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Abstract

The positioning of limbs along the anterior-posterior axis varies widely across vertebrates.
The mechanisms controlling this feature remain to be fully understood. For over 30 years, it
has been speculated that Hox genes play a key role in this process but evidence supporting
this hypothesis has been largely indirect. In this study, we employed loss- and gain-of-
function Hox gene variants in chick embryos to address this issue. Using this approach, we
found that Hox4/5 genes are necessary but insufficient for forelimb formation. Within the
Hox4/5 expression domain, Hox6/7 genes are sufficient for reprogramming of neck lateral
plate mesoderm to form an ectopic limb bud, thereby inducing forelimb formation anterior
to the normal limb field. Our findings demonstrate that the forelimb program depends on the
combinatorial actions of these Hox genes. We propose that during the evolutionary
emergence of the neck, Hox4/5 provide permissive cues for forelimb formation throughout
the neck region, while the final position of the forelimb is determined by the instructive cues
of Hox6/7 in the lateral plate mesoderm.

Impact statement

Elucidation of the Hox code defining forelimb positioning provides novel insights in lateral
plate mesoderm patterning and the integration of vertebrate column structure and limb
positioning.
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This study investigates the role of Hox genes in determining the position of the
forelimb bud using experimental loss- and gain-of-function approaches in chicken
embryos, concluding that Hox4 and Hox5 provide permissive signals for forelimb
formation throughout the neck region, while the final forelimb position is determined
by the instructive signals of Hox6/7 in the lateral plate mesoderm. These results
could potentially be fundamental to our understanding of Hox patterning. However,
the evidence supporting these conclusions is incomplete; while the gain-of-function
experiments are well supported, the loss-of-function experiments using dominant-
negative constructs lack sufficient controls, and could be the result of an
experimental artifact.

https://doi.org/10.7554/eLife.100592.1.sa3

Introduction

The spatial development of vertebrate tissues is regulated by Homeobox (Hox) genes (Duboule,
2022     ; Iimura & Pourquie, 2006     ; Zakany & Duboule, 2007     ). A huge literature evidences that
Hox genes determine the development and patterning of the vertebrate axial skeleton (reviewed
in Burke, 2000     ). Mutations in Hox genes can lead to homeotic transformations, where one type
of vertebra is transformed into another (Böhmer, 2017     ). Vertebrate limbs emerge at specific
axial levels along the anterior-posterior (AP) axis, with precise positioning varying significantly
across species (Burke et al., 1995     ). These characteristics make limb positioning a valuable
experimental model for studying the mechanisms regulating positional information (Zakany &
Duboule, 2007     ). Despite variable numbers of cervical vertebrae between species, the pectoral
fin or forelimb is always located at the cervical-thoracic boundary. The mechanisms underpinning
the positioning of vertebrate forelimbs remain to be fully elucidated.

While Hox gene misexpression causes substantial alterations in vertebrae identity (Garcia-Gasca &
Spyropoulos, 2000     ; Horan et al., 1995     ; Jeannotte et al., 1993     ; Ramfrez-Solisn et al., 1993),
only minor changes in limb development have been observed in Hox gene mutants (Rancourt et
al., 1995     ). It is therefore unclear whether, for example, the abnormal limb that develops in
Hoxb5 mutants represents a true shift in the limb field or rather a shoulder girdle defect causing
the forelimb to appear “shrugged” anteriorly. In fact, whereas knockdown of the complete
paralogous group Hox5 genes results in changes in limb patterning, it does not result in a
positional shift of the forelimb (Xu et al., 2013     ).

Moreover, interpretation of the effects of Hox genes on limb positioning in global knockouts is
fraught by the fact that this not only affects lateral plate mesoderm patterning, but invariably also
vertebrae-forming mesoderm and vertebrate identity. Yet normal vertebrate identity is required as
a reference for defining limb positions. Ideally, limb positioning should be investigated by limiting
the manipulation of Hox expression to the limb-forming mesoderm, without altering vertebral
positional identity.

https://doi.org/10.7554/eLife.100592.1
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The initiation of the forelimb program is marked by Tbx5 expression in the LPM, which is
functionally required for pectoral fin formation in zebrafish and forelimb formation in chicken
and mice (Hasson, Del Buono, & Logan, 2007     ; Rallis et al., 2003     ; Takeuchi et al., 2003     ).
However, the forelimb-forming potential is present in mesodermal cells at the cervico-thoracic
transitional zone long before the activation of Tbx5 expression (Chaube, 1959     ; Moreau et al.,
2019     ). This has led to the notion that cells first acquire positional identity through the
expression of Hox genes, followed by a developmental program guided by their positional history
(Duboule, 2022     ; Iimura, 2006; Zakany and Duboule, 2007     ).

The positional identity of future limb forming cells of the LPM is coded by the nested and
combinatorial expression of Hox genes (Duboule & Dollé, 1989     ; Kessel & Gruss, 1991     ). Only a
few studies have investigated how this Hox code translates to Tbx5 expression in the prospective
forelimb region and thus regulates forelimb positioning (Moreau et al., 2019     ). During
gastrulation, the collinear activation of Hox genes begins in the epiblast, conferring anterior-
posterior identity to the paraxial mesoderm (Duboule, 2022     ; Iimura & Pourquie, 2006     ). A
similar mechanism regulates the anteroposterior patterning of the LPM, which gives rise to limbs.
For instance, Hoxb4-expressing cells emigrating from the posterior part of the primitive streak
form the LPM in the neck. Subsequently, Hoxb4 activates Tbx5 expression within this LPM domain.
The limb positioning is thus regulated by Hox genes in two phases (Minguillon et al., 2012     ;
Moreau et al., 2019     ; Nishimoto et al., 2014     ). During the first phase, Hox-regulated gastrulation
movements establish the forelimb, interlimb and hindlimb domains in the LPM. In the second
phase, a Hox code regulates Tbx5 activation in the forelimb-forming LPM (Minguillon et al.,
2012     ; Moreau et al., 2019     ; Nishimoto et al., 2014     ). The forelimb-forming Hox code is
considered to be constituted by both repressing and enhancing Hox genes: Caudal Hox genes,
including Hox9, suppress and thus limit Tbx5 expression, whereas rostrally expressed Hox genes
activate Tbx5 expression (Minguillon et al., 2012     ; Nishimoto et al., 2014     ). To date, HoxPG4 and
PG5 genes are considered as activators of Tbx5 (Minguillon et al., 2012     ; Nishimoto et al., 2014     ).
The function of PG6 and PG7 genes (Becker et al., 1996     ; Becker, Jiang, et al., 1996     ), which are
also prominently expressed in the forelimb region, has so far not been analysed.

Here, we aimed to investigate which Hox genes act to position the anterior limb in chicks. We
present evidence that wing position is controlled by a permissive signal governed by HoxPG4/5
which demarcates a territory where it can form. However, an addition instructive cue mediated
by HoxPG6/7 genes within the permissive region is required for forelimb formation. Our study is
the first to show that neck LPM can be re-specified to form limb.

Results

HoxPG4–7 are required for the forelimb formation
The expression domain of HoxPG6/7, like that of HoxPG4/5, overlaps with the forelimb field,
suggesting they might activate Tbx5 expression. To untangle the roles of individual members of
the HoxPG4/5/6/7, we performed loss-of-function experiments in chick embryos. We focused on the
A-cluster of HoxPG4/5/6/7, using specifically generated dominant-negative (DN) forms to suppress
the signalling function of each target Hox gene. The DN variants lack the C-terminal portion of the
homeodomain, rendering them incapable of binding to the target DNA while preserving their
function of binding transcriptional specific co-factors (Denans et al., 2015     ; Gehring et al.,
1990     ). Plasmids expressing dominant-negative Hoxa4, a5, a6 or a7 were electroporated into the
dorsal layer of LPM in the prospective wing field, from which the wing mesoderm originates in
Hamburger-Hamilton stage (HH) 12 chick embryos (Hamburger & Hamilton, 1951     ) (Fig. 1a,
b     ). After 8 – 10 h, embryos reached HH14 when expression from the transfected DN-constructs
was detectable in the wing field of the transfected (right) side signified by Enhanced Green
Fluorescent Protein (EGFP) expression also encoded by these plasmids (Fig. 1c     ).

https://doi.org/10.7554/eLife.100592.1
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Fig. 1

Hoxa4/a5/a6/a7 genes are necessary for wing bud formation.

Schemes showing the electroporation in transverse section (a) and in the dorsal view (b). The somite 16 is marked (b).
Successful transfection of plasmids as verified by EGFP expression(c). The dn Hox genes downregulated the expression of
Tbx5 (B-E), Fgf10 (G-J), and Fgf8 (L-O) and inhibited wing bud formation at the ipsilateral (right) side (Q-T). A-E: HH14; F-O:
HH18-19; P-T: HH22; scale bars in c (for c, A-O) and in P (for P-T): 500μm. The proximodistal (P-D) distance (left in U) of wing
buds is significantly reduced in Hox dn-expressing wing buds compared to EGFP electroporated wing buds (right in U). The
scheme on the left-hand side shows how measurements were made. Red dotted line: baseline of the wing bud; CTRL: normal
control wing buds without any operation; Elect.: wing buds after electroporation without constructs; GFP: wing buds after
electroporation with EGFP-expressing constructs; A4dn, A5dn, A6dn, A7dn: wing buds after electroporation with dn
Hoxa4/5/6/7 expressing constructs, respectively. Each dot represents one embryo; error bars represent mean ±SEM. **p <
0.01.

https://doi.org/10.7554/eLife.100592.1
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Tbx5 as the first gene indicating activation of the forelimb-forming program starts to be expressed
in the forelimb field of normal chick embryos at HH13 (http://geisha.arizona.edu     ). Therefore, we
analysed Tbx5 expression following inhibition of Hoxa4/5/6/7 at HH14. Expression of Tbx5 in the
wing field transfected with DN plasmids for any of these genes was consistently lower than in the
contralateral (control) side (Fig. 1B-E     , Table 1     ). The down-regulation of Tbx5 expression by all
four dominant-negative forms of Hoxa4/5/6/7 shows a previously unknown requirement of PG6
and PG7 Hox genes for the activation of Tbx5 during forelimb induction, and confirms the
previously reported Tbx5 activating effects of PG4 and PG5 Hox genes (Nishimoto et al., 2014     )

Tbx5 is required for the activation of Fgf10 in the mesoderm (Cohn et al., 1995     ; Min et al.,
1998     ; Sekine et al., 1999     ; Young et al., 2019     ). Fgf10 subsequently induces Fgf8 expression in
the overlying ectoderm to initiate forelimb outgrowth (Barrow et al., 2003     ). The two genes form
a positive feedback loop to ensure formation of the apical ectodermal ridge (AER), which
ultimately regulates sustainable outgrowth and patterning (Crossley et al., 1996     ; Min et al.,
1998     ). We analysed their expression at HH18-19. Dominant-negative inhibition of any of the
Hoxa4/5/6/7 genes reduced the expression levels and domains of Fgf10 (Fig. 1G-J     ; Table 1     ) and
Fgf8 (Fig. 1L-O     ; Table 1     ). The consequence of these manipulations on the outgrowth of the
wing bud was analysed at HH22, when the wing bud develops a nearly square shape. After
inhibition of HOX proteins, the form of the target wing buds was altered and their size was
decreased. In some cases, the anteroposterior extent of the wing bud was also remarkably reduced
(Fig. 1Q-T     ). To quantify the effect of Hox inhibition on wing bud development, we measured the
proximal-distal (P-D) elevation of the electroporated wing bud above the trunk lateral surface,
compared to the contralateral non-electroporated control wing bud (Fig. 1U     ).

Electroporation of plasmid-free solution and an EGFP-encoding plasmid caused only minimal
reduction compared to their contralateral wing bud, indicating low developmental toxicity of the
procedure of electroporation itself (Fig. 1U     ).

Interference with the action of the representative A-cluster Hox genes indicate that Hox genes
from all four paralogous groups (PG4, PG5, PG6 and PG7) impinge on the forelimb program and
should be considered part of the activating Hox code for forelimb development. Overall, the effect
of each Hox gene is limited, suggesting they act in a combinatorial, and possibly redundant
fashion.

Hox6/7 but not Hox4/5 are sufficient
to reprogram neck to wing mesoderm
We next investigated the role of HoxPG6/7 during forelimb fate determination. We hypothesized
that if HoxPG6/7 are (an) integral and necessary part(s) of the forelimb Hox code, their ectopic
expression in a non-limb region, similar to the limb-inducing activity of FGFs (Cohn et al., 1995     ),
should induce forelimb formation. In the present study, the neck was chosen as the non-limb
region.

When A-cluster genes were electroporated at HH11–12 into the dorsal LPM at the level of somites
10–14 (anterior to the wing field) (Fig. 2a     ), strong expression could be verified anterior to the
cognate wing field by in situ hybridization (ISH) 12h after electroporation (Fig. 2b-e     ), indicating
successful expression of Hox gene constructs.

The anterior expression domain of HoxPG6/7 overlaps with the forelimb field but does not extend
into the neck region. Electroporation of constructs expressing Hoxa6/7 into the neck mesoderm
caused their ectopic expression anterior to the forelimb field (Fig. 2d, e     ). This induced ectopic
expression of Tbx5 in this region anterior to the cognate wing field (Fig. 2D, E     ). By 48h re-

https://doi.org/10.7554/eLife.100592.1
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Table 1

Dominant negative expression of Hoxa4/a5/a6/a7 down-regulated gene expression.

The numbers of embryos with an unambiguous effect and the total number of embryos analysed are given (effect/total
number analysed).

https://doi.org/10.7554/eLife.100592.1
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Fig. 2

Hoxa6/a7 but not Hoxa4/a5 are sufficient to induce a neck wing bud.

Scheme showing electroporation of the neck region in the dorsal view (a). The somite 16 is marked. The expression domain
of electroporated constructs is marked by a green bar. Expression of Hoxa4(b), Hoxa5(c), Hoxa6(d), Hoxa7(e) in the LPM
anterior to the wing field after electroporation with the respective plasmids as documented by in situ hybridization. Whereas
ectopic cervical expression of Hoxa6/a7 induced the anterior expression (indicated by arrows) of Tbx5 (D, E, I, J),
overexpression of Hoxa4/a5 did not induce anterior expression of it (B, C, G, H). Also, only Hoxa6 and Hoxa7, but not a4 or a5
resulted in the anterior extension of the wing bud (arrows in I-J). The ectopic wing buds (fused with or separated from the
endogenous one) induced by HoxPG6-7 are indicated by GFP fluorescence (K-O) and in situ hybridization for Tbx5 (arrows in
P-T). b-e and A-E: HH14; F-T: HH22; scale bars in b (for b-e and A-E), in F (for F-J) and in K (for K-T): 500μm. Arrows indicate
induced wing buds (P-T).

https://doi.org/10.7554/eLife.100592.1
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incubation, a bulge appeared in the neck region transfected with Hoxa6/7. This bulge expressed
the forelimb master gene Tbx5, and expression strength was similar to that of the natural wing
bud (Fig. 2I, J     ). Hence, it can be considered as an ectopic wing bud in the neck.

In contrast to ectopic expression of Hoxa6/7 in the neck region, overexpression of Hoxa4/5 (Fig. 2b,
c     ) by electroporating this region with Hoxa4/5 coding plasmids did not extend Tbx5 expression
anteriorly (Fig. 2B, C     ), indicating that no wing-forming mesoderm was ectopically induced in
the neck by Hoxa4/5 overexpression. Consequently, no structure emerged from the neck anterior
to the endogenous wing bud after 48 h of re-incubation (Fig. 2G, H     ). These results demonstrate
that Hoxa4 and Hoxa5 are insufficient, whereas Hoxa6 and Hoxa7 are sufficient to specify wing
mesoderm in the neck region.

To ascertain whether other members of HoxPG6/7 share the forelimb-inducing activity of the A-
cluster genes, plasmids encoding full-length Hoxb6 and Hoxc6, as well as Hoxa7 and Hoxb7, were
ectopically expressed in the region anterior to the wing field. After 48 h, we observed either an
anteriorly extended wing bud or a separated bud in the neck anterior to the endogenous wing bud
(n = 226/440, Table 2     ). The efficiency of transfection and transcription was monitored by
assessing EGFP expression from the plasmids used (Fig. 2K-O     ), and their wing-inducing effect
by screening induced Tbx5 expression (Fig. 2P-T     ). In more than half of the embryos, a separate
wing bud, indicated by Tbx5 expression, formed anteriorly to the endogenous wing bud (n =
128/226, Table 2     ). In the remaining embryos, the endogenous wing bud appeared extended
anteriorly (n = 98/226, Table 2     ). These findings demonstrate that the ectopic formation of a wing
bud in the neck is a consequence of the expression of all members of the HoxPG6/7 gene family.

Curiously, the induced wing buds did not grow distally to any great degree and remained small
after 48h of re-incubation. To elucidate this phenomenon, RNA sequencing was used to compare
gene expression in the induced wing buds with that of normal wing buds. Each group (Fig. 3A     )
was comprised of four replicates. Functional categorization revealed that genes classified by gene
ontology (GO) biological process terms “anterior/posterior pattern specification” (pgenuine = 3.2-10;
pinduced = 2.5-10), proximal/distal pattern formation” (pgenuine = 3.7-9; pinduced = 8.7-9), “regulation
of transcription from RNA polymerase II promoter” (pgenuine = 8.4-11; pinduced = 3.2-8), “embryonic
skeletal system morphogenesis” (pgenuine = 2.0-9; pinduced = 1.3-5), and “embryonic limb
morphogenesis” (pgenuine = 8.1-9; pinduced = 1.4-4) were enriched in tissue of the genuine limb bud
and in limb buds induced by Hoxa6 overexpression (Table 3     ). In contrast, genes associated with
the biological process terms “cell adhesion” (p = 4.3-19), “extracellular matrix organization” (p =
4.2-15), “transmembrane receptor protein tyrosine kinase signaling pathway” (p = 4.8-13), “positive
regulation of kinase activity” (p = 1.6-10) and “multicellular organism development” (p = 3.1-9)
were overrepresented among the genes enriched in neck tissue (Table 3     ). Ectopic expression of
Hoxa6 resulted in the up-regulation of multiple genes shared with normal wing buds, and the gene
expression pattern in A6-induced wing buds was more similar to that of cognate wing buds than to
that of native neck tissue (Fig. 3B     , B’). Gene ontology biological process terms for 221 genes
showed that the A6-induced bud closely resembles a normal wing bud (Fig. 3C     ). These findings
demonstrate that Hoxa6 is sufficient for wing bud induction.

Although the wing program in A6-bud revealed by Tbx5 was initiated, the AER was not established.
Expression of Fgf10 was activated in the neck, resulting in the initiation of mesodermal outgrowth.
However, its expression level was lower than that of the physiological wing-forming mesoderm
(Fig. 3D-F     ). In contrast, Fgf8 was not induced in the ectoderm (Fig. 3D, G, H     ). Thus, the
feedback loop between Fgf10 and Fgf8 was missing in the induced wing bud, and it failed to form
an AER. Failure of the formation of functional AER is also indicated by the low levels of Shh
expression in the induced wing bud as compared to the physiological wing anlage (Fernandez-
Guerrero et al., 2022     ; Lin & Zhang, 2020     ). Without AER, the induced wing bud did not grow

https://doi.org/10.7554/eLife.100592.1
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Table 2

HoxPG6/7 upregulated wing bud formation in the neck region.

Number indicate the numbers of embryos in which a cervical extension of the wing bud, or a cervical wing bud separated
from the normal wing bud could be observed.

Fig. 3

The neck wing bud is smaller than the natural wing bud.

The scheme (A) indicates how tissue samples were collected for RNA sequencing. Venn diagram (B) showing the overlap
between up-regulated genes expressed in normal wing bud (Wing 948), HoxA6-induced wing bud (A6-Bud 347) and neck
tissue (Neck 2202) in the cervical LPM; the heatmap (B’) showing the expression profiles of genes in neck tissue, normal wing
bud and HoxA6-induced wing bud. FC: fold change. Gene Ontology (C) analyses showing top 15 terms in biological process
for 221 genes of A6-Bud. The heatmap (D) shown the expression levels of genes related to outgrowth, patterning. The
expression of Fgf10 (E, F), Fgf8 (G, H), Shh (I) and Lmx1 (J) in transfected embryos is rechecked by ISH. E and G: HH18-19; F, H,
I and J: HH22; scale bars in E (for E, G) and in F (for F, H-J): 500μm. Arrows indicate induced wing buds.

https://doi.org/10.7554/eLife.100592.1
https://doi.org/10.7554/eLife.100592.1


Yajun Wang et al., 2024 eLife. https://doi.org/10.7554/eLife.100592.1 10 of 27Yajun Wang et al., 2024 eLife. https://doi.org/10.7554/eLife.100592.1 10 of 27

Table 3

Gene Ontology analyses showing top ten terms in Biological Process.

https://doi.org/10.7554/eLife.100592.1
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further. Further, the Zone of Polarizing Activity (ZPA) identified by the expression of Shh was not
established (Fig. 3D, I     ). Finally, we noted that the induced wing bud was dorsalized, as indicated
by the strongly upregulated expression of Lmx1 (Fig. 3D, J     ).

Taken together, we conclude that HoxPG6/7 genes are sufficient for forelimb specification in the
neck region. However, the induced wing bud is incapable of establishing the positive feedback
loop between Fgf8 and Fgf10 due to the inability of Fgf signal transduction in the neck ectoderm
(Lours & Dietrich, 2005     ).

Discussion

In this study, we investigated how Hox genes determinate the forelimb cell fate of the LPM, thus
the positioning of the forelimb. We found that functional inhibition of the A-cluster Hox4/5/6/7
genes, on the protein level, using dominant-negative forms, resulted in reduction of Tbx5
expression and subsequently of forelimb formation. Expression of PG6/7 but not of PG4/5 Hox
genes could reprogram neck mesoderm to limb-forming mesoderm. These findings indicate
different roles of PG6/7 and PG4/5 Hox genes during forelimb formation.

PG4/5/6/7 genes constitute the Hox
code activating forelimb formation
In previous genetic studies, it has been shown that, in cooperation with Wnt and retinoic acid (RA)
signalling (Nishimoto, Wilde, Wood, & Logan, 2015     ), HoxPG4/5 genes activate Tbx5 expression
(Minguillon et al., 2012     ; Nishimoto et al., 2014     ; Moreau et al., 2019     ). Tbx5 then activates
Fgf10 expression, which leads to the thickening and epithelio-mesenchymal transition of the LPM,
initiating the formation of the primary forelimb bud (Delgado et al., 2021     ; Gros & Tabin,
2014     ). Subsequently, mesodermal Fgf10 induces ectodermal Fgf8 expression, creating a positive
feedback loop that sustains the outgrowth of the limb bud. Experiments with dominant-negative
forms suggest that not only HoxPG4/5 but also HoxPG6/7 are required for the Tbx5 expression in
the LPM and thus for forelimb formation. Functional inhibition of any of the A-cluster of PG4/5/6/7
Hox genes down-regulated Tbx5, as well as subsequent Fgf10 and Fgf8 expression. The resultant
lower activity of the Fgf10-Fgf8 feedback loop ultimately limited the further development of the
wing buds.

In summary, our loss-of-function experiments provide direct evidences for the requirement of
PG4/5/6/7 Hox genes for forelimb formation. Consequently, in addition to PG4/5, PG6/7 genes also
constitute the Hox code that activates the forelimb-forming program.

PG6/7 genes are sufficient for forelimb formation
Ectopic expression of HoxPG6/7 genes activated Tbx5 expression and initiated the wing-forming
program in the neck LPM. Importantly, the induced wing bud in the neck did not grow sustainably.
This may be linked to the reduced, or rather absent function of the FGF10-FGF8 feedback loop in
the induced wing bud (Cohn & Tickle, 1999     ; Yin et al., 2016     ). The neck has previously been
classified as a “limb-incompetent” region, where the limb formation can only occur when both
limb mesoderm and limb ectoderm are simultaneously transplanted to the neck. Transplantation
of limb mesoderm alone under neck ectoderm does not support limb formation (Lours & Dietrich,
2005     ). The re-specified wing mesoderm by HoxPG6/7 in the neck is still covered by neck
ectoderm. This condition is similar to the transplantation of the prospective limb mesoderm to the
neck without limb ectoderm (Lours & Dietrich, 2005     ). Since the neck ectoderm is incapable of Fgf
signal transduction, lacking Fgf8-Fgf10 feedback loop and AER, the development of the induced
wing bud stalled in the pre-AER phase.

https://doi.org/10.7554/eLife.100592.1
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The wing buds seen following PG6/7 expression in the neck resemble the wing anlagen in the
chicken limbless mutant, in which Fgf8 expression is mutated, and that lacks the AER and, like the
induced limb buds here, the zone of polarizing activity (Grieshammer et al., 1996     ; Ros et al.,
1996     ; Vogel et al., 1996     ). Moreover, both the induced neck wing-buds observed here and the
wing buds of the limbless mutant are mainly dorsalized.

Importantly, implantation of FGF10-beads into neck LPM did not induce any wing bud structure in
the neck (Lours & Dietrich, 2005     ). Neck wing buds can only be induced by ectopic expression of
HoxPG6/7 genes, as reported in the present study. This indicates that the emergence of ectopic limb
buds from the neck requires re-specification of Hox code in the neck LPM. Despite the
rudimentary outgrowth of the wing buds induced by ectopic HoxPG6/7 expression in the neck
region, our experiments demonstrate the pivotal role of HoxPG6/7 in initiating the forelimb-
forming program.

PG4/5 are insufficient for forelimb formation
Although both PG4/5 and PG6/7 Hox genes impinge on Tbx5 expression, they play different role
during forelimb formation. In contrast to HoxPG6/7, neither the physiological expression of
HoxPG4/5 nor their overexpression in the neck region caused Tbx5 expression and initiated
formation of an ectopic wing bud. The distinct function of these two groups of Hox genes may be
related to their expression pattern. The expression of PG4/5 genes extends beyond the anterior
border of the presumptive limb field and some of them are expressed in the entire neck region
(http://geisha.arizona.edu     ). Accordingly, Tbx5 is transiently activated in the entire neck region
(Nishimoto et al., 2014     ). Yet this transient activation is inadequate to initiate forelimb formation,
as normally no limbs originate from the neck region. It is only in the limb field where PG4/5
expression overlaps with expression of PG6/7 genes, that Tbx5 expression is maintained and thus
can initiate wing formation. Caudal to the forelimb region, this combinatorial effect is limited by
Hox9 expression (Cohn et al., 1997     ; Nishimoto & Logan, 2016     ; Tanaka, 2016     ). Functionally,
PG4/5 Hox genes can activate Tbx5 expression, but only the mesoderm expressing both PG4/5 and
PG6/7 Hox genes can form forelimb. Similar findings have been observed in the specification of
motor neurons for the forelimb skeletal muscles (Mukaigasa et al., 2017     ). The early forelimb
motor neuron programme starts in the entire neck region, but only motor neurons under the
control of Hox4/5 and Hoxc6 complete their differentiation. Neurons solely under the control of
Hox4/5 undergo apoptosis.

Redundancy of limb-forming Hox genes
The partial reduction of wing development seen after dominant-negative form expression with
downstream action of any of the Hoxa4/5/6/7 genes is fully consistent with the partial redundancy
among Hox paralog groups described for HoxPG5 and HoxPG6 during axial patterning (McIntyre et
al., 2007     ) and HoxPG5 in limb development (Xu et al., 2013     ). We note, though that we cannot
formally exclude incomplete blockade of the genes targeted given the competitive nature of our
approach. Be that as it may, our Hox-inactivation experiments clearly reveal a dosage effect of Hox
genes on orthologous limb development. They further lead to the conclusion that normal wing
development may depend on the balanced expression of HoxPG4/5/6/7 genes.

Permissive and instructive mechanisms during limb evolution
It has been hypothesized that an interplay between permissive, instructive and inhibitory
mechanisms is needed to induce precise tissue organization (Morales et al., 2021     ). Such an
interplay may also regulate limb positioning. As shown by several authors, the caudal boundary of
the forelimb is determined through the antagonism of the rostral and caudal codes: the rostral
code induces forelimb formation, whereas the caudal code inhibits it (Cohn et al., 1997     ; Moreau
et al., 2019     ; Nishimoto & Logan, 2016     ; Nishimoto et al., 2014     ; Tanaka, 2016     ). In the
present study, we suggest that the rostral code should comprise two functionally distinct
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subgroups. Our data show that inhibiting HoxPG4/5 disrupts limb formation, indicating its
necessity. However, overexpressing HoxPG4/5 alone does not induce limb formation, suggesting
they are not sufficient. In contrast, HoxPG6/7 is both necessary and sufficient, as their inhibition
prevents limb formation and their overexpression induces limb formation.

Thus, we speculate that HoxPG4/5 set up a permissive environment by initiating transient Tbx5
expression that allows limb formation to occur but does not directly trigger the process. The broad
expression domain of HoxPG4/5, including the neck region, defines an extended permissive region
where forelimb formation might be initiated. In contrast, HoxPG6/7 instructively directs the
formation of limbs by maintaining Tbx5 expression in a precise position. The overlap of HoxPG6/7
expression domains with the limb field further supports instructive roles of these Hox genes.

Moreover, the extended Tbx5 expression domain from the heart to forelimb signifies the posterior
shift of the forelimb (Anderson et al., 2016     ) (Fig. 4     ). As the forelimb programme proceeds,
Tbx5 expression is maintained in only the heart and the prospective forelimb region (Fig. 4     ).
Notably, the regression of Tbx5 in the neck region between the heart and forelimb region implies
functional differences between PG4/5 and PG6/7 genes.

There is an evolutionarily conserved requirement for spatial and temporal regulation of cell
behaviour during morphogenesis. Hox codes control the growth and shape of almost all organs
and the body as a whole. Therefore, the identified mechanisms by which the Hox code genes play
permissive and instructive roles in controlling cell behaviour are of general significance for
organogenesis during embryonic development and adult regeneration and may elucidate the
regional specification mechanisms for other organs.

Towards an evolutionary perspective of
vertebral morphology and limb positioning
While the length of the cervical spinal column and the position of the forelimbs are highly fixed in
mammals, they are much more variable in other vertebrates, especially from an evolutionary
perspective. Indeed, there appears to be an evolutionary trend toward increased head mobility,
achieved through the increasing complexity and length of the cervical spine. This trend involves,
or presupposes, a caudal repositioning of the anterior limbs.

Extant jawless vertebrates such as lampreys and hagfish lack any morphological vestige
suggesting an anlage of anterior limbs. In these species, the expression of Tbx4/5, the hallmark
marker of incipient anterior limb and heart development, is restricted to the latter (Adachi, 2016)
(Fig. 4D     ). The first pectoral fins, defined by the presence of a possibly gill-arch-derived pectoral
girdle (Janvier, 1996     ) and connected to the head shield, are found in fossil osteostracans, an
early class of gnathostomes (Coates, 1994     ) (Fig. 4A     ).

The separation of the pectoral girdle from the head shield resulted in the development of a
primary neck, first identifiable in placoderms (Trinajstic et al., 2013     ) (Fig. 4A     ). In jawed fish
with paired fins, the evolutionary caudal repositioning of the anterior pectoral fins can also be
verified by the fact that the expression of Tbx5 is now slightly caudal to the heart anlage
(Anderson et al., 2016     ). This has been documented in skates as well as zebrafish (Adachi et al.,
2016     ; Criswell et al., 2021     ) (Fig. 4E     ).

A true neck connecting the cranium and trunk first evolved in amphibians—the first land
vertebrates—as the pectoral girdle shifted caudally and the first trunk vertebra transformed into a
cervical vertebra (Torrey, 1978     ) (Fig. 4A, B     ). With the further evolution of land vertebrates,
the number of cervical vertebrae increased significantly (Goodrich, 1906     ). The longest cervical
vertebral columns, with 76 segments, have been reported in the fossil diapsids Muraenosaurus
and Elasmosaur Albertonectes (Kubo et al., 2012     ; Young, 1981). In birds, the number of cervical
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Fig. 4

Permissive, instructive, and inhibitory Hox codes regulate the forelimb positioning.

The phylogenetic tree of gnathostomes (A, redrawn from Hirasawa et al., 2016) show that despite the variation in the number
of cervical vertebrae (C.V.), the pectoral fin and forelimb (dark blue) are always located at the cervical–thoracic boundary.
However, their axial positions with respect to somite number vary widely across species (B and C modified from Burke, 1995).
B, C: Bright circles: numbered somites; grey shaded circles: thoracic somites; black bars: spinal nerves of the brachial plexus;
curved lines: limb bud. In lamprey embryos (D), expression of Tbx5 homologue is restricted to the heart region (Adachi et al.,
2016     ). In skate embryos (E), Tbx5 expression (blue) extended slightly caudally from the heart anlage (Adachi et al. 2016     ).
In avian embryos (F), it extends from the heart over the neck to the wing field. During wing bud formation, Tbx5 expression is
restricted to only the heart and the wing bud. In lateral plate mesoderm, Hox4/5 expression (yellow) extends into the neck
region, whereas the anterior expression domain of Hox6/7 (green) is at the wing level. Hox9 expression (magenta) starts
posteriorly to the wing. The yellow, green, and magenta colours represent permissive, instructive, and inhibitory functions,
respectively. The blue curved line outlines the wing bud.
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vertebrae varies widely, ranging from nine to twenty-five (Yapp & Lyons, 1965     ) (Fig. 4A, C, E     ).
The evolutionarily retained muscular connection between the head and shoulder girdle, formed
by the cucullaris muscle and its derivatives, validates this history (Sefton et al., 2016     ; Theis et al.,
2010     ).

The significance of Hox genes in vertebrate diversification and limb complexity has been
repeatedly documented (Cohn & Tickle, 1999     ; Wellik & Capecchi, 2003; Li et al., 2023     ; Korth &
Polly, 2023     ). The present results refine our understanding of how Hox genes integrate vertebral
column structure and limb positioning, which together have led to the extensive behavior and
foraging/predatory diversification of vertebrates (Rytel et al., 2024     ; Marek et al., 2021     ).

Materials and Methods

In ovo electroporation
Fertilised chicken (Gallus gallus domesticus) eggs were obtained from the Institute of Animal
Sciences of the Agricultural Faculty, University of Bonn, Germany. First, after windowing of the egg
shell and exposing the embryo, a solution containing 5–10 µg/µL plasmid and 0.1 % Fast Green was
injected into the coelom at specific axial levels. Electroporation was then performed using the CUY
21-Edit-II electroporator with one poration pulse of high voltage (0.01 ms, 70 V) followed by two
driving pulses of low voltage (50 ms, 7 V, with 200 ms intervals). There is a 99.9 ms interval
between the high and low voltage pulses. After reincubation, embryos were imaged under the
Nikon SM21500 fluorescence microscope and then fixed in 4 % paraformaldehyde overnight at
4°C.

Plasmids for electroporation
DNA plasmids were produced by Dongze Bio-products (Guangzhou, China). Coding sequences
(obtained from NCBI) for Hoxa4 (930bp, NM_001030346.3), Hoxa5 (813bp, NM_001318419.2),
Hoxa6 (696bp, NM_001030987.4), Hoxb6 (669bp, NM_001396636.1), Hoxc6 (714bp,
NM_001407494.1), Hoxa7 (660bp, NM_204595.3) or Hoxb7 (654bp, XM_040653307.2) were inserted
into the pCAGGS-P2A-EGFP plasmid. A plasmid expressing the dominant negative (dn) form
specific for Hoxa4, a5, a6 or a7 was produced using their coding sequence lacking the C-terminal
portion, including Hoxa4dn (762bp), Hoxa5dn (729bp), Hoxa6dn (585bp) and Hoxa7dn (528bp). A
large quantity of DNA plasmids was purified using the NucleoBond Xtra Midi DNA preparation kit
(MACHEREY-NAGEL).

RNA in situ hybridisation
Whole-mount RNA in situ hybridization was performed by incubating probes at 65°C (Nieto, Patel
et al. 1996). The probes were detected using anti-Digoxigenin-AP, fab fragments (Roche) and color
reagent NBT/BCIP staining solution (Roche). Chicken Lmx-1, Fgf10 and Fgf8 probes were provided
by H. Ohuchi, O. Pourquie and C. Tabin, respectively. Chicken Tbx5 probe, Hox probes and Hoxdn
C-terminal probes were produced using PCR and transcribed using the DIG-RNA Labelling Kit
(Roche, #11175025910) with T7 polymerase. The specific primers were shown in Table 4     .

RNA-Seq analyses
Wing parts (five samples per replicate, four replicates, total 20 samples) and neck parts (20
samples per replicate, four replicates, total 80 samples) were dissected from HH22 normal
embryos. Additionally, a total of 80 Hoxa6-induced ectopic buds (20 samples per replicate, four
replicates) were dissected from HH22 embryos with Hoxa6 ectopic expression in the neck. The
dissections were performed under the Nikon SM21500 fluorescence microscope. Only ectopic buds
identified by their morphology and EGFP expression were isolated and collected, including the
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Table 4

Primer sequences used for generating in situ hybridization probes by PCR.
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surface ectoderm. Total RNA of samples was isolated with miRNeasy Micro Kit (QIAGEN). Library
preparation was performed according to the manufacturer’s protocol using the ‘VAHT Universal
RNA-Seq Library Prep Kit for Illumina V6 with mRNA capture module’. Next, 500 ng total RNA was
used for mRNA capturing, fragmentation, cDNA synthesis, adapter ligation and library
amplification. Bead-purified libraries were normalised and finally sequenced on the HiSeq
3000/4000 system (Illumina Inc. San Diego, USA).

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. Mapping was done against the Gallus gallus (GRCg6a) (19 March, 2021) genome
sequence. Statistically significant differential expression was determined using the ‘Differential
Expression for RNA-Seq’ tool (version 2.4) (Qiagen Inc. 2021). The resulting P values were
corrected for multiple testing by FDR. The RNA expression level was indicated by reads per
kilobase of transcript per million mapped reads (RPKM) and the statistical analysis between the
three groups were made by ordinary one-way ANOVA, using GraphPad Prism v6 (San Diego, CA,
USA). Functional annotation clustering was done by means of the DAVID online tool (https://david
.ncifcrf.gov/     ) and using the Gene Ontology “biological process” annotation category. Data are
presented as mean ± standard error of the mean. The level of statistical significance was set at **p
< 0.01.

Competing Interest Statement

The authors declare no competing interests.

Acknowledgements

The authors thank Sandra Graefe and Heinz Bioernsen for their expert technical assistance.
Computational support from the Centre for Information and Media Technology, especially the
High-Performance Computing team at Heinrich-Heine University, is acknowledged. This work was
supported by grants from China Scholarship Council (CSC) and by German Research Funding
(DFG-Hu 729/13).

Author Contributions

Conceptualisation: YW, RH, KP, MH, TB, SK, QP. Investigation: YW. Methodology: YW, JBW, LC, JLW,
PZ, HT, ZL, XQ, DC. RNA-Seq: PP, KK, YW. Funding acquisition: YW, SK, RH. Writing: YW, RH, KS,
MH, KP, SK, QP, JW, GK.

https://doi.org/10.7554/eLife.100592.1
https://david.ncifcrf.gov/


Yajun Wang et al., 2024 eLife. https://doi.org/10.7554/eLife.100592.1 18 of 27

References

Adachi N., Robinson M., Goolsbee A., Shubin N. H (2016) Regulatory evolution of Tbx5 and
the origin of paired appendages Proc Natl Acad Sci U S A 113:10115–10120 https://doi.org/10
.1073/pnas.1609997113

Anderson C., Khan M. A. F., Wong F., Solovieva T., Oliveira N. M. M., Baldock R. A., Stern C. D.
(2016) A strategy to discover new organizers identifies a putative heart organizer Nat
Commun 7 https://doi.org/10.1038/ncomms12656

Barrow J. R., Thomas K. R., Boussadia-Zahui O., Moore R., Kemler R., Capecchi M. R., McMahon
A. P (2003) Ectodermal Wnt3/beta-catenin signaling is required for the establishment and
maintenance of the apical ectodermal ridge Genes Dev 17:394–409 https://doi.org/10.1101
/gad.1044903

Becker D., Eid R., Schughart K (1996) The limb/LPM enhancer of the murine Hoxb6 gene:
reporter gene analysis in transgenic embryos and studies of DNA-protein interactions
Pharm Acta Helv 71:29–35 https://doi.org/10.1016/0031-6865(95)00049-6

Becker D., Jiang Z., Knödler P., Deinard A. S., Eid R., Kidd K. K., Schughart K. (1996) Conserved
regulatory element involved in the early onset of Hoxb6 gene expression Dev Dyn 205:73–
81 https://doi.org/10.1002/(sici)1097-0177(199601)205:1<73::Aid-aja7>3.0.Co;2-2

Böhmer C (2017) Correlation between Hox code and vertebral morphology in the mouse:
towards a universal model for Synapsida Zoological Lett 3 https://doi.org/10.1186/s40851
-017-0069-4

Burke A. C (2000) Hox genes and the global patterning of the somitic mesoderm Curr Top
Dev Biol 47:155–181

Burke A. C., Nelson C. E., Morgan B. A., Tabin C (1995) Hox genes and the evolution of
vertebrate axial morphology Development 121:333–346

Chaube S (1959) On axiation and symmetry in transplanted wing of the chick Journal of
Experimental Zoology 140:29–77

Coates M. I (1994) The origin of vertebrate limbs Dev Suppl :169–180

Cohn M. J., Izpisúa-Belmonte J. C., Abud H., Heath J. K., Tickle C (1995) Fibroblast growth
factors induce additional limb development from the flank of chick embryos Cell 80:739–
746 https://doi.org/10.1016/0092-8674(95)90352-6

Cohn M. J., Patel K., Krumlauf R., Wilkinson D. G., Clarke J. D., Tickle C (1997) Hox9 genes and
vertebrate limb specification Nature 387:97–101 https://doi.org/10.1038/387097a0

Cohn M. J., Tickle C. (1999) Developmental basis of limblessness and axial patterning in
snakes Nature 399:474–479 https://doi.org/10.1038/20944

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

https://doi.org/10.7554/eLife.100592.1
https://doi.org/10.1073/pnas.1609997113
https://doi.org/10.1038/ncomms12656
https://doi.org/10.1101/gad.1044903
https://doi.org/10.1016/0031-6865(95)00049-6
https://doi.org/10.1002/(sici)1097-0177(199601)205:1%3C73::Aid-aja7%3E3.0.Co;2-2
https://doi.org/10.1186/s40851-017-0069-4
https://doi.org/10.1016/0092-8674(95)90352-6
https://doi.org/10.1038/387097a0
https://doi.org/10.1038/20944


Yajun Wang et al., 2024 eLife. https://doi.org/10.7554/eLife.100592.1 19 of 27

Criswell K. E., Roberts L. E., Koo E. T., Head J. J., Gillis J. A (2021) hox gene expression predicts
tetrapod-like axial regionalization in the skate, Leucoraja erinacea Proc Natl Acad Sci U S A
118 https://doi.org/10.1073/pnas.2114563118

Crossley P. H., Minowada G., MacArthur C. A., Martin G. R (1996) Roles for FGF8 in the
induction, initiation, and maintenance of chick limb development Cell 84:127–136 https://
doi.org/10.1016/s0092-8674(00)80999-x

Delgado I., Giovinazzo G., Temiño S., Gauthier Y., Balsalobre A., Drouin J., Torres M (2021)
Control of mouse limb initiation and antero-posterior patterning by Meis transcription
factors Nat Commun 12 https://doi.org/10.1038/s41467-021-23373-9

Denans N., Iimura T., Pourquié O (2015) Hox genes control vertebrate body elongation by
collinear Wnt repression Elife 4 https://doi.org/10.7554/eLife.04379

Duboule D (2022) The (unusual) heuristic value of Hox gene clusters; a matter of time? Dev
Biol 484:75–87 https://doi.org/10.1016/j.ydbio.2022.02.007

Duboule D., Dollé P (1989) The structural and functional organization of the murine HOX
gene family resembles that of Drosophila homeotic genes EMBO J 8:1497–1505

Fernandez-Guerrero M., Zdral S., Castilla-Ibeas A., Lopez-Delisle L., Duboule D., Ros M. A (2022)
Time-sequenced transcriptomes of developing distal mouse limb buds: A comparative
tissue layer analysis Dev Dyn 251:1550–1575 https://doi.org/10.1002/dvdy.394

Garcia-Gasca A., Spyropoulos D. D. (2000) Differential mammary morphogenesis along the
anteroposterior axis in Hoxc6 gene targeted mice Developmental dynamics: an official
publication of the American Association of Anatomists 219:261–276

Gehring W. J., Müller M., Affolter M., Percival-Smith A., Billeter M., Qian Y. Q., Wüthrich K (1990)
The structure of the homeodomain and its functional implications Trends Genet 6:323–
329 https://doi.org/10.1016/0168-9525(90)90253-3

Goodrich E. S (1906) Memoirs: Notes on the development, structure, and origin of the
median and paired fins of fish Journal of Cell Science 2:333–376

Grieshammer U., Minowada G., Pisenti J. M., Abbott U. K., Martin G. R (1996) The chick
limbless mutation causes abnormalities in limb bud dorsal-ventral patterning:
implications for the mechanism of apical ridge formation Development 122:3851–3861

Gros J., Tabin C. J (2014) Vertebrate limb bud formation is initiated by localized epithelial-
to-mesenchymal transition Science 343:1253–1256 https://doi.org/10.1126/science.1248228

Hamburger V., Hamilton H. L (1951) A series of normal stages in the development of the
chick embryo Journal of morphology 88:49–92

Hasson P., Del Buono J., Logan M. P (2007) Tbx5 is dispensable for forelimb outgrowth
Development 134:85–92 https://doi.org/10.1242/dev.02622

Horan G., Ramírez-Solis R., Featherstone M. S., Wolgemuth D. J., Bradley A., Behringer R. R
(1995) Compound mutants for the paralogous hoxa-4, hoxb-4, and hoxd-4 genes show
more complete homeotic transformations and a dose-dependent increase in the number
of vertebrae transformed Genes & development 9:1667–1677

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

https://doi.org/10.7554/eLife.100592.1
https://doi.org/10.1073/pnas.2114563118
https://doi.org/10.1016/s0092-8674(00)80999-x
https://doi.org/10.1038/s41467-021-23373-9
https://doi.org/10.7554/eLife.04379
https://doi.org/10.1016/j.ydbio.2022.02.007
https://doi.org/10.1002/dvdy.394
https://doi.org/10.1016/0168-9525(90)90253-3
https://doi.org/10.1126/science.1248228
https://doi.org/10.1242/dev.02622


Yajun Wang et al., 2024 eLife. https://doi.org/10.7554/eLife.100592.1 20 of 27

Horan G., Wu K., Wolgemuth D. J., Behringer R. R (1994) Homeotic transformation of cervical
vertebrae in Hoxa-4 mutant mice Proceedings of the National Academy of Sciences 91:12644–
12648

Horan G. S., Kovàcs E. N., Behringer R. R., Featherstone M. S (1995) Mutations in paralogous
Hox genes result in overlapping homeotic transformations of the axial skeleton:
evidence for unique and redundant function Developmental biology 169:359–372

Iimura T., Pourquie O (2006) Collinear activation of Hoxb genes during gastrulation is
linked to mesoderm cell ingression Nature 442:568–571 https://doi.org/10.1038
/nature04838

Janvier P (1996) Early vertebrates Oxford Univ. Press

Jeannotte L., Lemieux M., Charron J., Poirier F., Robertson E (1993) Specification of axial
identity in the mouse: role of the Hoxa-5 (Hox1. 3) gene Genes & development 7:2085–2096

Kessel M., Gruss P (1991) Homeotic transformations of murine vertebrae and concomitant
alteration of Hox codes induced by retinoic acid Cell 67:89–104 https://doi.org/10.1016/0092
-8674(91)90574-i

Kort A. E., Polly P. D (2023) Allometry then locomotor diversification shaped the evolution
of lumbar morphology in early placental mammals Evolutionary Journal of the Linnean Society
2

Kubo T., Mitchell M. T., Henderson D. M (2012) Albertonectes vanderveldei, a new
elasmosaur (Reptilia, Sauropterygia) from the Upper Cretaceous of Alberta Journal of
Vertebrate Paleontology 32:557–572

Lin G. H., Zhang L (2020) Apical ectodermal ridge regulates three principal axes of the
developing limb J Zhejiang Univ Sci B 21:757–766 https://doi.org/10.1631/jzus.B2000285

Li Y., Brinkworth A., Green E., et al. (2023) Divergent vertebral formulae shape the evolution
of axial complexity in mammals Nat Ecol Evol 7:367–381

Lours C., Dietrich S (2005) The dissociation of the Fgf-feedback loop controls the limbless
state of the neck Development 132:5553–5564 https://doi.org/10.1242/dev.02164

Marek RD, Falkingham PL, Benson RBJ, Gardiner JD, Maddox TW, Bates KT (2021) Evolutionary
versatility of the avian neck Proc. R. Soc. B 288

McIntyre D. C., Rakshit S., Yallowitz A. R., Loken L., Jeannotte L., Capecchi M. R., Wellik D. M
(2007) Hox patterning of the vertebrate rib cage Development 134:2981–2989 https://doi.org
/10.1242/dev.007567

Min H., Danilenko D. M., Scully S. A., Bolon B., Ring B. D., Tarpley J. E., Simonet W. S. (1998) Fgf-
10 is required for both limb and lung development and exhibits striking functional
similarity to Drosophila branchless Genes Dev 12:3156–3161 https://doi.org/10.1101/gad.12
.20.3156

Minguillon C., Nishimoto S., Wood S., Vendrell E., Gibson-Brown J. J., Logan M. P (2012) Hox
genes regulate the onset of Tbx5 expression in the forelimb Development 139:3180–
3188 https://doi.org/10.1242/dev.084814

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

https://doi.org/10.7554/eLife.100592.1
https://doi.org/10.1038/nature04838
https://doi.org/10.1016/0092-8674(91)90574-i
https://doi.org/10.1631/jzus.B2000285
https://doi.org/10.1242/dev.02164
https://doi.org/10.1242/dev.007567
https://doi.org/10.1101/gad.12.20.3156
https://doi.org/10.1242/dev.084814


Yajun Wang et al., 2024 eLife. https://doi.org/10.7554/eLife.100592.1 21 of 27

Morales J. S., Raspopovic J., Marcon L (2021) From embryos to embryoids: How external
signals and self-organization drive embryonic development Stem Cell Reports 16:1039–
1050 https://doi.org/10.1016/j.stemcr.2021.03.026

Moreau C., Caldarelli P., Rocancourt D., Roussel J., Denans N., Pourquie O., Gros J (2019) Timed
Collinear Activation of Hox Genes during Gastrulation Controls the Avian Forelimb
Position Curr Biol 29:35–50 https://doi.org/10.1016/j.cub.2018.11.009

Mukaigasa K., Sakuma C., Okada T., Homma S., Shimada T., Nishiyama K., Yaginuma H (2017)
Motor neurons with limb-innervating character in the cervical spinal cord are sculpted by
apoptosis based on the Hox code in chick embryo Development 144:4645–4657

Nishimoto S., Logan M. P (2016) Subdivision of the lateral plate mesoderm and
specification of the forelimb and hindlimb forming domains Semin Cell Dev Biol 49:102–
108 https://doi.org/10.1016/j.semcdb.2015.11.011

Nishimoto S., Minguillon C., Wood S., Logan M. P (2014) A combination of activation and
repression by a colinear Hox code controls forelimb-restricted expression of Tbx5 and
reveals Hox protein specificity PLoS Genet 10 https://doi.org/10.1371/journal.pgen.1004245

Nishimoto S., Wilde S. M., Wood S., Logan M. P (2015) RA Acts in a Coherent Feed-Forward
Mechanism with Tbx5 to Control Limb Bud Induction and Initiation Cell Rep 12:879–
891 https://doi.org/10.1016/j.celrep.2015.06.068

Rallis C., Bruneau B. G., Del Buono J., Seidman C. E., Seidman J. G., Nissim S., Logan M. P. (2003)
Tbx5 is required for forelimb bud formation and continued outgrowth Development
130:2741–2751 https://doi.org/10.1242/dev.00473

Ramfrez-Solis R., Zheng H., Whiting J., Krumlauf R., Bradley A (1993) Hoxb-4 (Hox-2.6) mutant
mice show homeotic transformation of a cervical vertebra and defects in the closure of
the sternal rudiments Cell 73:279–294

Rancourt D. E., Tsuzuki T., Capecchi M. R (1995) Genetic interaction between hoxb-5 and
hoxb-6 is revealed by nonallelic noncomplementation Genes & development 9:108–122

Ros M. A., López-Martínez A., Simandl B. K., Rodriguez C., Izpisua Belmonte J., Dahn R., Fallon J.
F (1996) The limb field mesoderm determines initial limb bud anteroposterior asymmetry
and budding independent of sonic hedgehog or apical ectodermal gene expressions
Development 122:2319–2330

Rytel A, Böhmer C, Spiekman SNF, Tałanda M (2024) Extreme neck elongation evolved
despite strong developmental constraints in bizarre Triassic reptiles—implications for
neck modularity in archosaurs R. Soc. Open Sci 11

Sefton E. M., Bhullar B. A., Mohaddes Z., Hanken J (2016) Evolution of the head-trunk
interface in tetrapod vertebrates Elife 5 https://doi.org/10.7554/eLife.09972

Sekine K., Ohuchi H., Fujiwara M., Yamasaki M., Yoshizawa T., Sato T., Kato S. (1999) Fgf10 is
essential for limb and lung formation Nat Genet 21:138–141 https://doi.org/10.1038/5096

Steimle J., Moskowitz I (2017) TBX5: a key regulator of heart development Curr Top Dev Biol
122:195–221

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

https://doi.org/10.7554/eLife.100592.1
https://doi.org/10.1016/j.stemcr.2021.03.026
https://doi.org/10.1016/j.cub.2018.11.009
https://doi.org/10.1016/j.semcdb.2015.11.011
https://doi.org/10.1371/journal.pgen.1004245
https://doi.org/10.1016/j.celrep.2015.06.068
https://doi.org/10.1242/dev.00473
https://doi.org/10.7554/eLife.09972
https://doi.org/10.1038/5096


Yajun Wang et al., 2024 eLife. https://doi.org/10.7554/eLife.100592.1 22 of 27

Tanaka M (2016) Developmental Mechanism of Limb Field Specification along the
Anterior-Posterior Axis during Vertebrate Evolution J Dev Biol 4 https://doi.org/10.3390
/jdb4020018

Takeuchi J. K., Koshiba-Takeuchi K., Suzuki T., Kamimura M., Ogura K., Ogura T (2003) Tbx5 and
Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade
Development 130:2729–2739 https://doi.org/10.1242/dev.00474

Theis S., Patel K., Valasek P., Otto A., Pu Q., Harel I., Huang R (2010) The occipital lateral plate
mesoderm is a novel source for vertebrate neck musculature Development 137:2961–
2971 https://doi.org/10.1242/dev.049726

Tickle C (2002) Molecular basis of vertebrate limb patterning American journal of medical
genetics 112:250–255

Torrey T (1978) Morphogenesis of the Vertebrates New York In: Wiley

Trinajstic K., Sanchez S., Dupret V., Tafforeau P., Long J., Young G., Ahlberg P. E. (2013) Fossil
musculature of the most primitive jawed vertebrates Science 341:160–164 https://doi.org
/10.1126/science.1237275

Vogel A., Rodriguez C., Izpisúa-Belmonte J.-C (1996) Involvement of FGF-8 in initiation,
outgrowth and patterning of the vertebrate limb Development 122:1737–1750

Xu B., Hrycaj S. M., McIntyre D. C., Baker N. C., Takeuchi J. K., Jeannotte L., Wellik D. M (2013)
Hox5 interacts with Plzf to restrict Shh expression in the developing forelimb Proc Natl
Acad Sci U S A 110:19438–19443 https://doi.org/10.1073/pnas.1315075110

Yapp W. B., Lyons K. M (1965) Vertebrates: Their structure and life Oxford Univ. Press

Yin W., Wang Z. J., Li Q. Y., Lian J. M., Zhou Y., Lu B. Z., Zhou Q (2016) Evolutionary trajectories
of snake genes and genomes revealed by comparative analyses of five-pacer viper Nat
Commun 7 https://doi.org/10.1038/ncomms13107

Young J. J., Grayson P., Edwards S. V., Tabin C. J (2019) Attenuated Fgf Signaling Underlies the
Forelimb Heterochrony in the Emu Dromaius novaehollandiae Curr Biol 29:3681–
3691 https://doi.org/10.1016/j.cub.2019.09.014

Zakany J., Duboule D (2007) The role of Hox genes during vertebrate limb development
Current opinion in genetics & development 17:359–366

Editors
Reviewing Editor
Ariel Chipman
The Hebrew University of Jerusalem, Jerusalem, Israel

Senior Editor
Richard White
University of Oxford, Oxford, United Kingdom

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

https://doi.org/10.7554/eLife.100592.1
https://doi.org/10.3390/jdb4020018
https://doi.org/10.1242/dev.00474
https://doi.org/10.1242/dev.049726
https://doi.org/10.1126/science.1237275
https://doi.org/10.1073/pnas.1315075110
https://doi.org/10.1038/ncomms13107
https://doi.org/10.1016/j.cub.2019.09.014


Yajun Wang et al., 2024 eLife. https://doi.org/10.7554/eLife.100592.1 23 of 27

Reviewer #1 (Public review):

Summary:

This study investigates the role of Hox genes in determining the position of the forelimb bud
through experimental loss- and gain-of-function approaches in chicken embryos. The loss-of-
function experiments involved expressing dominant-negative versions of specific Hox genes
in the limb bud to assess their necessity for limb formation. Gain-of-function experiments
entailed expressing full-length Hox genes anterior to the limb field in the lateral mesoderm.
The results were evaluated by analyzing the expression of genes involved in limb
development, such as Fgf8, Fgf10, Shh, and Tbx5, the latter specifically marking the forelimb.

The findings indicate that introducing dominant-negative forms of Hoxa4, Hoxa5, Hoxa6, and
Hoxa7 into the forelimb field reduces bud size and downregulates certain limb markers.
Conversely, introducing active versions of these genes rostral to the normal forelimb position
shows that Hox4 and Hox5 have no effect, whereas Hox6 and Hox7 extend the forelimb
anteriorly or create a small bulge rostral to the forelimb. The authors conclude that Hox4 and
Hox5 provide permissive cues for forelimb formation throughout the neck region, with the
final forelimb position determined by the instructive cues of Hox6/7 in the lateral plate
mesoderm.

Strengths:

The authors endeavor to address the longstanding question of what determines limb position,
particularly that of the forelimb, in the vertebrate embryo.

Weaknesses:

In my opinion, the study is preliminary and requires additional controls and explanations for
conflicting results observed in mice:

(1) The activity of the dominant negatives lacks appropriate controls. This is crucial given
that mouse mutants for PG5, PG6, PG7, and three of the four PG4 genes show no major effects
on limb induction or growth. Understanding these discrepancies is essential.

(2) The authors mention redundancies in Hox activity, consistent with numerous previous
reports. However, they only use single dominant-negative versions of each Hox paralog gene
individually. If Hox4 and Hox5 functions are redundant, experiments should include
simultaneous dominant negatives for both groups.

(3) The main conclusion that Hox4 and Hox5 provide permissive cues on which Hox6/7
induce the forelimb is not sufficiently supported by the data. An experiment expressing
simultaneous dnHox4/5 and Hox6/7 is needed. If the hypothesis is correct, this should block
Hox6/7's capacity to expand the limb bud or generate an extra bulge.

(4) The identity of the extra bulge or extended limb bud is unclear. The only marker
supporting its identity as a forelimb is Tbx5, while other typical limb development markers
are absent. Tbx5 is also expressed in other regions besides the forelimb, and its presence does
not guarantee forelimb identity. For instance, snakes express Tbx5 in the lateral mesoderm
along much of their body axis.

(5) It is important to analyze the skeletons of all embryos to assess the effect of reduced limb
buds upon dnHox expression and determine whether extra skeletal elements develop from
the extended bud or ectopic bulge.

https://doi.org/10.7554/eLife.100592.1.sa2
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Reviewer #2 (Public review):

Summary:

This manuscript investigates the role of Hox genes in the specification of forelimb position.
The central conclusions are that Hox paralogy group (PG) 6/7 genes are both necessary and
sufficient to induce forelimb buds. In addition, the authors argue that HoxPG4/5 genes are
necessary, but, by contrast to Hox PG6/7 genes, Hox PG4/5 genes are not sufficient to induce
forelimb budding. To test the roles of Hox4-7 genes in limb development, the authors use both
gain-of-function (GOF) and loss-of-function (LOF) approaches in chick embryos.

In LOF experiments, they produced dominant negative forms of Hoxa4, Hoxa5, Hoxa6, and
Hoxa7, which lack the DNA-binding domain, and they electroporated these constructs into
the prospective wing field of the lateral plate mesoderm (LPM) in pre-limb bud stage (HH12)
chick embryos. All 4 constructs resulted in down-regulation of Tbx5 (an early marker of
forelimb development), and of its target gene, Fgf10, which is required for the initiation of
limb budding, in the lateral plate mesoderm. The dominant negative experiments also caused
down-regulation of Fgf8 in the overlying limb ectoderm and a marked reduction in the size of
the early wing bud. Based on the LOF results, the authors conclude that each of the Hoxa4-7
genes is required for the specification of the forelimb field and for the establishment of the
Fgf10-Fgf8 feedback loop in wing bud mesenchyme and overlying epithelium.

The authors then use a GOF strategy to investigate whether the same genes are sufficient to
induce forelimb budding. They test this hypothesis using the neck, a region that is known to
be incompetent to form limbs in response to Fgf signaling. Overexpression of full-length
Hoxa6 and Hoxa7 in the neck region caused ectopic expression of Tbx5 in the neck region,
which fits with "posteriorization" of cells at neck level, as Tbx5 typically marks the forelimb
and flank (interlimb) region of the lateral plate mesoderm. Consistent with a posterior
transformation of positional identity (neck to forelimb), overexpression of Hoxa6 or Hoxa7
leads to activation of Fgf10 expression and development of an ectopic forelimb bud from (or
extension of the normal forelimb bud into) the neck region). By contrast, overexpression of
either Hoxa4 or Hoxa5 in the neck region is not sufficient to induce ectopic forelimb budding.
Curiously, the ectopic forelimb buds do not express Fgf8 in the overlying ectoderm or develop
beyond the bud stage. The latter finding is consistent with previous work showing that neck
ectoderm is not competent to support outgrowth of transplanted limb bud mesenchyme. The
authors investigate the mechanistic basis of this early arrest of outgrowth by comparing the
transcriptomes of ectopic limb buds, normal forelimb buds, and normal neck cells.

The RNA sequencing analysis shows that while some limb development genes (e.g., Lmx1b,
Hoxa9, Hoxd9, Hoxa10, Hoxd10) are activated in the ectopic limb bud, other key components
of the circuit (e.g., Shh, Fgf8, Hox12/13 paralogs) are not established, leading them to conclude
that failure of neck ectoderm to form an AER underlies the arrested outgrowth of ectopic
limb buds.

Strengths:

This study provides the first evidence that altering the Hox code in neck lateral plate
mesoderm (LPM) is sufficient to induce ectopic development of forelimb buds at the neck
level. For more than 30 years, developmental biologists have speculated and provided
indirect evidence that Hox genes are involved in the specification of forelimb position, but to
my knowledge, no study has shown that altering Hox gene expression alone can induce limb
development outside of the normal limb field. The finding that Hox6/7 paralogs are sufficient
for forelimb bud development, whereas Hox4/5 paralogs are not, suggests that specification
of forelimb identity requires instructive signaling that is a specific property of Hox6/7
paralogs. The GOF experiments significantly extend the knowledge of limb specification
beyond that which has come from Hox gene manipulations in mice.
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Weaknesses:

(1) By contrast to the GOF experiments that induce ectopic limb budding, the LOF
experiments, which use dominant negative forms of Hoxa4, Hoxa5, Hoxa6, and Hoxa7, are
more challenging to interpret due to the absence of data on the specificity of the dominant
negative constructs. Absent such controls, one cannot be certain that effects on limb
development are due to disruption of the specific Hox proteins that are being targeted.

(2) A test of their central hypothesis regarding the necessity and sufficiency of the Hox genes
under investigation would be to co-transfect the neck with full-length Hoxa6/a7 AND the
dnHoxA4/a5. If their hypothesis is correct, then the dn constructs should block the limb-
inducing ability of Hoxa6/a7 overexpression (again, validation of specificity of the DN
constructs is important here).

(3) The paper could be strengthened by providing some additional data, which should already
exist in their RNA-Seq dataset, such as supplementary material that shows the actual gene
expression data that are represented in the Venn diagram, heatmap, and GO analysis in
Figure 3.

(4) The results of these experiments in chick embryos are rather unexpected based on
previous knockout experiments in mice, and this needs to be discussed.

https://doi.org/10.7554/eLife.100592.1.sa1

Author response:

Reviewer #1:

Weaknesses:

(1) The activity of the dominant negatives lacks appropriate controls. This is crucial given
that mouse mutants for PG5, PG6, PG7, and three of the four PG4 genes show no major
effects on limb induction or growth. Understanding these discrepancies is essential.

Given the importance of the Loss of Function (LOF) experiments, we will provide additional
evidence for the validity of the dominant-negative strategy and constructs used.

(2) The authors mention redundancies in Hox activity, consistent with numerous previous
reports. However, they only use single dominant-negative versions of each Hox paralog
gene individually. If Hox4 and Hox5 functions are redundant, experiments should include
simultaneous dominant negatives for both groups.

To clarify redundancies in Hox activity, we will test whether simultaneous expression of
dominant-negative forms of more than one Hox genes induces a stronger effect compared to
the expression of a single dominant-negatives Hox genes.

(3) The main conclusion that Hox4 and Hox5 provide permissive cues on which Hox6/7
induce the forelimb is not sufficiently supported by the data. An experiment expressing
simultaneous dnHox4/5 and Hox6/7 is needed. If the hypothesis is correct, this should
block Hox6/7's capacity to expand the limb bud or generate an extra bulge.

We agree that this is an excellent additional experiment to corroborate our conclusion and
will perform this experiment in our revision.
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(4) The identity of the extra bulge or extended limb bud is unclear. The only marker
supporting its identity as a forelimb is Tbx5, while other typical limb development
markers are absent. Tbx5 is also expressed in other regions besides the forelimb, and its
presence does not guarantee forelimb identity. For instance, snakes express Tbx5 in the
lateral mesoderm along much of their body axis.

To date, Tbx5 is the best marker for the forelimb. While it is true that the Tbx5 expression is
broader than the limb field, this occurs only at early stages before forelimb bud formation.
We will work towards a further definition of this extra bulge.

(5) It is important to analyze the skeletons of all embryos to assess the effect of reduced
limb buds upon dnHox expression and determine whether extra skeletal elements
develop from the extended bud or ectopic bulge.

We have analysed the cartilage structure of operated embryos with GOF experiments and
found no skeletal elements within the ectopic wing bud in the neck. Additionally, in our
revision, we can further analyse the wing skeleton of operated embryos with LOF
experiments, which would provide more detailed assessments of the impact of dominant-
negative Hox genes on wing bud formation.

Reviewer #2:

Weaknesses

(1) By contrast to the GOF experiments that induce ectopic limb budding, the LOF
experiments, which use dominant negative forms of Hoxa4, Hoxa5, Hoxa6, and Hoxa7,
are more challenging to interpret due to the absence of data on the specificity of the
dominant negative constructs. Absent such controls, one cannot be certain that effects
on limb development are due to disruption of the specific Hox proteins that are being
targeted.

We will revise our manuscript to clarify the specificity of the dominant-negative strategy
used.

(2) A test of their central hypothesis regarding the necessity and sufficiency of the Hox
genes under investigation would be to co-transfect the neck with full-length Hoxa6/a7
AND the dnHoxA4/a5. If their hypothesis is correct, then the dn constructs should block
the limb-inducing ability of Hoxa6/a7 overexpression (again, validation of specificity of
the DN constructs is important here).

This is an excellent idea and we will implement the experiment in our revision.

(3) The paper could be strengthened by providing some additional data, which should
already exist in their RNA-Seq dataset, such as supplementary material that shows the
actual gene expression data that are represented in the Venn diagram, heatmap, and
GO analysis in Figure 3.

We will incorporate this suggestion and include additional data from our RNA-seq analysis.

(4) The results of these experiments in chick embryos are rather unexpected based on
previous knockout experiments in mice, and this needs to be discussed.

In our revision, we will appropriately expand the discussion on the discrepancies observed
between knockout mouse models and our chick embryo experiments.
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