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SUMMARY

Limb position along the body is highly consistent
within one species but very variable among verte-
brates. Despite major advances in our understand-
ing of limb patterning in three dimensions, how
limbs reproducibly form along the antero-posterior
axis remains largely unknown. Hox genes have
long been suspected to control limb position; how-
ever, supporting evidences are mostly correlative
and their role in this process is unclear. Here, we
show that limb position is determined early in
development through the action of Hox genes. Dy-
namic lineage analysis revealed that, during
gastrulation, the forelimb, interlimb, and hindlimb
fields are progressively generated and concomi-
tantly patterned by the collinear activation of Hox
genes in a two-step process. First, the sequential
activation of Hoxb genes controls the relative posi-
tion of their own collinear domains of expression in
the forming lateral plate mesoderm, as demon-
strated by functional perturbations during gastrula-
tion. Then, within these collinear domains, we show
that Hoxb4 anteriorly and Hox9 genes posteriorly,
respectively, activate and repress the expression
of the forelimb initiation gene Tbx5 and instruct
the definitive position of the forelimb. Furthermore,
by comparing the dynamics of Hoxb genes activa-
tion during zebra finch, chicken, and ostrich
gastrulation, we provide evidences that changes
in the timing of collinear Hox gene activation might
underlie natural variation in forelimb position
between different birds. Altogether, our results
that characterize the cellular and molecular mech-
anisms underlying the regulation and natural varia-
Current Biology 29, 35–50, Ja
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tion of forelimb positioning in avians show a direct
and early role for Hox genes in this process.

INTRODUCTION

In tetrapods, limbs are always positioned at the level of the cer-

vico-thoracic (forelimb) or lumbo-sacral (hindlimb) vertebral tran-

sitions; however, the position of these frontiers varies greatly

among species. Almost all mammals form forelimbs at the level

of the 8th vertebrae; birds display tremendous variation, with

sparrow, chicken, and swans forming forelimbs at the level of

the 10th, 15th, and 25th vertebrae, respectively. Frogs, in turn,

exhibit forelimbs at the level of the 2nd vertebrae. Hox genes

have long been proposed to regulate limb position during devel-

opment (for review, see [1–3]). Organized in four different clus-

ters, they display a chromosomal organization that reflects their

sequential timing of expression and their successive domains

of expression along the antero-posterior (A-P) axis, named tem-

poral and spatial collinearity, respectively [4–6]. The observation

that anterior boundaries of expression of specific Hox genes

match forelimb, interlimb, and hindlimb borders across tetrapod

species [7–9] and more recently that Hox genes can bind an

enhancer of Tbx5, a transcription factor essential for forelimb

initiation [10, 11], led to the proposition that Hox genes might

regulate limbposition. However, whereas gain- and loss-of-func-

tion of single or multiple Hox genes result in the transformation of

vertebral identity [12], aside from Hoxb5 mutants, which display

an anterior shift of the limbwith incomplete penetrance [13], func-

tional studies in support of a role for Hox genes in limbpositioning

have been lacking. Therefore, whether Hox genes control limb

initiation and position has not been established.

Limbs originate from the somatopleural lateral plate meso-

derm (LPM), an epithelial layer of tissue that flanks axial

embryonic structures. Surprisingly, whereas the cellular events

underlying the formation of embryonic compartments adjacent

to the LPM are well described (i.e., neural tube, notochord, so-

mites, and intermediate mesoderm) [14–17], little is known about
nuary 7, 2019 ª 2018 The Author(s). Published by Elsevier Ltd. 35
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how the LPM is generated during gastrulation. Lineage-tracing

experiments in the chick have revealed that LPM precursor cells

arise from the central third of the primitive streak (PS) [16–20].

Only one lineage analysis, using colored chalk dust [21], traced

back the origin of forelimb, interlimb, and hindlimb fields up to

stage 7 (i.e., after LPM cells have initiated their ingression

through the PS). A series of grafting studies demonstrated that

the forelimb identity becomes determined by at least stage 9

[22] and that the forelimb field carries the morphogenetic poten-

tial to induce a limb in the flank by stage 11 [23]. However, such

studies were all designed an interpreted with regards to the

determination of limb field identity (forelimb versus hindlimb)

[22], polarity (antero-posterior or dorso-ventral) [21, 24], or

morphogenetic inductive potential [23, 25, 26] and did not

address the question of limb field positioning within the LPM.

Thus, how and even when the LPM becomes determined into

limb- and non-limb-forming domains remains to be investigated.

Here, we examine how the forelimbs are positioned along the

A-P axis during avian development. We find that the LPM is pro-

gressively formed and concomitantly patterned by Hox genes

into limb- and non-limb-forming domains during the process of

gastrulation. Moreover, we provide data suggesting that relative

changes in the timing of Hox collinear activation might underlie

natural variation in the forelimb position of different bird species.

RESULTS

The Forelimb Position Is Already Determined by the End
of Gastrulation
Wefirst sought to elucidatewhen thepositionof the future forelimb

is determined. The LPM that is generated during gastrulation epi-

thelializes into the somatopleure by stage 11 (i.e., 2 days of devel-

opment). To testwhether limbposition is alreadydetermined in the

freshly generated LPM, we micro-dissected, rotated, and grafted

back the right somatopleure encompassing both forelimb and in-

terlimb prospective domains of stage 11 chicken embryos (Fig-

ure 1A). Operated embryos were re-incubated for 48 hr until limbs

have clearly formed. 65% of operated embryos exhibited either a

total orpartial posterior shift of the forelimb, as revealedbyexpres-

sion of the limb marker Fgf10 (Figures 1B and 1C; n = 15/23).

Shifted limbbudsalsoexpressedTbx5,demonstrating that thepo-

sition of the forelimb field has been displaced by the surgical pro-

cedure (Figure 1D; n = 2/2). To rule out that the shift of the limbbud

territory resulted from artificial induction of donor surrounding tis-

sues, we performed quail-chick grafting experiments. To directly

visualize the grafted tissue, we generated a transgenic quail line

expressingmembrane-boundEGFPunder the control of the ubiq-

uitous human ubiquitin C (hUbC) promoter (hUbC:memGFP) (Fig-

ure 1E). Transverse sections of grafted embryos clearly show that

only the somatopleural LPM (GFPpositive)was transplantedat the

level of forelimb or interlimb (Figures 1F–1I). Altogether, these ex-

periments show that the position of the forelimb domain relative

to the interlimb domain is established autonomouslywithin the so-

matopleural LPM and as early as stage 11.

Forelimb, Interlimb, and Hindlimb Fields Are
Sequentially Formed during Gastrulation
The finding that the LPM is patterned into forelimb and interlimb

domains by stage 11 raises the possibility that it might be
36 Current Biology 29, 35–50, January 7, 2019
patterned even earlier. The origin of the LPM in the epiblast

has been traced back to the middle third of the PS in chicken

embryos [16, 17, 20]. However, how forelimb, interlimb, and hin-

dlimb cells are specifically generated has not been character-

ized. We performed a dynamic lineage analysis of prospective

limb precursor cells by electroporating fluorescent reporters

(GFP and nuclear H2b-RFP) into the presumptive LPM territory

of stage 4 chicken embryos. Electroporated embryos were

then cultured ex vivo [27] and imaged using 2-photon video mi-

croscopy for approximately 24 hr (Figure 2A; Video S1). Retro-

spective tracking of LPM precursors identified the epiblast origin

of forelimb, interlimb, and hindlimb fields (Video S2). First, we

observed that the formation of the LPM takes place between

stages 4 and 10 (i.e., spanning 24 hr of development). Second,

we could determine that most forelimb precursor cells are gener-

ated between stages 4 and 5, whereas interlimb and hindlimb

precursor cells are gradually generated at later stages, mostly

at stages 6–7 and 8–9, respectively (Figure 2B). To confirm these

results using a different lineage-tracing technique, we generated

a transgenic quail line expressing the green-to-red photo-

convertible fluorescent protein mEOS2 under the control of

the ubiquitous hUbC promoter (hUbC:mEOS2FP). In hUbC:

mEOS2FP transgenic quail embryos, regions could be very pre-

cisely photoconverted and readily tracked for 24 hr. We thus

photoconverted the prospective LPM cells in the PS of stages

6, 7, 9, and 10 mEOS2 transgenic embryos (Figures S1A–S1D)

and followed their fate for 24 hr. As expected, the later the cells

were photoconverted in the PS, themore posterior they localized

in the LPM (Figures S1A’–S1D’ and S1A’’–S1D’’; Video S3).

Notably, cells photoconverted past stage 10 did not contribute

to the LPM, further confirming that, by this stage, the contribu-

tion of the PS to the LPM has ended.

Hox Genes Progressively Pattern the LPM during
Gastrulation
During paraxial mesoderm formation, the collinear activation of

Hoxb genes controls the establishment of their own expression

domains by regulating the ingression timing of epiblast cells

[28]. Hoxb genes also display collinear activation in the prospec-

tive LPM territory of the PS, with Hoxb4 expression starting at

stage 4, Hoxb7 at stage 5, and Hoxb9 at stage 6-7 (Figure S2).

Importantly, activation of Hoxb4 correlates with the timing of

ingression of forelimb precursor cells in the PS, whereas activa-

tion of Hoxb7 and Hoxb9 genes correlates with the ingression of

interlimb precursor cells (summarized in Figure 2C). By stage 11,

Hox genes could be classified into 2 groups: a group of genes

expressed anteriorly (anterior to the 20th somite level, e.g.,

Hoxb4, but also Hoxb3 and Hoxb5) in a domain encompassing

the prospective forelimb domain and another group of genes

expressed posteriorly (posterior to the 20th somite level, e.g.,

Hoxb7 and Hoxb9 but also Hoxb6 and Hoxb8) in a domain en-

compassing the prospective interlimb-hindlimb domain (Figures

2D–2G and 2E’–2G’; data not shown). Therefore, the dynamics

of expression of Hoxb4 and Hoxb7/9 correlate with the genera-

tion of forelimb and interlimb mesoderm, respectively: first

temporally (activation in the PS) and then spatially (domains in

the LPM).

To test the role of Hox genes in the patterning of the LPM

during gastrulation, we electroporated the presumptive LPM



Figure 1. The Forelimb Position Is Already Determined by the End of Gastrulation

(A) LPM rotation procedure in a stage 11 chicken embryo. FL, Forelimb; IL, Interlimb.

(B–D) Fgf10 (B and C) and Tbx5 (D) expression 48 hr after LPM rotation, showing complete (B; n = 3/23 embryos, red brackets) or partial (C and D; n = 12/23

embryos, red arrowhead) displacement of the forelimb bud.

(E) Chicken embryo grafted with memGFP transgenic quail somatopleure (green) showing a posterior displacement of the forelimb upon rotation (n = 3/3

embryos).

(F–I) Transverse sections of quail-chick chimera at the forelimb (F and G) and interlimb (H and I) levels, stained with phalloidin (red), GFP antibody (green), and

DAPI (blue). (G) and (I) are higher magnification of (F) and (H), respectively. NT, neural tube; S, somite; IM, intermediate mesoderm; Som, somatopleure.

Scale bars are 500 mm in (B)–(E) and 100 mm in (F)–(I).
territory of the PS in stage 4 embryos, either with GFP alone or in

combination with Hoxb4, Hoxb7, or Hoxb9. Although control

GFP-expressing cells were distributed uniformly along the A-P

axis (Figures 2H and 2N; n = 16/16), Hoxb4-expressing cells

were predominantly found in the anterior part of the embryo

(within the forelimb domain; Figures 2I and 2N; n = 12/14). In
contrast, Hoxb7- and Hoxb9-expressing cells concentrated in

the posterior-most part of the embryo (within the interlimb-

hindlimb domain; Figures 2J, 2K, and 2N; n = 11/12 and

n = 15/18, respectively). Notably, cells overexpressing a given

Hox gene always distributed in the corresponding endogenous

expression domain of this gene (compare Figures 2I–2K, yellow
Current Biology 29, 35–50, January 7, 2019 37



Figure 2. Progressive Formation of the LPM and Concomitant Patterning by Hox Genes

(A) Time series showing LPM formation from stage 5 to stage 11. LPM precursors are electroporated with H2b-RFP (red) and GFP (green). White brackets outline

the presumptive LPM in the PS; white asterisks, Hensen’s node; PS, primitive streak; prLPM, presumptive LPM; HF, head folds. See also Video S1.

(legend continued on next page)
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brackets, with Figures 2E–2G). In a converse experiment, we

interfered with Hoxb4 function using a dominant-negative (dn)

form of Hoxb4. Such dn form was constructed by deleting the

C-terminal portion of the homeodomain (required for DNA bind-

ing; for review, see [29]) while conserving its paralog-specific

motives (Figure S3A). The resulting truncated HOXB4 protein re-

tains the ability to bind paralog-specific co-factors but lacks the

ability to bind target DNA, presumably acting by competing for

co-factors. The action of such truncated HOX protein has been

proposed to be dominant over paralogs [30–32]. When Hoxb4

dn-GFP was electroporated in the PS of stage 4 embryos, cells

subsequently distributed in the posterior-most LPM, very much

alike Hoxb7 and Hoxb9 electroporated cells, in a pattern almost

complementary to Hoxb4 overexpressing cells and endogenous

expression (Figures 2L and 2N; n = 18/22). We next checked for

an effect on Hoxb4 endogenous expression, which was de-

tected using a C-terminal-specific probe to avoid detection of

Hoxb4 dn construct. Strikingly, Hoxb4 expression was strongly

reduced at its posterior border, specifically where electropo-

rated cells could be observed, resulting in an anterior-ward

shortening of Hoxb4 expression domain on the electroporated

side (Figures 2M and 2M’, red brackets; n = 13/21). Altogether,

these results show that, as for paraxial mesodermal cells, activa-

tion of different Hox genes differentially regulates cell ingression

of LPM precursors in the PS and, as a consequence, the relative

position of their own expression domains in the LPM.

Hox Genes Control the Definitive Forelimb Position
We next decided to test the role of the successive Hox domains

in instructing the forelimb position in the LPM. Genes from the

Hox4 and Hox5 groups have recently been proposed to control

Tbx5 expression [10, 11]. However, whether these Hox genes

can drive endogenous or ectopic Tbx5 expression in vivo and

whether they can modulate forelimb position has not been

tested. We therefore checked for Tbx5 expression in Hoxb4 dn

electroporated embryos. Whereas GFP electroporation had no

effect on Tbx5 expression (Figures 3A and 3A’; n = 0/4), Hoxb4

dn-GFP electroporated embryos exhibited a decrease in Tbx5

posterior expression, specifically where electroporated cells

could be found, which resulted in a unilateral, anterior-ward

shortening of the Tbx5 domain of expression (Figures 3B and

3B’; n = 7/9). These results show that Hoxb4 (and presumably

other Hox4 genes) acts during gastrulation to establish its own

domain of expression, which then establishes the position of

the Tbx5-positive forelimb field.
(B) Position of electroporated cells in the LPM (y axis) as a function of their timin

(C) Timeline of Hoxb4 (red), Hoxb7 (light blue), and Hoxb9 (blue) activation in the

expression data, see Figure S2.

(D) Schematic summarizing anterior (red) and posterior (blue) Hox genes express

(E–G) Expression of Hoxb4 (E), Hoxb7 (F), and Hoxb9 (G) at stage 13. (E’)–(G’) ar

anterior (Hoxb7 and Hoxb9; F’ and G’, respectively) border of expression in the

(H–L) Stage 13 embryos, electroporated at stage 4 with GFP (H), Hoxb4/GFP (I), H

different distribution of electroporated cells in the LPM.

(M andM’) Hoxb4 endogenous expression (M’) in a Hoxb4 dn-GFP electroporated

(red brackets, n = 13/21 embryos) compared to the control side (black dashed li

(N) Distribution of electroporated cells along the A-P axis for GFP-only (gray, 16

(green, 11 embryos, 2,359 cells), Hoxb9/GFP (blue, 15 embryos, 3,922 cells), and H

Distribution is presented as mean ± SEM.

Scale bars are 100 mm. See also Figures S1, S2, and S3A and Videos S1, S2, an
In a converse experiment, we tested whether Hoxb4, when

electroporated ectopically in the interlimb region of stage 14 em-

bryos, is able to drive Tbx5 expression and displace limb posi-

tion posteriorly. To our surprise, as with GFP electroporation,

we could not detect ectopic expression of Tbx5 in the interlimb

region of embryos overexpressing Hoxb4, 24 hr after electropo-

ration (Figures 3C, 3C’, 3D, and 3D’; n = 0/20 and n = 0/16,

respectively). This could be due to expression of Hoxc9 in the in-

terlimb region, as this gene can repress Tbx5 expression [11]. To

test this hypothesis, we generated a Hoxc9 dn form using the

same strategy described above for Hoxb4 (Figure S3A). The

repressive domains of Hoxc9 have been precisely identified

and characterized (i.e., hexapeptide motif and N-terminal resi-

dues of the homeodomain) [11]. The truncated HOXC9 protein

therefore retains the ability to bind HOX9-paralog-specific and

repressive co-factors but lacks the ability to bind target DNA.

In mouse, deletion of all Hox9 paralogs has been shown to pre-

vent Sonic Hedgehog expression in the developing forelimb

buds [33]. We validated the dominant-negative effect of the

Hoxc9 dn construct by electroporation in the limb mesenchyme

of stage 15 chicken embryos. This led to a partial (very likely

because of the mosaic efficiency of electroporation, which only

targets a fraction of cells) but significant decrease in Sonic

Hedgehog expression, reminiscent of Hox9-null mutant mouse

embryos and suggestive of a pan Hox9 inhibition (Figures

S3B–S3J). When Hoxb4 was electroporated in combination

with Hoxc9 dn and GFP, ectopic expression of Tbx5 was

observed in the interlimb region (Figures 3E and 3E’; n = 9/19).

Notably, electroporation of Hoxc9 dn alone did not promote

ectopic expression of Tbx5 in the interlimb region (Figures 3F

and 3F’; n = 0/15), suggesting that in Hoxb4-Hoxc9 dn electro-

porations, Tbx5 ectopic expression does not arise from the

sole release of a repression imposed by Hox9 genes. To observe

the effects on limb bud formation, we then allowed electropo-

rated embryos to develop for 48 hr, after limb buds have clearly

formed. In embryos electroporatedwith a combination of Hoxb4,

Hoxc9 dn, and GFP, a posterior extension of the limb bud by 1 to

2 somites could be observed in 59% of the cases (Figures 4A–

4C; n = 13/22). As expected, neither electroporation of Hoxc9

dn, Hoxb4, nor GFP alone induced a posterior extension of

the limb bud (n = 0/14, n = 0/18, and n = 0/15, respectively; Fig-

ure S4). Posteriorly extended limb buds expressed the pan-limb

and forelimb-specific markers, Fgf10 and Tbx5, respectively

(Figures 4A’ and 4B’). High levels of Fgf10 expression were

observed in the electroporated region (Figure 4A’, white
g of ingression (x axis); n = 57 tracked cells, 8 embryos (see Video S2).

presumptive LPM with regard to LPM formation (black arrows). For detailed

ion in the LPM.

e higher magnifications of (E)–(G), showing Hox genes posterior (Hoxb4; E’) or

LPM (dashed black line). Red asterisks mark the somite 20.

oxb7/GFP (J), Hoxb9/GFP (K), or Hoxb4 dn-GFP (L). Yellow brackets highlight

embryo (M). Note the decrease in Hoxb4 expression on the electroporated side

ne).

embryos, 6,994 cells), Hoxb4/GFP (red, 12 embryos, 3,203 cells), Hoxb7/GFP

oxb4 dn-GFP (dashed red, 22 embryos, 20,528 cells) electroporated embryos.

d S3.
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arrowhead), indicative of the ectopic activation of the limb initia-

tion-outgrowth regulation feedback loop. Sonic Hedgehog

expression, which labels the zone of polarizing activity (ZPA),

was also posteriorly displaced, indicating that the A-P patterning

of the early limb bud is also affected (Figure 4C’). Finally, we

tested the effect of such early perturbation of Hox genes function

on the forelimb definitive position by allowing embryos to

develop for four days after electroporation. In these embryos, a

posterior shift of the forelimb, specifically on the right electropo-

rated side, could be readily observedmorphologically (Figure 4E,

n = 11/22; compare to GFP control Figure 4D, n = 0/7). Alcian

blue staining, which marks differentiated cartilage, definitively

confirmed a posterior, unilateral shift of limb skeletal elements

by about one complete vertebrae (Figures 4F and 4G; n = 0/5

and n = 5/9, respectively). Together with previous data demon-

strating Hox binding at the Tbx5 genomic locus [10, 11], these

results show that Hox genes regulate the definitive forelimb po-

sition through combinatorial activation and repression activities

on Tbx5 expression.

Relative Changes in Hox Collinear Activation Timing
during Gastrulation Prefigure Bird Natural Variation in
Limb Position
Altogether, these results argue that the timing of Hox activation

during gastrulation defines the future positioning of their

expression domain, which then determines the position of fore-

limb and interlimb fields. We next reasoned that natural varia-

tion in forelimb position between bird species, which exhibit

neck of variable vertebrae number, should therefore be traced

back to changes in the timing of Hox activation during gastru-

lation. In order to test this hypothesis, we compared the early

development of three bird species, zebra finch (Guttata taenio-

pygia), chicken, and ostrich (Struthio camelus), whose forelimbs

begin at the level of the 13th, 15th, and 18th vertebrae, respec-

tively (Figures 5A–5C). Surprisingly, when compared to chicken

embryo, the Tbx5-positive forelimb field was not simply trans-

lated anteriorly in zebra finch or posteriorly in ostrich (Figures

5D–5F). Instead, only the posterior border of the Tbx5 domain

displayed an anterior shift (of about 3 somites) in zebra finch

(Figures 5E and 5E’) and a posterior shift (of about 5 somites)

in ostrich embryos (Figures 5F and 5F’). As a result, it is the

extent of the forelimb field that varies between embryos of

these species. A concomitant shift of the Hoxb4/Hoxb9 border

by about 3–5 somites could be observed anteriorly in zebra

finch (Figures 5H, 5H’, 5K, and 5K’) and posteriorly in ostrich

embryos (Figures 5I, 5I’, 5L, and 5L’), when compared to

chicken embryos (Figures 5G and 5J). Therefore, a shift in the

Hoxb4/Hoxb9 border and in the posterior border of Tbx5 fore-

shadows the differences in limb position.
Figure 3. Hox Genes Determine the Position of the Early Tbx5-Positive

(A and B) Stage 15 embryos electroporated at stage 4 with GFP (A; n = 4 embryo

somite and neural tube in (B) is non-specific auto-fluorescence. (A’ and B’) Tbx

expression on the electroporated side of Hoxb4 dn-GFP electroporated embryo

(C–F) Embryos electroporated with GFP alone (C; n = 20 embryos) or in combina

Hoxc9 dn (F; n = 15 embryos) in the interlimb domain at stage 14 and re-incubated

to technical variation. (C’–F’) Tbx5 expression in corresponding embryos is shown

compared to normal endogenous expression denoted by green arrowheads (E’;

Scale bars are 100 mm. See also Figure S3.
We then investigated whether temporal differences in the

collinear activation of Hoxb4 and Hoxb9 genes during gastrula-

tion could be linked to the spatial variation of the Hoxb4/Hoxb9

border in chicken and ostrich embryos. We found that Hoxb4 is

activated at the same stage (stage 4) in both chicken and ostrich

embryos (Figures 6A and 6E). However, Hoxb4 remained ex-

pressed in the epiblast for much longer in ostrich (10-somite

stage) than in chicken embryos (2-somite stage; Figures 6B,

6F, and S2C). Concomitant to this delay in Hoxb4 arrest of

expression in the epiblast, Hoxb9 activation was delayed in os-

trich (10-somite stage; Figures 6N–6P) compared to chicken em-

bryos (2-somite stage; Figures 6J and 6K). Ultimately, the

Hoxb4/Hoxb9 border became posteriorly shifted in ostrich em-

bryos when compared to chicken embryos, although at a later

stage (Figures 6C, 6D, 6G–6I, 6L, 6M, 6Q, and 6R). Altogether,

these results show that relative changes in the activation timing

of Hoxb genes, in particular in the transition between Hoxb4 and

Hoxb9, prefigure variation in the relative position of Hox domains

and in the definitive limb position (summarized in Figure 6S).

Retinoic Acid Signaling Modulation during Gastrulation
Changes the Extent of the Forelimb Field
We next sought to understand how variation in Hox activation

timing is controlled between zebra finch, chicken, and ostrich.

Differences in the timing of expression of Gdf11 have recently

been proposed to account for variation in hindlimb position be-

tween tetrapods [34]. Because Gdf11 acts through modulation

of retinoic acid (RA) signaling by inducing Cyp26a1 expression

(a RA catabolizing enzyme) [35] and because RA was shown to

activate anterior Hox genes in the neural tube [36] and repress

posterior Hox genes in the tail bud [37], Cyp26a1 stood as an

excellent candidate to regulate variation in Hox activation timing.

We therefore compared Cyp26a1 expression between the

different species and found that it is first detected in the prospec-

tive LPM territory of the PS at stage 4 in zebra finch, stages 5–6 in

chicken, and stage 10 in ostrich (Figures 7A–7C, red arrow-

heads). Therefore, Cyp26a1 is prematurely expressed in zebra

finch and delayed in ostrich, compared to chicken embryo.

Notably, the onset of Cyp26a1 expression in the PS precedes

by a few hours the transition between Hoxb4 and Hoxb9 expres-

sion in the epiblast.

Finally, we tested whether modulating RA signaling, specif-

ically during gastrulation, could alter the spatial organization of

Hox expression domains and the forelimb field position. When

stage 4 chicken embryos were incubated with a 12-hr pulse

(between stage 4 and stage 8; see STAR Methods) of RA or

AGN193109 (a pan RA receptor antagonist), the posterior border

of Hoxb4 became shifted of about 3–5 somites posteriorly

and anteriorly, respectively (Figures 7D–7G). A complementary
Forelimb Field

s) or Hoxb4 dn-GFP (B; n = 9 embryos). Note that intense signal in the anterior

5 expression in corresponding embryos is shown. Note the decrease in Tbx5

(B’; red brackets; n = 7/9 embryos).

tion with Hoxb4 (D; n = 16 embryos), Hoxb4+Hoxc9 dn (E; n = 19 embryos), or

for 24 hr. Note that variation in the position of the electroporated domain is due

. Ectopic Tbx5 expression in the interlimb region is denoted by red arrowheads

n = 9/19 embryos).
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posterior and anterior shift of Hoxb9 anterior border was

observed in embryos treated with RA and AGN193109, respec-

tively (Figures 7H–7K). Therefore, the modulation of RA signaling

during gastrulation changes the relative position of the Hoxb4/

Hoxb9 border in the LPM at later stages. We next checked the

effect on Tbx5 expression and observed a similar shift of its

posterior border of about 2 or 3 somites posteriorly in embryos

treated with RA and anteriorly when these embryos were treated

with AGN193109 (Figures 7L–7O). Notably, this led to changes

in the extent of Tbx5-positive forelimb field in RA- and

AGN193109-treated embryos, which strikingly resemble the

extent of forelimb fields in ostrich and zebra finch embryos,

respectively (compare Figures 7M and 7N with Figures 5F and

5E, respectively). Altogether, these results show that modulation

of RA signaling during gastrulation affects the axial extent of Hox

expression domains in the lateral plate mesoderm and provokes

modification in the A-P extent of Tbx5 expression, which is linked

to variation in limb position.

DISCUSSION

Our work identifies an early role for Hox genes in the regulation

and variation of forelimb position in birds. During gastrulation,

the lateral plate mesoderm is progressively generated and

concomitantly patterned by Hox genes. As observed for the

adjacent paraxial mesoderm, collinear activation of Hox genes

in the epiblast progressively establishes their own collinear do-

mains of expression in the LPM. It is the position of these expres-

sion domains that determines the position of forelimb-forming

and interlimb-forming domains through a combination of activa-

tion (e.g., Hoxb4) and repression (e.g., Hox9) of limb initiation

(i.e., Tbx5 expression) and eventually the definitive limb position.

Furthermore, relative changes in the collinear activation of Hox

genes during gastrulation prefigure variation in the spatial orga-

nization of Hox genes expression domains and natural variation

in limb position between birds. We also observe differences

in the onset of expression of the RA-catabolizing enzyme

Cyp26a1 during gastrulation and show that modulation of RA

signaling provokes changes in limb field position. Based on our

findings, we therefore propose that timely controlled Hox

collinear activation during gastrulation is responsible for the

regulation and variation in forelimb position in birds.

Progressive Formation and Patterning of the LPM by
Collinear Activation of Hox Genes
Our results show that the LPM is progressively formed during

gastrulation. Surprisingly, whereas the prospective territory of

the LPM had been traced back to the middle third of the PS

[16, 17, 20], how the forelimb, interlimb, and hindlimb arise
Figure 4. Hox Genes Regulate the Definitive Forelimb Position

(A–C) Embryos electroporated with GFP in combination with Hoxb4+Hoxc9 dn

expansion of the forelimb is denoted by red arrowheads compared to contralatera

(A’), Tbx5 (B’), and Shh (C’) expression in corresponding embryos. White arrowhe

(D–G) Embryos electroporated with GFP alone (D and F; n = 7 embryos) or in comb

at stage 14 and re-incubated for 4 days. (F and G) Alcian Blue staining in GFP (F

embryos is shown. Note the posterior shift of the forelimb on the right electropora

embryos) highlighted with red dashed line (E) and red arrow (G). Stars, somites;

Scale bars are 200 mm in (A)–(C) and (A’)–(C’) and 500 mm in (D)–(G). See also Fig
from this field had not been addressed. Here, we show that these

fields sequentially form between stages 4 and 10, (between 24 hr

and 48 hr of development). By characterizing the precise timing

of forelimb, interlimb, and hindlimb domain formation, we could

link the formation of these domains to the concomitant Hox

genes collinear activation. The comparison of Hox activation in

zebra finch, chicken, and ostrich embryos further revealed that

relative differences in the timing of Hox activation prefigure

spatial variation of their domain of expression as predicted by

experiments performed in chicken. A previous study has shown

that, in the context of paraxial mesoderm formation, Hox genes,

collinearly activated, establish their own spatial collinear charac-

teristic pattern through the regulation of cell ingression at the

PS [28]. Using both overexpression and loss-of-function ap-

proaches, we show that a similar mechanism is at work during

the generation of LPM, with a direct implication on its patterning

into limb- and non-limb-forming domains but also on variation in

body plan organization. The finding that paraxial and LPM are

similarly generated and patterned during gastrulation provides

a simple explanation for the concomitant patterning of the cer-

vico-thoracic frontier in the somites and the associated forelimb

position in the LPM.

In birds, the variation of limb position involves meristic varia-

tions (characterized by changes in the total number of compo-

nent parts) [38]. As an example, whereas sparrows have 9

cervical vertebrae, swans exhibit 16 additional vertebrae. These

meristic variations imply that, at the embryonic level, a larger

number of mesodermal cells have to be produced to form both

the somitic and corresponding LPM tissue. A recent study has

linked the collinear activation of posterior Hox genes (Hox9 to

13) to the regulation of axis elongation and its termination. The

temporal collinear activation of posterior Hox genes was shown

to slow down the influx of mesodermal cells through the PS in a

collinear trend, thereby controlling the elongation rate [30].

Coupling both the patterning of mesodermal tissues and the

rate of axis elongation to the same regulatory mechanism would

ensure that addition of anterior mesodermal tissue (somites and

LPM) is not made at the expense of the posterior mesoderm.

Such coupling would therefore allow meristic variations

observed in birds while maintaining the vertebrate body integrity.

Hox Genes Expression Determines Limb- and Non-limb-
Forming Domains
Among Hox gene deletions in mouse, the Hoxb5 mutant is the

only one reported to exhibit a change in the position of its fore-

limbs. Whereas these mice were described to exhibit a mildly

penetrant anterior shift in the definitive position of the forelimb,

the underlying mechanisms remained unclear, because only

late stages were analyzed [13]. The anterior-ward shortening of
in the interlimb domain at stage 14 and re-incubated for 48 hr. The unilateral

l side denoted by green arrowhead (n = 13/22 embryos). (A’)–(C’) shows Fgf10

ad in (A’) points at ectopic Fgf10 expression within the electroporated region.

ination with Hoxb4+Hoxc9 dn (E andG; n = 22 embryos) in the interlimb domain

; n = 5 embryos) or Hoxb4-Hoxc9 dn-GFP (G; n = 9 embryos) electroporated

ted side of Hoxb4-Hoxc9 dn-GFP electroporated embryos (E and G; n = 11/22

dashed lines, forelimb outline; arrows, vertebral level of the forelimb.

ure S4.
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Figure 5. Variations in Wing Position Correlate with Changes in Tbx5, Hoxb4, and Hoxb9 Expression Domains in the LPM

(A–C) Alcian blue-Alizarin red staining of chicken (A; E20), zebra finch (B; E13), and ostrich (C; E37). Red arrowheads point at the wing position level (15th, 13th, and

18th vertebrae in chicken, zebra finch, and ostrich embryos, respectively); red dots mark each cervical vertebra.

(D–F) Tbx5 expression in stage 18 chicken (D), zebra finch (E), and ostrich embryos (F). The position of Tbx5 posterior border of expression is indicated in somite

number. (E’) and (F’) are higher magnification of (E) and (F), respectively.

(G–I) Hoxb4 expression in chicken (G; 20-somite stage), zebra finch (H; 20-somite stage), and ostrich embryos (I; 34-somite stage). The position of Hoxb4

posterior border of expression is indicated in somite number. (H’) and (I’) are higher magnification of (H) and (I), respectively.

(legend continued on next page)
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Hoxb4 and Tbx5 domains we obtained upon electroporation of

Hoxb4 dn is in full agreement with a role of Hox4/5 genes in

the regulation of forelimb domain position and suggests that

the shift in limb position in Hoxb5 mutant mice might have arisen

frompatterning defects at gastrulation stages. Aside fromHoxb5

mutants, none of the single or compound Hox mutants along

with Hox overexpression approaches in mice have been re-

ported to provoke major phenotypes regarding limb positioning,

putting their role in this process into question [39]. More recently,

evidences reinforcing the role of Hox genes in positioning limb

fields have accumulated. Hox paralogs 4 and 5 can bind to a

Tbx5-forelimb-specific enhancer and activate transcription of a

downstream reporter [10, 11]; however, this has not been shown

in vivo on the endogenous Tbx5 expression. Intriguingly,

whereas Tbx5 expression is greatly conserved among verte-

brates, the above-mentioned Tbx5 limb-specific enhancer,

located in intron 2 in mouse, could not be located in chicken,

raising doubts about the requirement of this particular enhancer

for Tbx5 forelimb expression. Moreover, the fact that Tbx5 has

recently been shown to be insufficient (although necessary) for

forelimb initiation [40] also raised concerns about the sufficiency

of displacing forelimb position by solely displacing Tbx5 domain.

Hoxc9, in turn, was shown to bind directly Tbx5 limb enhancer

and to inhibit its expression. As a consequence, it has been pro-

posed that there is a latent potential in the caudal LPM to express

Tbx5, which is normally masked by the presence of Hoxc8–10

genes [11, 41]. Our data, which show that ectopic expression

of Hoxb4 and Hoxc9 dn can induce Tbx5 expression and

displace the forelimb, are in full support with a role of Hox4/5

genes in regulating Tbx5 expression in vivo. However, the finding

that Hoxc9 dn on its own does not promote Tbx5 expression or

forelimb displacement but does so only in combination with

Hoxb4 has several important implications with respect to the

regulation and variation of limb position. First, it suggests that

there is no latent potential of forelimb forming activity in the inter-

limb but ‘‘just’’ a repressive forelimb-forming activity. Second

and corollary to this, it suggests that, to shift limb position,

both a shift of the forelimb field (e.g., Hoxb4 expression, which

is normally not expressed posteriorly) and of the interlimb field

(e.g., Hoxb9 anterior border of expression) must be performed.

In other words, changes in limb position can be induced only if

the overall spatial sequence of Hox expression pattern is

changed. This might explain why the vast majority of the single

and compound mutants for a variety of Hox genes, including

Hox5 and Hox9 groups, do not show a major phenotype on

limb position [33, 42]. Indeed, our data argue that, to induce a

shift in forelimb position in mouse, a combination of gain and

loss of function for forelimb-activator and forelimb-repressor

Hox genes, respectively, should be performed. Based on

these results, we propose that the sequence limb-forming/non-

limb-forming domains is embedded in the collinear organization

of Hox genes through their specific activation-repression func-

tion on limb initiation; it is in turn the timing of collinear activation
(J–L) Hoxb9 expression in chicken (J; 20-somite stage), zebra finch (K; 20-somite s

border of expression is indicated in somite number. (K’) and (L’) are higher magn

Dashed black lines show variation in posterior-anterior border of expression in zeb

embryo (represented by red asterisks).

Scale bars are 3 mm in (A)–(C) and 100 mm in (D)–(L), (E’), (F’), (H’), (I’), (K’), and (
that sets the relative position of these domains along the main

axis.

Posterior Border of the Early Limb Field and Final Limb
Position
Our results point at the posterior border of the forelimb (Hoxb4/

Hoxb9 border) as a critical regulator of limb positioning because

only the position of the posterior (and not the anterior) border of

Hoxb4 and Tbx5 is gradually shifted in zebra finch, chicken, and

ostrich. This automatically leads to a gradual extension of the

forelimb field rather than a gradual posterior translation; how-

ever, the limb becomes eventually posteriorly shifted between

these species. How can a variation in forelimb field size lead to

variation in limb position? The early limb mesenchyme is pre-

patterned by opposing gradients of Gli3 and dHand, which set

the position of the ZPA [43]. Modulation of this Gli3-dHand

pre-patterning (by modulating Tbx3 activity) subsequently mod-

ifies the position of the ZPA and eventually the position of the

limb [43]. Our results showing that, upon Hoxb4-Hoxc9 dn elec-

troporation, Shh expression is shifted posteriorly suggest that

such pre-pattern is downstream of Hox genes function and

that it might well play a role in defining the definitive limb position.

Indeed, Hox5 mutant mice show derepression of Shh anteriorly

[42], whereas in Hox9 mutants, Shh is not expressed posteriorly

due to defects in Gli3-dHand pre-patterning of the early mesen-

chyme [33]. It is thus tempting to speculate that Hox4/5, Hox9,

and presumably other Hox genes not only set forelimb fields of

variable size in different species but also pre-pattern the early

mesenchyme accordingly, provoking variation in the position of

the ZPA, which would, in turn, be responsible for refining the

definitive position of the forelimb. However, neither Shh mutant

mice nor the oligozeugodactyly (OZD) mutant in chicken have

been reported to exhibit variation in limb position [44, 45]. There-

fore, in this view, the ZPA would not be a regulator of forelimb

positioning per se but rather a posterior anchor, refining the po-

sition of forelimb fields of different A-P extents by biasing

outgrowth toward the posterior border, although this remains

just speculative. Furthermore, the fact that Tbx5 activation

upon electroporation of Hoxb4-Hoxc9 dn does not induce an

independent, ectopic limb bud but instead expands the pre-ex-

isting forelimb domain is in agreement with a concomitant

re-patterning into a single larger limb field. It also supports the

recent report of Tbx5 insufficiency in promoting (ectopic)

limb bud formation [40] as opposed to what was previously pub-

lished [46].

RASignaling asRegulator of Both Forelimb andHindlimb
Position?
We show that Cyp26a1 is prematurely expressed in zebra finch

and delayed in ostrich when compared to chicken and corre-

lates with the activation of interlimb-specific Hox genes, such

as Hoxb7 or Hoxb9, in each of these species. Furthermore,

we find that modulation of RA signaling during gastrulation
tage), and ostrich embryos (L; 36-somite stage). The position of Hoxb9 anterior

ification of (K) and (L), respectively.

ra finch (E’, H’, and K’) and ostrich embryos (F’, I’, and L’) compared to chicken

L’).
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Figure 6. Relative Changes in Hox Collinear Activation Timing Underlie Variation in Limb Position between Chicken and Ostrich
(A–I) Hoxb4 expression in chicken (A–D) and ostrich (E–I) embryos.

(J–R) Hoxb9 expression in chicken (J–M) and ostrich (N–R) embryos.

(S) Timeline of Hoxb4 (red) and Hoxb9 (blue) activation in chicken (top diagram) and ostrich (bottom diagram).

Scale bars are 100 mm. Asterisks represent the Hensen’s node; black brackets outline the presumptive LPM.
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Figure 7. Changes in Retinoic Acid Signaling during Gastrulation Modulate the Forelimb Field Position

(A–C) Cyp26a1 expression in zebra finch (A), chicken (B), and ostrich (C) embryos. Red arrowheads highlight the onset of Cyp26a1 expression in the presumptive

LPM (black brackets); black asterisks, Hensen’s node; H, head.

(legend continued on next page)

Current Biology 29, 35–50, January 7, 2019 47



leads to changes in the extent of Hox genes expression pat-

terns while preserving overall collinearity. Consequently, we

observe a variation in the posterior border of the forelimb

domain, as revealed by Tbx5 expression, which recapitulates

natural variation observed between zebra finch, chicken, and

ostrich. The possibility that Cyp26a1, which has been impli-

cated in positioning hindlimbs [35], might regulate forelimb po-

sition is particularly interesting because a single signaling

pathway would therefore be responsible for the regulation of

both forelimb and hindlimb position by acting at different devel-

opmental timings.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENTS AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Avian Embryos

B Animals

B Generation of transgenic quail lines

d METHOD DETAILS

B LPM rotation

B Embryo Culture

B Embryo Electroporation

B Time-Lapse Microscopy

B Transient Drug Treatments

B DNA constructs

B In situ hybridization

B Immunostaining and Labeling

B Skeleton analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and three videos and can be

found with this article online at https://doi.org/10.1016/j.cub.2018.11.009.

ACKNOWLEDGMENTS

We thank Francois Schweisguth andCliff Tabin for critical reading of themanu-

script and Marie Manceau for providing zebra finch fertilized eggs. C.M. was

supported by a fellowship from the French Ministère de l’Enseignement

sup�erieur de la Recherche et de l’Innovation. The research leading to these re-

sults has received funding from the European Research Council under the Eu-

ropean Union’s Seventh Framework Programme (FP7/2007-2013)/ERC grant
(D–F) Hoxb4 expression in stage 13 control (D), retinoic-acid-treated (E), and AG

(G) Position of Hoxb4 posterior border of expression in control (n = 14 embryos), re

embryos).

(H–J) Hoxb9 expression in stage 13 control (H), retinoic-acid-treated (I), and AGN

(K) Position of Hoxb9 anterior border of expression in control (n = 15 embryos), re

embryos).

(L–N) Tbx5 expression in stage 18 control (L), retinoic-acid-treated (M), and AGN

(O) Position of Tbx5 posterior border of expression in control (n = 12 embryos), re

embryos).

Red lines show changes in posterior-anterior border of expression in treated em

Scale bars are 100 mm. (G, K, and O) Each dot represents one embryo; error bars r

difference (LSD) post hoc test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

48 Current Biology 29, 35–50, January 7, 2019
agreement no. 337635 and from the Institut Pasteur, the Centre National de

la Recherche Scientifique, and the Fondation Schlumberger pour l’Education

et la Recherche.

AUTHOR CONTRIBUTIONS

Conceptualization, C.M. and J.G.; Methodology, D.R. and J.R.; Investigation,

C.M., P.C., and J.G.; Writing – Original Draft, J.G.; Writing – Review and Edit-

ing, J.G., C.M., and O.P.; Resources, N.D. and O.P.; Funding Acquisition, J.G.;

Supervision, J.G.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: June 6, 2018

Revised: September 21, 2018

Accepted: November 2, 2018

Published: December 13, 2018

REFERENCES

1. Tanaka,M. (2013). Molecular and evolutionary basis of limb field specifica-

tion and limb initiation. Dev. Growth Differ. 55, 149–163.

2. Tanaka, M. (2016). Developmental mechanism of limb field specification

along the anterior-posterior axis during vertebrate evolution. J. Dev.

Biol. 4, 18.

3. Tickle, C. (2015). How the embryo makes a limb: determination, polarity

and identity. J. Anat. 227, 418–430.
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ATAAGC

This paper N/A

Primer Hoxc9 dn Reverse: TTTGGCGCGCCTCAGATTTTGACTTGGC This paper N/A

Primer cCyp26a1 Forward: ATCCTGCTGGGCTTCCAGCCC This paper N/A

Primer cCyp26a1 Reverse: GGCCGCTGAAACCTATGAATTTGG This paper N/A

Recombinant DNA

pCAGGS-H2b-RFP Laboratory of S. Tajbakhsh N/A

pFlox-pA-EGFP [47] N/A

pCX-Cre [47] N/A

pCAG-GFP [48] Addgene Cat#11150

pCAGGS-cHoxb4-IRES2-Venus This paper N/A

pCAGGS-cHoxb4 dn-IRES2-Venus This paper N/A

pCAGGS-cHoxb7-IRES2-Venus This paper N/A

pCAGGS-cHoxb9-IRES2-Venus This paper N/A

pCAGGS-cHoxc9 dn-IRES2-Venus This paper N/A

pBS-Hoxb4 [28] N/A

pBSKS-Hoxb7 [28] N/A

pGEMT easy-Hoxb9 [28] N/A

pSLAX-cTbx5 Laboratory of C. Tabin N/A

pBSSK-cFgf10 Laboratory of C. Tabin N/A

pBSSK-cShh Laboratory of C. Tabin N/A

(Continued on next page)

Current Biology 29, 35–50.e1–e4, January 7, 2019 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pGEMT easy-cCyp26a1 This paper N/A

pGEMT easy-cHoxb4Cter This paper N/A

Software and Algorithms

ImageJ [49] RRID:SCR_003070

GraphPad Prism 6 GraphPad Software RRID:SCR_002798
CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jerome

Gros (jgros@pasteur.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Avian Embryos
Fertilized chicken and ostrich eggs were ordered from commercial sources (chicken: EARL Morizeau; ostrich: SARL Le père Louis),

fertilized zebra finch eggs were generously provided by Dr Marie Manceau from Collège de France (Paris) and transgenic quail eggs

were produced in the lab. Chicken, quail and zebra finch eggs were incubated at 38�C and ostrich eggs at 36�C up to the appropriate

developmental stage (details provided in the Methods Details section). All embryos were staged according to the Hamburger and

Hamilton classification system [50].

Animals
All experimental methods and animal husbandry procedures to generate transgenic quails were carried out in accordance with the

guidelines of the European Union 2010/63/UE, approved by the Institut Pasteur ethics committee, and under the GMO agreement

#2432.

Generation of transgenic quail lines
Two transgenic lines were created in this study (hUbC:memGFP and hUbC:mEOS2FP) by following previously published method

[51]. Briefly, non-incubated quail eggs (Coturnix japonica) were windowed and a solution of high titer lentivirus was injected into

the subgerminal cavity of stage X embryos. Eggs were sealed with a plastic piece and paraffin wax. Injected eggs were incubated

at 38�, 56% humidity until hatching. For the hUbC:memGFP line, a total of 42 embryos were injected with the lentivirus solution (titer

1010/ml). Three F0 mosaic founder males successfully hatched and reached sexual maturity (7%). They were bred to WT female and

all three produced transgenic offspring (transmission rate: 8.8%). One line was selected on the basis of a single copy of the trans-

gene, checked by Southern Blot, and high intensity of thememGFP signal. For the hUbC:mEOS2FP line, a total of 141 embryos were

injected with lentivirus (titer 6,4.1010/ml). Five F0 mosaic founder successfully hatched and reached sexual maturity (3.5%). All five

produced transgenic offspring (transmission rate: 6.1%) and one line was selected by Southern Blot analysis for single transgene

integration and high intensity of the mEOS2 fluorescent signal.

METHOD DETAILS

LPM rotation
LPM rotations were performed in stage 11 embryos. The ectoderm was carefully detached in order to only microdissect the right

somatopleure encompassing both forelimb and interlimb prospective domains, as previously proposed [21, 52]. This tissue was

rotated along its A-P axis and grafted back into the same embryo. Eggs were further sealed with tape and re-incubated at 38�C. After
48h, embryos were harvested and fixed in 4% formaldehyde for 2h at room temperature.

A similar procedure was used to perform quail-chick chimeric grafts. Stage 11 hUbC:memGFP transgenic quail embryos were

collected and placed into a Petri dish filled with PBS, the somatopleure wasmicrodissected as described above and grafted to stage

11 host chicken embryos.

Embryo Culture
Embryos were prepared for ex ovo culture using a modified version of the EC culture system [27]. Briefly, embryos were collected at

stage 4 using filter paper rings and cultured on a semisolid nutritive medium containing a mix of albumen, agarose (0,2%), glucose

and NaCl. Embryos were then incubated at 38�C in a humidified chamber and cultured for up to 48h.
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Embryo Electroporation
Ex ovo Electroporation

Stage 4 embryos collected on a filter paper ring were electroporated in a custom-made electroporation chamber using the

SuperElectroporator NEPA21 type II� (NEPAGENE) with two 5ms poring pulses of 15V, 50ms delay, and three 50ms transfer pulses

of 10V, 500ms delay. Solutions of plasmid DNAwere prepared as previously described [53] with a final DNA concentration of 1 mg/ml.

Embryos were then cultured ex ovo for up to 48h, harvested and fixed in 4% formaldehyde for 2h at room temperature.

In ovo Electroporation

In ovo electroporation was performed as previously described [53]. Briefly, eggswere incubated up to stage 14 (52h incubation). DNA

solution with a final concentration of 5 mg/ml was injected in the coelomic cavity at the level of the forelimb and interlimb domains. All

the electroporations were performed on the right side of the embryo. Electroporation was performed using homemade electrodes

and the SuperElectroporator NEPA21 type II� (NEPAGENE) with two 1ms poring pulses of 70V, 100ms delay and three 2ms transfer

pulses of 40V, 500ms delay. Eggs were sealed with tape and re-incubated for 24h, 48h or 4 days. Embryos were then harvested and

fixed in 4% formaldehyde for 2h at room temperature.

Time-Lapse Microscopy
Stage 4 embryos co-electroporated with pCAGGS-H2b-RFP (1 mg/ml), pFlox-pA-EGFP (1 mg/ml) and pCX-Cre (50ng/ml) plasmid

DNAs, were placed intomedium-containing glass-bottom Petri dishes (MatTek inc.). Embryos were imaged at 38�C using an inverted

2-photonmicroscope (Zeiss, NLO LSM7MP) coupled to a Chameleon Ti/Saph femtosecond pulsed laser andOPO system (Coherent

inc.) at 840nm (GFP) and 1100nm (RFP) wavelengths using a 10X long-distance objective. Embryos were acquired every 5min for

about 24 hours.

Photoconversion of hUbC:mEOS2FP transgenic quail embryos was performed using an inverted confocal microscope (ZEISS

LSM 880). Before photoconversion, mEOS2 was visualized under standard imaging conditions for GFP using a 488nm Argon laser.

A 405nm diode laser (40% power with 1x25 iterations) was used for photocoversion. Photoconverted mEOS2 was subsequently

imaged using a 561nm HeNe laser. Embryos were imaged every 2 hours to follow the photoconverted region of the embryo, without

bleaching.

Transient Drug Treatments
Chicken embryos were incubated up to stage 4 and RA (Sigma, 400 mM in DMSO) or AGN193109 (Tocris, 100 mM in DMSO) were

injected in between the vitelline membrane and the embryo, on top of the PS. Note that lower concentrations did not yield any pheno-

type. Control embryos were treated with equivalent concentration of DMSO-only. Eggs were sealed with tape and re-incubated for

12h (up to stage 8, before the end of LPM formation). Embryos were then collected on a filter paper ring, washed in PBS solution to

stop exposition to RA or AGN193109 and cultured ex ovo in EC culture plates for 24h (up to stage 13, 19-22 somites) or 36h (up to

stage 18, 30-36 somites). Embryos were then harvested and fixed in 4% formaldehyde for 2h at room temperature.

DNA constructs
Hoxb4, Hoxb7 and Hoxb9 were subcloned into the pCAGGS-IRES2-Venus vector [28, 30] and were used alone or in combination

with pCAGGS-GFP [48]. The constructs pFlox-pA-EGFP and pCX-Cre were kindly provided by X. Morin [47] and used in combination

with pCAGGS-H2b-RFP, kindly provided by S. Tajbakhsh. The truncated form of HOXB4 and HOXC9 were generated by inserting a

stop codon to replace the highly conserved tryptophan amino acid on the a-helix III of the Homeodomain (amino acid 50 of the

Homeodomain) as previously described [30–32] and further subcloned into the pCAGGS-IRES2-Venus vector.

In situ hybridization
In situ hybridization in chick embryos was performed as previously described [54]. Briefly, formaldehyde fixed embryos were dehy-

drated in PBS/0,1%Tween with increasing methanol concentrations (25%, 50%, 75% and 100%) and further rehydrated. Embryos

were then treated with Proteinase K (10 mg/mL) and refixed with 4% formaldehyde/0,1% glutaraldehye. Hybridization with DIG-

labeled RNA probes was performed under stringent conditions (5X SSC pH4,5, 50% formamide, 1% SDS, 50 mg/mL yeast tRNA,

50 mg/mL heparin; at 65�C). Washed embryos were treated with MABT(20mM Maleic Acid pH7,5; 30mM NaCl; 0,02% Tween-20)/

2%BBR(Boehringer blocking reagent)/20%Lamb Serum and incubated overnight with AP-coupled anti-DIG antibody. Washed

embryos were then stained with NBT/BCIP� liquid substrate (Sigma). Pictures of whole embryos were made using a macroscope

(SteREO Discovery.V8, ZEISS) with a 1X objective and a color camera (AxioCam MRc, Zeiss).

DIG-labeled probes were generated from plasmids containing cDNA fragments of cHoxb4, cHoxb7, cHoxb9 (as previously pub-

lished [28]), cTbx5, cFgf10, cShh (gifts from C. Tabin). A 900bp-fragment of the Cyp26a1 coding sequence (from nucleotide 571 to

1471) was PCR-amplified from chicken cDNA and cloned in pGEM�-T Easy vector (Promega) to be used as a probe. The Hoxb4

C-terminal specific probe was generated by PCR-amplification of the last 145 nucleotides of the chicken Hoxb4 coding sequence

(from nucleotide 597 to 741) corresponding to the C-terminal portion truncated in the Hoxb4 dn construct, and further cloned in

pGEM�-T Easy vector (Promega).
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Immunostaining and Labeling
Fixed embryos were embedded in 7.5% gelatin/15% sucrose and sectioned using a Leica CM3050S cryostat. Sections were dege-

latinized in PBS at 37�C for 30min, blocked in PBS containing 0,1% Triton and 20% goat serum for 30min at room temperature. Sec-

tions were incubated with Alexa Fluor 555 Phalloidin (1:100, Invitrogen) and rabbit anti-GFP primary antibody (1:500, Torrey Pines

Biolabs) overnight at 4�C, washed with PBS for 24h, incubated 2h at room temperature with goat anti-rabbit Alexa Fluor 488 second-

ary antibody (1:1000, Invitrogen) and washed with PBS for 24h. Sections were then mounted with DAPI-containing Fluoromount-G

and imaged using an inverted confocal microscope (Zeiss LSM700) with a 20X objective.

Skeleton analysis
Embryos electroporated with GFP alone or together with Hoxb4+Hoxc9 dn were harvested 4 days after electroporation, placed in

ice-cold 95% ethanol for 1h, and transferred to fresh 95% ethanol overnight at room temperature. Embryos were then stained in

freshly prepared Alcian Blue solution (5% of 0,4%Alcian Blue 8GX in 70% ethanol/5% glacial acetic acid/70% of 95% ethanol/

20% water) for 48h at room temperature to label cartilage. Embryos were briefly rinsed in water, transferred to 1% KOH solution

for 30min and cleared in successive solutions of glycerol/0,25%KOH with increased glycerol concentration (20%, 33% and 50%)

for 1h at room temperature. Embryos were then transferred in fresh 50%glycerol/0,25%KOH for further clearing and storage.

Chicken (ch), zebra finch (zf) and ostrich (os) embryos were collected at late development stage (ch: E20; zf: E13; os: E37) and

stained with Alcian Blue and Alizarin Red to label cartilage and bone tissues, respectively, as previously described [55]. Briefly,

dissected embryos were fixed in 95% ethanol overnight at 4�C, further stained in Alcian Blue solution (ch: 17 days; zf: overnight;

os: 26 days) and washed in 95% ethanol. Embryos were cleared in 1% KOH and stained with Alizarin Red solution (ch: 5 days; zf:

4h; os: 7 days). Embryoswere transferred in 1%KOHand and equilibrated in successive solutions of glycerol/1%KOHwith increased

glycerol concentration (20%, 50% and 90%) for further clearing and storage.

Note that no strategy of randomization and/or stratification, blinding, sample-size estimation or inclusion/exclusion of data or sub-

jects were required to perform these experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Time-lapse videos of embryos electroporatedwith cytoplasmicGFP and nuclear H2b-RFP fluorescent reporters were analyzed using

ImageJ software [49] and retrospective cell tracking was performed using the Manual Tracking plugin from Fabrice Cordelières.

Stage 13 embryos electroporated at stage 4 with GFP, GFP/Hoxb4, GFP/Hoxb7, GFP/Hoxb9 or GFP/Hoxb4 dn, were analyzed for

electroportated cell distribution. The LPMwas segmented along the A-P axis into neck, forelimb, interlimb and hindlimb regions. Us-

ing ITCN (Imaged-based Tool for Counting Nuclei) plugin from Thomas Kuo and Jiyun Byun (UC Santa Barbara) in ImageJ software,

the number of electroporated cells was quantified in each region and normalized relative to the area of these regions.

For each experiment, n represents the number of embryos analyzed. Statistical analyzes were performed using Prism 6 software

(GraphPad software). Results were considered significant when p < 0,05. * p < 0,05; ** p < 0,01; *** p < 0,001; **** p < 0,0001. Error

bars represent mean ± SEM. Statistical details of each experiment are provided in the figures and corresponding legends.
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