PSM, and anterior boundary of the prospective wing bud is situated at the 

level of the anterior end of PSM in HH-stage 11 embryos. 

 

EGFP electroporation of HH-stage 12 embryos 

Chicken embryos at HH-stage 12 have 15-17 somites, and the wing bud is situated adjacent to 

somites 15-20 (Burke et al., 1995). This implies that electroporation at the level of the last 

new-formed somite and the anterior end of the PSM would entirely cover the wing field. 

Indeed, after electroporation and two days of re-incubation, the EGFP signal was restricted to 

the wing bud (Fig. 13C). Hence, at HH-stage 12, the wing field had reached its final axial 

level. 

 



 

 

                                                                    3. Results 

 39 

 

 
Fig. 13: The prospective wing fields at HH-stages 10 to 12 after EGFP electroporation. 

Electroporate area is shown schematically by red bars at HH-stage 10 (A), HH-stage 11 (B), 

and HH-stage 12 (C). EGFP was followed into HH-stage 20-22 chick embryos. In C) the 

otic vesical is shown by red circle and somite numbers are shown. The wing bud is shown 

with red dotted line. 
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Taken together, the LPM cells at the level of the anterior end of PSM of HH-stage 10 

embryos can later be found anterior to the wing bud and within the anterior portion of the 

wing bud when injected at HH-stage 11. Since the level of the anterior end of PSM 

corresponds to somite 12 at HH-stage 10 and somite 15 at HH-stage 11, it can be concluded 

that the anterior boundary of the wing bud is always located at the somite 15 level and the 

prospective wing region maintains its position during embryonic development. Furthermore, 

the anterior boundary of the wing bud is located perfectly at the level of the anterior end of 

PSM of HH-stage 11 chick embryos. This is the anatomical land mark for the electroporation 

experiments to study effects of Hox genes within or adjacent to the prospective wing region. 

 

3.2 Expression patterns of Hox genes related to the wing bud 

As we hypothesized above, Hox PG 6-7 genes may contribute to wing bud formation, 

together with Hox PG 4-5 genes. Therefore, the expression patterns of Hox PG 4-7 genes 

were compared to the Tbx5 expression in the wing bud-forming region (Fig. 14). 

 

As shown above, the prospective wing region was found at the level of the anterior part of 

PSM at HH-stage 11. The in situ hybridization (ISH) with Hoxb4 and Hoxa6 RNA probes 

shows that, in the LPM, Hoxb4 was expressed from somite 5/6 level posteriorly (Fig. 14A) 

and Hoxa6 from somite 10/11 level posteriorly (Fig. 14B). The specific wing bud marker, 

Tbx5, was first detected at the level of somites 12-20 of HH-stage 13 embryos (Fig. 14E). 

When the wing bud started to grow out at HH-stage 17, Tbx5 was expressed adjacent to 

somites 16-21 (Fig. 14H). At both of the HH-stages, Hoxb4 was expressed in LPM posterior 

from somite 1 (Fig. 14C, F), and the Hoxa6 expression was extended posteriorly from the 

level of somite 13 (Fig. 14D, G). Expression domains of both Hoxb4 and Hoxa6 overlapped 

with the Tbx5. Moreover, Hoxa6 was more closed to it. These results were in line with our 

hypothesis that Hox PG 4-7 genes have functions on the wing bud induction. 
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Fig. 14: The expression patterns of Hoxb4, Hoxa6, and Tbx5 in chicken embryos. The first row 

shows the expression of Hoxb4 (A) and Hoxa6 (B) at HH-stage 11 embryos. The second 

row shows the expression of Hoxb4 (C), Hoxa6 (D), and Tbx5 (E) at HH-stage 13, and the 

third row shows Hoxb4 (F), Hoxa6 (G), and Tbx5 (H) expression at HH-stage 17. 
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3.3 Ectopic Hox PG 6-7 induces additional wing buds  

To pursue our hypothesis further, I induced ectopic expression of Hox PG 6-7 genes anterior 

to the prospective wing region at HH-stage 11 of chicken embryos. We first chose Hoxa6 as a 

typical representative for Hox PG 6-7 genes. The operated embryos were analyzed after one 

to two days of re-incubation. 

 

3.3.1 Ectopic Hoxa6 induces expression of wing genes  

After one day of re-incubation, the Tbx5 expression domain extended anteriorly from its 

endogenous expressing domain and overlapped with the Hoxa6 electroporation field (Fig. 

15D). Control embryos with EGFP control vector injection did not show ectopic Tbx5 

expression (Fig. 15C). This indicated the ectopic expression of Hoxa6 activated Tbx5 

expression. 
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Fig. 15:  Ectopic Hoxa6 expression increased Tbx5 expression. A) The photo for electroporation 

region at HH-stage 11 embryos. B) Hoxa6 injection site is shown with fluorescence marker 

at HH-stage 18. C) Tbx5 expression domain at HH-stage 18 corresponds to EGFP control 

electroporation. D) Ectopic Tbx5 expression at HH-stage 18. Numbers in A indicate the 

somite level. Space between arrows indicates the electroporation region. 
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In line with ectopic Tbx5 expression, Fgf10 and Fgf8 were also activated, although the 

expression level Fgf10 was lower than the endogenous one (Fig. 16A). Tbx5 is the key 

regulator for wing bud induction (Gibson-Brown et al., 1996). Fgf10 expression is Tbx5 

dependent (Gros and Tabin, 2014). Fgf8 expression in the ectoderm is activated by Fgf10 

from the mesoderm (Ohuchi et al., 1997).  Both Fgf10 and Fgf8 contribute to wing bud 

outgrowth (Tickle, 2015). In the embryos with ectopic Hoxa6 expression, additional 

expression of Tbx5, Fgf10, and Fgf8 indicates an inductive potential of Hoxa6. 

 

Fig. 16:  Ectopic Hoxa6 expression increased Fgf10 and Fgf8 expression. Ectopic Hoxa6 expression 

increased Fgf10 (A) and Fgf8 (B) expression anteriorly. The arrows indicate the 

electroporation region. 

 

3.3.2 Ectopic Hoxa6 induces additional wing buds  

To further investigate the function of Hoxa6 during wing bud formation, I studied the 

embryos two days after electroporation. Surprisingly, I found a small ectopic bud anterior to 

the endogenous wing bud (Fig. 17A). In the ectopic bud, Tbx5 was expressed as strong as in 

the natural one (Fig. 17B). This indicated that Hoxa6 potently activated Tbx5 expression and 

thus wing bud formation. However, in the ectopic bud, there was only weak Fgf10 expression 

(Fig. 17C), and no Fgf8 expression (Fig. 17D). This showed that the feedback loop between 

Fgf10 and Fgf8 failed to establish. Because the formation of the AER is Fgf8 dependent 

(Crossley et al., 1996). There was no AER formed in the ectopic bud. Without Fgf8 

maintenance, Fgf10 expression was kept at low level in the ectopic bud. 



 

 

                                                                    3. Results 

 45 

 

 

Fig. 17: Hoxa6 induces ectopic buds anterior to the nature wing bud in HH-stage 22 embryos. A) 

Ectopic Hoxa6 induced an ectopic bud with EGFP marker expression (arrow) anterior to the 

endogenous wing bud (black dotted line). B) Tbx5 is expressed in the ectopic bud (arrow). C) 

Fgf10 expression (arrow) in the ectopic bud. D) Fgf8 is not expressed in the ectopic bud 

(arrow). 
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The wing bud is a three-dimensional structure. For the AP polarity of wing buds, Fgf8 in the 

ectoderm activates Shh expression in posterior region of wing mesoderm (Riddle et al., 1993). 

Because of the lack of Fgf8, there was no Shh expression in the ectopic buds, therefore no 

ZPA formation was observed (Fig. 18A). The DV polarity of the wing bud is controlled 

through Wnt7a, Lmx1, and En1 (Tickle, 2002). The dorsal mesoderm marker, Lmx1, was 

detected in the ectopic bud (Fig. 18B), implying the dorsal polarity of the wing bud was 

formed in the ectopic bud. In summary, Hoxa6 ectopic expression induced an additional small 

bud with the expression of Tbx5, Fgf10, and Lmx1, but not Shh. 

 

 

Fig. 18: Hoxa6 induces Lmx1 expression but not Shh in ectopic buds. A) Ectopic Hoxa6 expression 

does not induce Shh expression in ectopic buds (arrow). B) Hoxa6 induces Lmx1 expression 

in ectopic buds (arrow). 
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3.3.3 Gene expression profiles in ectopic buds  

In order to analyze the global function of Hoxa6 on wing gene expression at HH-stage 22, I 

collected ectopic buds from Hoxa6-treated embryos, neck tissues anterior to the wing bud of 

normal embryos and endogenous wing buds from untreated embryos for mRNA sequencing 

(mRNA-seq) analysis. Gene expression profiles were compared among these three groups. 

The expression profiles were in line with the results from ISH. The Tbx5 expression level in 

the ectopic bud was higher than that of the neck, but lower than that of the normal bud (Fig. 

19). Fgf10 and Fgf8 expression patterns were generally the same as Tbx5, but at lower levels 

(Fig. 19). The results suggested that the gene expression patterns of the induced ectopic buds 

were highly similar to that of the natural wing buds. 

  

 

Fig. 19: Comparison of Tbx5, Fgf10, and Fgf8 expression by mRNA sequencing. Data are 

presented as mean ± SEM. RPKM, Reads per Kilobase of transcipt per Million 

mapped reads.  *p < 0.05 
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In line with the disappearance of Fgf8 in the ectopic buds at HH-stage 22, Wnt3a, the signal 

that bridges mesodermal Fgf10 to ectodermal Fgf8, was not expressed in the ectopic buds (Fig. 

20). Also, other ectodermal signaling molecules such as Bmp2, Fgf2, and Fgf4 were not 

expressed (Fig. 20), suggesting that neither the Fgf10-Fgf8 loop nor the AER formed in the 

ectopic buds. 

 

 

Fig. 20: Comparison of Wnt3a, Bmp2, Fgf2, and Fgf4 expression by mRNA sequencing. Data are 

presented as mean ± SEM.  RPKM, Reads per Kilobase of transcipt per Million 

mapped reads. *p < 0.05 
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Lmx1 was expressed in the ectopic bud as observed by ISH. The mRNA-seq expression 

profiles showed that Lmx1 was expressed significantly higher in the ectopic bud than in the 

neck, and equally strong when compared to the natural wing bud (Fig. 21). Furthermore, 

Wnt7a expression level was higher than that of the neck and similar to that of the normal wing 

bud (Fig. 21). In contrast to the normal bud, no En1 expression was found in the ectopic bud 

(Fig. 21). The high expression of Lmx1 and Wnt7a but absence of En1 expression suggested 

that the ectopic bud was predominantly dorsalized, whereas ventralization signals were 

missing. 

 

 

Fig. 21: Comparison of Lmx1, Wnt7a, and En1 expression by mRNA sequencing. Data are 

presented as mean ± SEM. RPKM, Reads per Kilobase of transcipt per Million 

mapped reads. *p < 0.05 
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Intriguingly, some of the Hox genes related to the PD patterning of wing buds were expressed 

in the ectopic buds, including Hox PG 9-11 genes (Fig. 22). There was, however, no Hox PG 

12-13 expression. These are expressed in the most distal part of the wing bud, indicating that 

Hoxa6-induced ectopic buds possessed only proximal fate. 

 

 

Fig. 22: Comparison of Hox PG 9-11 expression by mRNA sequencing. Data are presented as mean 

± SEM. RPKM, Reads per Kilobase of transcipt per Million mapped reads. *p < 0.05 

 

3.3.4 All of the Hox PG 6-7 genes can induce ectopic buds  

The other Hox PG 6 members, Hoxb6 and Hoxc6, have similar expression pattern as Hoxa6 in 

chicken embryos. Hoxa6 was able to induce an ectopic bud in the cervical region. To 

determine whether Hoxb6 and Hoxc6 have the same function, I performed electroporation 

using the same protocol as for Hoxa6. After 2 days of re-incubation, it was observed that both 

Hoxb6 and Hoxc6 induced ectopic buds anterior to the endogenous wing bud (Fig. 23). Thus, 

all of the Hox PG 6 genes are able to induce ectopic buds anterior to the endogenous wing. 

 

In general, the expression of Hox PG 7 genes greatly overlaps with the wing field and is 

found just one vertebra caudal to the Hox PG 6 expression domain, and Hox PG 7 may have 

redundant functions. To study this, Hoxa7 and Hoxb7 expression plasmids were transfected 

into the LPM following the same protocol as for Hoxa6. Again, both Hoxa7 and Hoxb7  
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induced ectopic bud formation anterior to the endogenous wing bud (Fig. 23). Together, 

ectopic expression of all members of Hox PG 6 and Hox PG 7 can induce ectopic buds in the 

cervical region. 

 

 

Fig. 23: Other Hox PG 6/7 genes can also induced ectopic buds, as shown in HH-stage 22 

embryos. Ectopic expression of Hoxb6 (A), Hoxc6 (B), Hoxa7 (C), and Hoxb7 (D) 

induced ectopic buds anterior to the endogenous wing bud. 
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3.4 Hox PG 4-5 genes are necessary for wing bud formation 

After I observed the ectopic bud formation induced by Hox PG 6-7 expression, we asked 

whether Hox PG 6-7 genes are sufficient to induce wing bud formation. Since Hox PG 6-7 

expression domains overlap with that of Hox PG 4-5 in the cervical region, we investigated 

whether the wing bud can form under the absence of Hox PG 4-5 genes in the wing region. 

Hoxb4 was chosen as a representative of this paralogous group. A dominant-negative form of 

Hoxb4 (Hoxb4dn) plasmid was electroporated into the LPM cells of the anterior part of the 

prospective wing region at HH-stage 11 chicken embryos, which were studied after one or 

two days of re-incubation. 

 

3.4.1 Hoxb4dn down-regulates expression of wing genes  

After electroporation of Hoxb4dn and one day of re-incubation, the expression domain of 

Tbx5 was shorter than that in the contralateral side (Fig. 24D). In the control plasmid 

electroporation domain indicated by EGFP, Tbx5 expression was detected (Fig. 24C). The 

result shows that Hoxb4dn down-regulated Tbx5 transcription during the stages of wing bud 

induction and initiation.  

 

In addition to Tbx5, the expression of Fgf10 and Fgf8 was also repressed in the Hoxb4dn 

expression region (Fig. 25). In summary, Hoxb4dn affected the wing bud formation by 

inhibiting Tbx5, Fgf10, and Fgf8 expression. To determine whether this repression by 

Hoxb4dn affected the further wing bud development, I also studied the subsequent wing bud 

formation. 
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Fig. 24: Hoxb4dn expression down-regulates Tbx5 expression. A) The photo showing the 

electroporation region (arrows) of HH-stage 11 embryos. Number indicates somite 13. B) 

Hoxb4dn position is shown with fluorescence maker (arrows) at HH-stage 18. C) Tbx5 

expression at HH-stage 18 after control EGFP electroporation is normal. D) Tbx5 expression 

at HH-stage 18 after Hoxb4dn is reduced in the electroporation region (arrows). 
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Fig.25: Hoxb4dn expression down-regulates Fgf10 and Fgf8 expression. Hoxb4dn expression down-

regulated Fgf10 (A) and Fgf8 (B) expression anteriorly, corresponding to the electroporation 

region (arrows). 

 

3.4.2 Hoxb4dn induces a flattening of the wing bud  

After electroporation and two days of re-incubation, the wing bud formation was significantly 

affected by Hoxb4dn. The anterior part of the wing bud with Hoxb4dn was flattened, while 

the posterior part appeared to have a normal volume (Fig. 16B). The wing bud with control 

EGFP did not show this phenomenon, excluding the side effects of electroporation process 

(Fig. 16A). This flattened anterior wing bud indicated that Hoxb4dn delayed the outgrowth of 

the anterior wing bud.  

 

The expression levels of Fgf10, Fgf8, and Lmx1 in the anterior part of the wing bud were 

reduced in comparison to the posterior part and the contralateral side (Fig. 26, Fig. 27A), 

indicating prolonged effects of Hoxb4dn during wing bud development, although the Tbx5 

expression showed only a very weak decrease at HH-stage 22 (Fig. 27B). Therefore, the 

dominant-negative expression of Hoxb4 repressed Tbx5 during wing bud induction, Fgf10 

and Fgf8 during wing bud initiation and outgrowth and Lmx1 during dorsal-ventral patterning. 

Hence, Hoxb4 is necessary for multiple processes of wing bud formation. 
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Fig. 26: Hoxb4dn expression induced a flat wing bud. Hoxb4dn expression resulted in a flat wing 

bud (B) compared to control (A) with EGFP plasmid. Hoxb4dn down-regulated Fgf10 (C) 

and Fgf8 (D) expression in the electroporation region (arrows). 
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Fig. 27: Hoxb4dn expression down-regulates expression of wing genes. Hoxb4dn clearly down-

regulated Lmx1 (A) expression. Tbx5 (B) showed a weak down-regulation expression in the 

electroporation region (arrows). 

 

3.5 Summary 

(1) The prospective wing region maintains its axial level throughout HH-stage 8 to 12 of 

chick embryos. 

(2) The expression patterns of Hox PG 4-5 and Hox PG 6-7 overlap with the prospective wing 

region, which gave rise to the hypothesis that Hox PG 6-7 is involved in the determination of 

the forelimb position. 

(3) Ectopic expression of Hox PG 6-7 in the cervical region induces Tbx5, the master gene for 

wing bud induction. Hox PG 6-7 genes are sufficient for forelimb induction. 

(4) The ectopic expression of Hox PG 6-7 in the cervical region induces additional wing buds 

anterior to the endogenous one (Fig. 28A) and expression of a number of typical wing genes. 

Hox PG 6-7 genes are sufficient for wing bud induction and initiation. They are positive 

activators of forelimb development. 

(5) Repression of Hoxb4 with a dominant-negative approach within the prospective wing 

region down-regulates wing bud induction, initiation, and outgrowth (Fig. 28B). Hence, Hox 

PG 4-5 is necessary and indispensable for the development of the forelimb. 
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Fig. 28: Schemes summarizing the results of Hox PG 6-7 and Hoxb4dn effects during wing bud 

formation. The left scheme shows the ectopic bud induction by ectopic Hox PG 6-7 

expression anterior to the endogenous expression domain (A). The right scheme shows the 

flattening of the anterior part of wing bud by Hoxb4dn (B). 
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4. Discussion 

4.1 The prospective forelimb maintains its axial level 

The precursor cells for the lateral plate mesoderm (LPM) is located in the posterior part of the 

primitive streak (PS) in gastrulation chick embryos ((Iimura and Pourquie, 2006; Sweetman et 

al., 2008). Formation of the LPM takes place between HH-stages 4-10. The prospective 

forelimb cells are generated around HH-stage 4-5 (Moreau et al., 2019), and the temporal 

collinear activation of Hox PG 4/7/9 correlates with the axial position of the prospective limbs. 

For example, the timing for Hoxb4 activation perfectly correlates with the ingression of the 

forelimb precursor cells (Moreau et al., 2019). Therefore, the axial position of limbs is 

determined during gastrulation under the regulation of the collinearity of Hox gene expression. 

First, Hox genes temporally determine the early formation of forelimbs and late the formation 

of hindlimbs and then, spatially restrict the axial position of forelimbs anterior to the 

hindlimbs.  

  

It has already been described the prospective wing is located at the level of somite 15-20 of 

HH-stage 13 chick embryos. Chaube (1959) demonstrated the gradual expansion and 

positioning of the prospective wing by color-tracing methods (Chauber, 1959). He labelled 

the right part of embryos throughout the HH-stages 7-12 during ex ovo incubation. Thereby, 

HH-stage 7-9 embryos were re-incubated until HH-stage 11/12, and HH-stage 10-12 embryos 

were collected at HH-stage 17-19. The prospective wing region was at a level posterior to the 

Hensen’s node at HH-stage 7 to HH-stage 8. But its position continuously changed in relation 

to the node and it was located at a level anterior to the node at the later stages (Chauber, 1959). 

My results were in line with his observation. However, in contrast to his ex ovo experiment, 

my in ovo LPM cell-tracing using DiI injection and EGFP electroporation allowed normal 

embryonic growth and minimize damage until the wing bud formation.  

 

My cell-tracing results from HH-stage 8 to HH-stage 12 indicated that the prospective wing 

region maintains its axial level during wing induction. Somite 15 was a landmark of the 

anterior boundary of the wing bud (Fig. 29). In HH-stage 8 embryos, the ‘pre-somite’ 15 was 

located at the level immediately posterior to the Hensen’s node. While, at HH-stage 9, it was 

located at the level anterior to the Hensen’s node. At HH-stage 10 with 9-11 somites, the pre-

somite 15 was found at a level clearly anterior to the Hensen’s node.  
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Typically, the LPM at the level of the anterior end of presomitic mesoderm (PSM) in HH-

stage 11 embryos was the subsequent anterior boundary of the wing bud. HH-stage 11 

embryos have 12 to 14 somites, indicating that the anterior end of PSM would form somite 15 

perfectly. At HH-stage 12, the anterior boundary of the wing bud was found at the newly 

formed somite. In conclusion, the prospective wing maintains its axial position through HH-

stage 8 to HH-stage 12 (Fig. 29). Because of the homologous expression pattern of Hox genes, 

this maintenance of the forelimb position appears to be conserved in other animals during 

evolution, from fish to amphibians, to birds and mammals ((Burke et al., 1995; Jeannotte et al., 

1993; Molven et al., 1990; Moreau et al., 2019). These differences in the forelimb position 

during evolutionary development would be a result of the reprogramming of the expression 

patterns of homologous Hox genes. To further verify this, fate mapping of the limb bud in 

other species would be necessary.  

 

 

Fig. 29: Fate map of HH-stage 8-12 chick embryos. Somites are shown as circles with numbers. The 

wing bud is shown as a black line. The red dotted line indicates the axial level of the 

prospective somite 15 as a landmark of the anterior boundary of the wing bud. 

 

4.2 Function of mesodermal Hox PG 6-7 expression during wing bud formation 

My data shows that ectopic expression of Hox PG 6-7 genes induced additional wing buds 

anterior to the endogenous ones, confirming my hypothesis. They could participate in the 

wing bud formation, besides Hox PG 4-5 genes, and they are sufficient for early wing bud 

formation. 
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4.2.1 Mesodermal Hox PG 6-7 expression is sufficient for wing bud induction and 

initiation 

The data shows that ectopic expression of Hoxa6 in the cervical region induced Tbx5 

expression anterior to the preliminary endogenous preliminary wing bud. Its expression level 

was similar to the endogenous one. These results indicate that Hoxa6 is able to induce wing 

bud by activating Tbx5 transcription. The ectopic expression of Tbx5 subsequently induced 

Fgf10, which started the wing bud initiation. The ectopic expression of Tbx5 and Fgf10 was 

maintained at later stages, showing a constant function of Hoxa6 during wing bud initiation. 

Normally, there is no Hoxa6 expression and no Tbx5 expression in the cervical region anterior 

to the wing bud. Therefore, ectopic Hoxa6 can activate the pathway for wing bud induction 

and initiation anterior to the natural wing bud. The formation of ectopic buds induced by other 

members of Hox PG 6-7 indicate that all of these Hox PG 6-7 genes are sufficient to activate 

wing bud formation. 

 

Taken together, the function of Hox PG 6-7 to activate Tbx5 expression overrules the 

functions of Hox PG 4-5 in the cervical region. It is common sense that the functions of more 

posterior Hox genes are stronger than those of more anterior ones, owing to their collinear 

expression pattern. 

 

4.2.2 Mesodermal Hox PG 6-7 cannot induce wing bud outgrowth  

In my experiments, ectopic Hoxa6 expression induced the small additional bud in the cervical 

region. However, in the ectopic bud, there was no Fgf8 expression in the overlying ectoderm. 

Therefore, the feedback loop between Fgf10 and Fgf8 did not form. The distal Fgf8-

expressing ectoderm in limb buds of normal embryos forms the apical ectodermal ridge 

(AER), which is essential for the outgrowth of the limb bud (Tickle, 2015). In the ectopic 

buds, there was no expression of signals related to AER. Therefore, the AER was not formed, 

resulting in a discontinuation of mesenchymal outgrowth and formation of a small wing bud. 

 

Considering the small size of the ectopic bud a comparison with the wing in the limbless 

chick mutant is obvious. The limbless chick is based on an autosomal recessive mutation 

(Prahlad et al., 1979). There is no Fgf8 expression in the ectoderm, and no AER is formed 

(Grieshammer et al., 1996; Noramly et al., 1996; Ros et al., 1996). Therefore, the wing in the  
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limbless chick mutant remains small. Hence, wing bud outgrowth does not occur in both the 

limbless chick and the ectopic bud induced by Hoxa6. 

 

However, the question remains why the wing bud outgrowth not take place in the ectopic bud 

induced by Hoxa6? An ectopic limb could be induced in the flank region after application of 

FGFs or by the transplantation of prospective limb cells with all of the signaling 

characteristics of normal limbs (Cohn et al., 1995; Lours and Dietrich, 2005). The flank 

mesoderm and ectoderm possess the entire potential for limb bud initiation and outgrowth. 

Flank cells are competent for limb formation. In contrast, the same type of operations in the 

neck region cannot induce ectopic limb formation (Lours and Dietrich, 2005). In my study, 

Hoxa6 ectopic expression in the neck region gave similar results to those after FGF induction 

or transplantation of the prospective limb mesoderm in the neck region. Only deformed buds 

develop in the neck region as compared to the ectopic limbs in the flank region. Accordingly, 

one must conclude that there are differences between the flank and the neck, which cause 

different bud formation. 

 

There is one theory that may explain this phenomenon. The incomplete formation of ectopic 

wing buds in the neck is due to the interruption of the Fgf10-Fgf8 signaling cascade via the 

MAPK pathway (Lours and Dietrich, 2005). As a consequence, the feedback loop between 

Fgf10 and Fgf8 fails to form and no AER and no limb bud forms in the neck region (Fig. 30). 

Fgf10 in the neck LPM cannot through the MAPK pathway to activate Fgf8 expression in the 

overlying ectoderm; Fgf8 in the neck ectoderm cannot activate Fgf10 expression in the neck 

mesoderm, although it passes the MAPK pathway (Lours and Dietrich, 2005). The neck is 

limb-incompetent (Lours and Dietrich, 2005). There must be some other yet unknown 

signaling mechanisms that interrupts this cascade. 
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Fig. 30: The Fgf10-Fgf8 cascade through MAPK pathway in limb tissues and neck regions (Lours 

and Dietrich, 2005). 

 

Although Hoxa6 ectopic expression induced Tbx5 and Fgf10 expression in the neck 

mesoderm. With the theory of the neck limb-incompetent, because of the MAPK interruption, 

it was not able to activate the ectodermal Fgf8 expression. Therefore, no Fgf10-Fgf8 feedback 

loop formed and no AER formation resulted in a small limb bud. Hence, the ectopic bud 

induced by Hoxa6 only underwent the induction and initiation phases. From another aspect, 

Hoxa6 ectopic expression did induce Tbx5 and Fgf10 expression, indicating that Hoxa6 can 

induce the neck mesoderm transfer into limb-fate mesoderm.  
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Intriguingly, Fgf8 was transiently expressed after ectopic Hoxa6 expression in the preliminary 

bud, but disappeared very soon. Why can the neck ectoderm express Fgf8 transiently?  

 

According to Lours and Dietrich (2005), there should not be Fgf8 expression in the neck 

ectoderm. It is probable that Fgf10 at early stages induced Fgf8 expression, but this was not 

sufficient for constant Fgf8 activation, and Fgf8 may need additional signals for its 

maintenance. Alternatively, the disappearance of Fgf8 at the later stages did not maintain 

Fgf10 expression, following which Fgf10 expression level decreased and was too low to 

activate Fgf8. Both scenarios would explain the absence of the positive feedback loop in the 

ectopic bud.  

 

4.2.3 Hox PG 6-7 cannot induce wing bud AP patterning  

In the Hoxa6-induced ectopic bud, I observed neither Shh expression nor the zone of 

polarizing activity (ZPA) formation. Therefore, anterior-posterior (AP) patterning of the wing 

bud was not activated. A similar phenomenon is seen in the limbless chick mutant. Because of 

the missing Fgf8 expression to induce Shh expression, the ZPA formation failed. FGF8-

soaked beads could induce Shh expression in the wing of the limbless chick mutant, and also, 

AER removal experiments prove Fgf8 from AER is the endogenous inducer of Shh expression 

during normal limb bud patterning (Grieshammer et al., 1996; Johnson et al., 1994). Shh has 

all properties for the AP patterning of the limb bud (Tickle and Towers, 2017). The ectopic 

expression of Hox PG 6-7 cannot ensure Shh expression and ZPA formation, therefore, no AP 

patterning was seen, similar to that of the limbless wing bud. As FGF8-soaked bead can 

induce Shh expression in the limeless mutant, I would suspect that it could also cause the 

same expression and ZPA formation in the ectopic buds induced by Hox PG 6-7. 

 

4.2.4 Ectopic wing buds induced by Hoxa6 is dorsalized  

The dorsal-ventral (DV) polarity of the limb bud progressively develops during limb bud 

initiation (Tickle, 2002). In the Hoxa6-induced ectopic buds, I observed strong Lmx1 and 

Wnt7a expressions. Moreover, the Lmx1 expression level was even higher than that of the 

endogenous wing bud. However, the ventral ectoderm marker, En1, was poorly expressed in 

ectopic buds. These results suggest the ectopic bud was predominantly dorsalized. Similarly, a 

pure dorsal polarity also develops in the limbless mutant with Wnt7a and Lmx1 expression 

(Grieshammer et al., 1996). This dorsalization is also seen in chick embryos after  
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transplantation of prospective forelimb cells into the neck region (Lours and Dietrich, 

2005).The reasons for the dorsalization of the ectopic wing bud could, in part, be due to the 

absence of the AER similar to the limbless mutant (Grieshammer et al., 1996; Noramly et al., 

1996).  

 

4.2.5 Hox PG 6-7 induces wing bud PD patterning 

Ectopic Hoxa6 induced Hox PG 9-11 expression in the ectopic buds. Hox PG 9-13 genes are 

expressed in a gradient along the proximal-distal (PD) axis and are required for the PD 

patterning of the wing bud (Tickle, 2002). Expression of only Hox PG 9-11 in ectopic buds 

indicates that the ectopic wing bud processes only the stylopodium and zeugopodium but not 

autopodium. In contrast, in the limbless mutant, expression of Hoxd11 - 13 suggests the distal 

part patterning of the limb bud is occurred (Noramly et al., 1996). Therefore, mechanisms for 

PD patterning in the limbless wing bud and the Hoxa6-induced ectopic bud must be different. 

Usually, Shh expression has the potential for limb PD patterning (Tickle and Towers, 2017). 

However, Shh is neither expressed in the limbless mutant nor the Hoxa6-induced ectopic bud, 

indicating that PD patterning is partly independent of Shh.  

 

4.3 Hox PG 4-5 genes are dispensable for wing bud induction 

Hox PG 4-5 genes are expressed in LPM along the cervical region, and they can activate Tbx5 

transcription in chicken embryos (Minguillon et al., 2012). Hox PG 4-5 mutant mice have 

vertebral transformations at the cervical-thoracic interface, where the forelimb is located. So, 

Hox PG 4-5 genes seem to be necessary for wing bud formation. However, because they have 

a broader expression region than the wing field, the anterior boundary of the wing bud cannot 

be determined by them. So, I drew my attention to Hox PG 6-7 genes. Indeed, ectopic 

expression of Hox PG 6-7 resulted in ectopic wing bud formation. However, considering the 

Hox genes’ collinearity expression pattern, Hox PG 4-5 is activated ahead of Hox PG 6-7.  

 

Therefore, the question remains whether Hox PG 6-7 genes can regulate the normal wing bud 

formation without the expression of Hox PG 4-5. First, the negative expression of Hoxb4 

firstly down-regulated Tbx5 expression. Then, with decreased Tbx5 expression, the wing bud 

initiation detected by Fgf10 expression was affected. As a result, the wing bud outgrowth was 

failed, showing neither the Fgf10-Fgf8 feedback loop nor the AER was formed. The wing bud 

was flattened. Hence, the negative expression of Hoxb4 affected first the wing bud induction  
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and subsequently the initiation and outgrowth. Similarly, Hoxb4dn during gastrulation could 

shorten Tbx5 expression region (Moreau et al., 2019). On the contrary, overexpression of 

Hoxb4 at the flank could extend the wing bud posteriorly (Moreau et al., 2019). In conclusion, 

Hox PG 4-5 genes are necessary, while Hox PG 6-7 genes alone are not sufficient for wing 

bud induction. 

 

4.4 Hox code 

The Hox code is named as the combinatory functions of several Hox genes together and it is 

contributing to the specific body plan of embryos morphologically (Duboule and Dollé, 1989; 

Kessel and Gruss, 1991). Previous studies as well as my investigations show that the forelimb 

position and its induction are regulated by a Hox code. Furthermore, I proposed that Hox code 

for forelimb would be also conserved in other vertebrates.  

 

4.4.1 Hox code for forelimb induction 

Hox PG 6-7 expression in the neck region induced ectopic wing buds and negative expression 

of Hoxb4 caused the wing bud fail to form as distal as the endogenous one. These genes are 

essential during forelimb/wing formation. The contribution of Hox genes to the forelimb is to 

initiate the induction process through activating Tbx5 transcription in the prospective forelimb 

cells. After the activation of Tbx5 for induction, the next step for bud formation would follow. 

Previous studies show that Hox PG 9 genes stop the forelimb formation by inhibiting Tbx5 

expression. They play repress functions also in the forelimb bud induction process. Hence, the 

Hox code for the forelimb bud induction should include an activating component, including 

Hox PG 4-5 and Hox PG 6-7 genes, and an inhibiting component, the Hox PG 9 genes. At 

first, Hox PG 4-5 genes initiate Tbx5 transcription, and then, Hox PG 6-7 genes maintain its 

expression in the prospective forelimb region. Finally, Hox PG 9 genes cease the posterior 

extension of Tbx5 expression, determining the posterior boundary of the forelimb bud. 

 

Further, I proposed that the anterior boundary of the forelimb would be determined by Hox 

PG 6-7 genes. At first, the expression of Tbx5 is activated by Hox PG 4-5 in a broad cervical 

region. At the cervical-thoracic interface, Tbx5 expression is maintained by Hox PG 6-7 genes. 

This mechanism is underpinned by comparison of the expression pattern of Hoxb4, Hoxa6, 

and Tbx5 at HH-stage 13-17 chicken embryos. The expression of Hoxa6 at HH-stage 11 is 

perfectly started at the level of the anterior end of PSM, which is identified as the anterior  
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boundary of the prospective wing bud. Hence, the anterior boundary of forelimb is determined 

by Hox PG 6-7 genes. 

 

4.4.2 Hox code for forelimb lateral motor column 

In the developing chicken embryos, a certain population of motor neurons (MN) in the spinal 

cord that innervate the limb muscles forms the lateral motor column (LMC). This level of the 

spinal cord is called the brachial spinal cord, which is posterior to the cervical spinal cord 

after forelimb formation. Previous studies have identified that the brachial spinal cord is 

congruent with the expression region of Hoxc6 and the posterior end of the brachial spinal 

cord is determined by Hoxc9. Hoxc9 has a function on the repression of LMC posteriorly 

extension (Dasen et al., 2005). This repression of Hoxc9 on LMC is similar to that of the Tbx5 

expression for the forelimb bud formation. This cooperation of Hoxc6 and Hoxc9 on LMC 

formation is similar to that on the forelimb bud induction. I assumed this would be another 

instance to interpret the regulation of Hox code to the forelimb development. 

 

The LMC formation is regulated by the combinatory functions of Hox PG 4-7 genes. And its 

anterior end is determined by Hox PG 6-7. At HH-stage 18 of chicken embryos, Hox PG 4-5 

genes are permissive to the development of LMC in the entire cervical spinal cord 

(Mukaigasa et al., 2017). However, in absence of Hox PG 6-7, LMC in the cervical region 

undergoes apoptosis from HH-stage 23 up to HH-stage 27, exclusively restricting the LMC in 

the brachial region (Mukaigasa et al., 2017). Ectopic expression of Hox PG 6-7 in the cervical 

spinal cord can repress apoptosis and result in the LMC being kept in the non-brachial region 

(Mukaigasa et al., 2017). 

 

In conclusion, the LMC is determined by the Hox code. It consists of Hox PG 4-5 genes, 

activating LMC formation permissively in the entire cervical region; Hox PG 6-7 genes, 

maintaining LMC development in the brachial region; and Hox PG 9 genes, limiting the 

posterior end of LMC (Dasen et al., 2005; Mukaigasa et al., 2017). This Hox code determines 

the specific position of LMC, corresponding to the axial level of the forelimb.  
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4.4.3 Hox code for forelimb position  

A study showed recently, a comparison among three bird species with different axial levels of 

their wings further identified the contribution of Hox code to the forelimb formation. In birds, 

no matter where the wing is located posterior to a long neck or a short neck, the Hoxb4/Hoxb9 

expression interface is always corresponding to the posterior boundary of the wing (Moreau et 

al., 2019). This is consistent to that Hox PG 9 limits the posterior end of the forelimb bud. 

Thus, the Hox code for wing bud formation in zebra finch and ostrich would be the same as 

that in chicken. So, I would like to conclude that the Hox code for forelimb position is 

conserved within the different species of birds.   

 

The forelimb is always formed in the cervical and thoracic interface regions. Hox PG 6 has 

functions on the determination of the cervical-thoracic transition and this is consistent with its 

expression starting from the first thoracic vertebrae (Burke et al., 1995). Its expression pattern 

is conserved to be correlated with morphologies in chicken and mouse embryos which have 

distinct axial formulas. Besides chicken and mouse, Hoxc6 also has the same expression 

pattern in domestic goose, zebra fish, lizard, turtle and crocodile (Böhmer, 2017; Böhmer et 

al., 2015a; Burke et al., 1995; Mallo et al., 2010; Molven et al., 1990; Ohya et al., 2005). 

Therefore, Hox PG 6 would be a member of the Hox code for forelimb formation that is 

conserved from fish to mammals. 

 

4.5 Permissive and decisive roles of Hox code genes 

During forelimb induction regulated by Hox code, Hox PG 9 genes are inhibitors for Tbx5 

expression and stop the forelimb formation. And Hox PG 4-5 and Hox PG 6-7 are activators 

to activate Tbx5 expression for the forelimb bud induction. The ectopic expression of Hox PG 

6-7 was able to induce additional wing bud, while repression of Hoxb4 affected wing bud 

formation. As observed during the LMC formation, there is a cooperation between Hox PG 4-

5 and Hox PG 6-7. 

 

Considering the spatial and temporal collinearity expression pattern of Hox genes, at first Hox 

PG 4-5 genes induce Tbx5 transcription along their expression region. This is a much broader 

region than the forelimb field. Subsequently, Hox PG 6-7 genes maintain Tbx5 expression in 

the prospective forelimb field.  
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Meanwhile, at the anterior cervical region where only Hox PG 4-5 are expressed, Tbx5 is 

silenced. Finally, Tbx5 is only concentrated in the forelimb region and contributes to the 

forelimb induction.  

 

Hence, Hox PG 4-5 and Hox PG 6-7 genes are necessary and indispensable for forelimb 

induction. The lack of either of them cannot promote forelimb formation. However, their 

functions are different.  Hox PG 4-5 genes induce a broad permissive region, where Hox PG 

6-7 genes decisively instruct the forelimb induction, determining the forelimb anterior 

boundary. Similarly, during LMC formation in the cervical spinal cord, Hox PG 4-5 also 

plays the permissive role to initiate LMC formation, and then, Hox PG 6-7 decisively restricts 

the LMC in the brachial spinal cord. Therefore, the permissive and decisive roles of Hox code 

genes would be a common feature during the determination of axial identities of vertebrate 

animals. 

 

4.6 Conclusion 

(1) The prospective forelimb position, which is determined by Hox genes during gastrulation, 

maintains its axial level during embryonic development. The differences in the forelimb 

position among vertebrates is owing to the reprogramming of the expression patterns of 

homologous Hox genes during evolutionary development. 

(2) Hox PG 6-7 genes are sufficient for the forelimb induction (Fig. 31A). 

(3) Hox PG 4-5 genes are indispensable for the forelimb induction (Fig. 31B). 

 (4) The anterior boundary of the forelimb is regulated by functionally distinct Hox code 

genes. Hox PG 4-5 genes, playing as the permissive role, activate Tbx5 transcription. While, 

Hox PG 6-7 genes, playing as the decisive role, maintain Tbx5 expression for the forelimb 

induction (Fig. 31C).  

(5) Because of the homologous Hox genes among vertebrates during evolutionary 

development, the permissive and decisive roles of Hox genes would be a general mechanism 

for the combinatory functions of Hox genes for morphogenesis and organogenesis.  
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Fig. 31: Diagrams for the experiments and the Hox code. A) Ectopic Hox PG 6-7 induced ectopic 

buds in the neck region. B) Hoxb4dn down-regulated wing bud formation. C) The Hox code 

for forelimb includes Hox PG 4-5 with permissive, Hox PG 6-7 with instructive, and Hox 

PG 9 with inhibitory roles. 
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