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Gene and protein interactions in limb development: The case of Msx and Gli3

bat, should all be constructed on the same pattern and should include similar bones and in the same relative positions?"

The limb as a model system

For more than a century e.g. [START_REF] Harrison | Experiments on the Development of the Limbs in Amphibia[END_REF], the vertebrate developing limb has served as an experimental model to study how pattern formation and developmental processes such as morphogenesis and cell-cell signalling are controlled during embryogenesis. During recent years, several of the underlying molecular mechanisms that direct spatial organization of undifferentiated limb cells have been described. The limb is not a vital organ and its easy accessibility allows researchers to combine embryological manipulations with genetic analyses. In addition, the fundamental structure of the vertebrate limb skeleton is maintained throughout evolution from wings to legs, allowing the study of dynamic mechanisms leading to different and adapted phenotypes. Moreover, the key signalling pathways regulating limb development are also involved in the development of other organs and their elucidation may be heuristic also for the latter. Thus, the vertebrate limb constitutes a paradigm in the study of signalling centres, which are specialized groups of cells located in the primordia of tissues and organs that pattern these structures and lead to proper morphogenesis (Capdevila andIzpisua Belmonte 2001, Niswander 2003).

Limb initiation

The limb starts to be visually observable at HH17 in the chick (i.e. after 53-60h of incubation) [START_REF] Hamburger | A series of normal stages in the development of the chick embryo[END_REF], or at embryonic day of E9.5 in the developing mouse embryo. The vertebrate limb development starts with the proliferation of mesenchymal cells located in the lateral plate mesoderm (LPM) at the presumptive limb levels [START_REF] Searls | The initiation of limb bud outgrowth in the embryonic chick[END_REF]. The limb field is a group of embryonic cells that subsequently give rise to the limb bud [START_REF] Harrison | Experiments on the development of the fore--limb of Amblystoma, a self--differentiating equipotential system[END_REF][START_REF] Rosenquist | The origin and movement of the limb--bud epithelium and mesenchyme in the chick embryo as determined by radioautographic mapping[END_REF]. The forelimb and hindlimb fields are located at specific positions along the embryonic body axis between somites 15-20 in chick and 7-12 in mouse for the forelimbs and somites 26-32 in chick and 23-28 in mouse for the hindlimbs, respectively [START_REF] Sheeba | Getting a handle on embryo limb development: Molecular interactions driving limb outgrowth and patterning[END_REF]. This is hypothesized to be under the control of signals from the axial mesoderm involving the regulation of Hox gene expression [START_REF] Burke | Hox genes and the evolution of vertebrate axial morphology[END_REF][START_REF] Cohn | Hox9 genes and vertebrate limb specification[END_REF][START_REF] Mcpherron | Regulation of anterior/posterior patterning of the axial skeleton by growth/differentiation factor 11[END_REF][START_REF] Marshall | Retinoids and Hox genes[END_REF]. The most compelling evidence to date is derived from comparative molecular anatomy [START_REF] Burke | Hox genes and the evolution of vertebrate axial morphology[END_REF], which shows that the limb always forms in phase with Hox expression boundaries irrespective of the number of vertebrae.

Although tetrapod forelimb and hindlimb pairs are indistinguishable at early stages of development, save the delay due to their positioning along the body axis, the conserved expression of T-box transcription factors Tbx5 and Tbx4 mark the forelimb and hindlimb identity, respectively, at very early stages [START_REF] Duboc | Regulation of limb bud initiation and limb--type morphology[END_REF]. T-box genes are characterized by the presence of a conserved sequence called as the "T-box" which codes for the T-domain involved in DNA-binding and protein dimerization [START_REF] Minguillon | The comparative genomics of T--box genes[END_REF]. Expression of the paired-like homeodomain factor, Pitx1, is further specific of the hindlimb presumptive mesenchyme [START_REF] Gibson--Brown | Evidence of a role for T--box genes in the evolution of limb morphogenesis and the specification of forelimb/hindlimb identity[END_REF]. Knockout mice lacking Tbx5, do not form forelimb buds [START_REF] Agarwal | Tbx5 is essential for forelimb bud initiation following patterning of the limb field in the mouse embryo[END_REF][START_REF] Rallis | Tbx5 is required for forelimb bud formation and continued outgrowth[END_REF]. Inhibiting the activity of Tbx5 and Tbx4 in chick results in limbless embryos and ectopic limbs are produced as a result of the miss-expression of these T-box transcription factors [START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF][START_REF] Sheeba | Getting a handle on embryo limb development: Molecular interactions driving limb outgrowth and patterning[END_REF].

Intriguingly, Tbx4 null mice embryos undergo normal hindlimb induction and initial patterning but do not develop further [START_REF] Naiche | Loss of Tbx4 blocks hindlimb development and affects vascularization and fusion of the allantois[END_REF]. Additional studies have demonstrated that at later stages, Tbx4 and Tbx5 are also essential for the patterning of limb muscle and tendons while dispensable for limb outgrowth itself [START_REF] Hasson | Tbx5 is dispensable for forelimb outgrowth[END_REF][START_REF] Naiche | Tbx4 is not required for hindlimb identity or post--bud hindlimb outgrowth[END_REF][START_REF] Hasson | Tbx4 and tbx5 acting in connective tissue are required for limb muscle and tendon patterning[END_REF]. Subsequent work by [START_REF] Minguillon | Tbx5 and Tbx4 are not sufficient to determine limb--specific morphologies but have common roles in initiating limb outgrowth[END_REF] concluded that Tbx4 could replace Tbx5 for forelimb outgrowth whilst retaining forelimb identity. This has raised concerns about the exact involvement of Tbx genes in limb development [START_REF] Minguillon | Tbx5 and Tbx4 are not sufficient to determine limb--specific morphologies but have common roles in initiating limb outgrowth[END_REF][START_REF] Agarwal | Tbx5 is essential for forelimb bud initiation following patterning of the limb field in the mouse embryo[END_REF][START_REF] Rallis | Tbx5 is required for forelimb bud formation and continued outgrowth[END_REF][START_REF] Naiche | Loss of Tbx4 blocks hindlimb development and affects vascularization and fusion of the allantois[END_REF][START_REF] Sheeba | Getting a handle on embryo limb development: Molecular interactions driving limb outgrowth and patterning[END_REF].

1.2 The difficult case of retinoic acid (RA) Retinoic acid (RA), the active metabolite of vitamin A (retinol), has been proposed to play essential roles in many aspects of limb development. It was the first hailed candidate as the limb "morphogen" when it was discovered to mimic the action of the zone of polarizing activity (ZPA) and was thus the ideal candidate for the long hunt after a molecular effector of the ZPA [START_REF] Tickle | Local application of retinoic acid to the limb bond mimics the action of the polarizing region[END_REF][START_REF] Summerbell | The effect of local application of retinoic acid to the anterior margin of the developing chick limb[END_REF]. Retinol is converted into RA via two sequential steps: firstly, retinol is catalyzed to retinaldehyde by alcohol dehydrogenases (ADH) and retinol dehydrogenases (RDHs) and secondly, oxidation of retinaldehyde to RA occurs by three retinaldehyde dehydrogenases (Raldh1-3). Initial studies with Raldh2 mutants showed that the lack of Raldh caused the absence of fins and limb buds in the zebrafish and mouse respectively [START_REF] Grandel | Retinoic acid signalling in the zebrafish embryo is necessary during pre--segmentation stages to pattern the anterior--posterior axis of the CNS and to induce a pectoral fin bud[END_REF]Niederreither et al. 1999). In addition, in the chick, Raldh inhibitors were shown to block limb bud formation [START_REF] Stratford | Retinoic acid is required for the initiation of outgrowth in the chick limb bud[END_REF]). However, it was proposed that these effects were due to growth arrest rather than defects in limb development [START_REF] Niederreither | Differential expression of retinoic acid--synthesizing (RALDH) enzymes during fetal development and organ differentiation in the mouse[END_REF]. Then [START_REF] Zhao | Retinoic acid promotes limb induction through effects on body axis extension but is unnecessary for limb patterning[END_REF] generated mutants which were double null for retinaldehyde dehydrogenases (involved in RA synthesis), Raldh2 and Raldh3, depriving these embryos of all endogenous RA in the trunk, and showed that hindlimb buds still formed with normal gene expression profiles [START_REF] Zhao | Retinoic acid promotes limb induction through effects on body axis extension but is unnecessary for limb patterning[END_REF]. This was a remarkable challenge to the notion that RA is a key molecule in limb development. The RARE-lacZ reporter failed to detect RA activity in the presumptive limb mesenchyme of the rescued Raldh2 mutant mice and it was concluded that RA activity is not required for hindlimb development [START_REF] Zhao | Retinoic acid promotes limb induction through effects on body axis extension but is unnecessary for limb patterning[END_REF]).

Nevertheless, RA has been proposed to be involved early in inducing Tbx5 expression in both mouse and zebrafish. Accordingly, mouse and zebrafish embryos that lack RA synthesis also lack Tbx5 and thus, forelimbs [START_REF] Grandel | Retinoic acid signalling in the zebrafish embryo is necessary during pre--segmentation stages to pattern the anterior--posterior axis of the CNS and to induce a pectoral fin bud[END_REF][START_REF] Mic | Retinoic acid synthesis controlled by Raldh2 is required early for limb bud initiation and then later as a proximodistal signal during apical ectodermal ridge formation[END_REF][START_REF] Zhao | Retinoic acid promotes limb induction through effects on body axis extension but is unnecessary for limb patterning[END_REF]). RA might be involved indirectly in regulating Tbx5 and this takes place via Wnt2b in the zebrafish [START_REF] Ng | The limb identity gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10[END_REF][START_REF] Mercader | Prdm1 acts downstream of a sequential RA, Wnt and Fgf signaling cascade during zebrafish forelimb induction[END_REF]).

The three axes of limb development

The limb itself is built along three axes during embryonic development in vertebrates: the proximal-distal (PD) axis, starting from the shoulder/ hip and ending at the digit tips, the anterior-posterior (AP) axis, from the thumb/ hallux (digit 1) to the little finger (digit 5), and the dorsal-ventral (DV) axis, from the back of the hands (knuckles)/ feet to the palms/ soles (Figure 1). As a result, three limb segments are formed: (1) the stylopod that contains the humerus or the femur, (2) the zeugopod in the middle containing the radius and ulna or tibia and fibula, and (3) the autopod at the tip composed of carpal/ tarsal, metacarpal/ metatarsal bones and digits. Any one of these limb compartments has a unique tri-dimensional structure that gives it its unique identity (Figure 2).

Patterning along these three axes is strictly regulated by spatio-temporally synchronized and simultaneously orchestrated signals from three important centres: the Apical Ectodermal Ridge (AER), the ZPA and the non-AER ectoderm respectively [START_REF] Mariani | Deciphering skeletal patterning: clues from the limb[END_REF][START_REF] Niswander | Pattern formation: old models out on a limb[END_REF][START_REF] Tickle | Making digit patterns in the vertebrate limb[END_REF]. 

Early limb development

At present, comprehensive understanding of the vertebrate limb morphogenesis has not been achieved (Fernandez-Teran, 2008;[START_REF] Zeller | Vertebrate limb bud development: moving towards integrative analysis of organogenesis[END_REF]. Fibroblast growth factors (FGF) and WNT ligands are sufficient to induce ectopic limb development when applied to the flank of the embryo between fore-and hindlimb fields [START_REF] Cohn | Hox9 genes and vertebrate limb specification[END_REF][START_REF] Kawakami | WNT signals control FGF--dependent limb initiation and AER induction in the chick embryo[END_REF]. Implantations of beads soaked in FGF8 or FGF10 have demonstrated that both growth factors can induce ectopic limbs [START_REF] Ohuchi | The mesenchymal factor, FGF10, initiates and maintains the outgrowth of the chick limb bud through interaction with FGF8, an apical ectodermal factor[END_REF][START_REF] Sekine | Fgf10 is essential for limb and lung formation[END_REF]. It has been hypothesized that Wnts induce Fgf10 mesenchymal expression and that Fgf8 is activated in the intermediate mesoderm (IM) at corresponding levels, preceding the specification of limb fields [START_REF] Crossley | Roles for FGF8 in the induction, initiation, and maintenance of chick limb development[END_REF][START_REF] Vogel | Involvement of FGF--8 in initiation, outgrowth and patterning of the vertebrate limb[END_REF]. From the work of [START_REF] Kawakami | WNT signals control FGF--dependent limb initiation and AER induction in the chick embryo[END_REF], it can be learnt that both Fgf8 and Fgf10 elicit the formation of the AER. The hypothesis is that Fgf8 in the intermediate mesoderm, induces Wnt2b, which in turn causes the induction of Tbx5 in the lateral plate (prelimb mesoderm) [START_REF] Kawakami | WNT signals control FGF--dependent limb initiation and AER induction in the chick embryo[END_REF]). Tbx5 activates Fgf10, which then signals back to the limb bud epithelium [START_REF] Yonei--Tamura | FGF7 and FGF10 directly induce the apical ectodermal ridge in chick embryos[END_REF]. Later on, Fgf10, along with other factors such as Bmp4, will prompt the AER establishment by the initiation of Fgf8 expression in prospective AER progenitors and create the growth-promoting mesoderm-ectodermal feedback-loop between Fgf8, produced by the AER progenitors and Fgf10 from the progress zone [START_REF] Crossley | Roles for FGF8 in the induction, initiation, and maintenance of chick limb development[END_REF][START_REF] Ohuchi | The mesenchymal factor, FGF10, initiates and maintains the outgrowth of the chick limb bud through interaction with FGF8, an apical ectodermal factor[END_REF][START_REF] Sekine | Fgf10 is essential for limb and lung formation[END_REF][START_REF] Benazet | Vertebrate limb development: moving from classical morphogen gradients to an integrated 4--dimensional patterning system[END_REF].

Simultaneously, a noticeable limb bud starts to emerge as the cells in the LPM of the limb field undergo active cell division while the flanking non-limb LPM cells divide more slowly [START_REF] Searls | The initiation of limb bud outgrowth in the embryonic chick[END_REF]. This way, positional information would be transferred from paraxial to lateral mesoderm via IM. However, it was later demonstrated that inactivation of Fgf8 specifically in the IM does not preclude limb formation [START_REF] Boulet | The roles of Fgf4 and Fgf8 in limb bud initiation and outgrowth[END_REF]).

In addition, Wnt2b and Wnt8c, expressed in the presumptive forelimb and hindlimb regions of the LPM can also induce Fgf10 to activate and maintain the expression of Fgf8 in the AER. Fgf8 induction in the AER by Fgf10 also requires Wnt3a. Therefore, the positive feedback loop, in which Fgf8 expression in the AER maintains the expression of Fgf10 in the underlying mesenchyme is achieved and the three Wnt genes that signal through βcatenin function as vital molecular mediators of the FGF regulatory loop that regulates both limb initiation and AER induction [START_REF] Kawakami | WNT signals control FGF--dependent limb initiation and AER induction in the chick embryo[END_REF][START_REF] Mcqueeney | Beta--catenin--dependent Wnt signaling in apical ectodermal ridge induction and FGF8 expression in normal and limbless mutant chick limbs[END_REF]. Such a dynamic mechanism allows for the AER to be maintained until regression, sustaining the distal region of the limb mesenchyme, the progress zone (PZ) and the AER, in an undifferentiated and proliferative state [START_REF] Yang | Interaction between the signaling molecules WNT7a and SHH during vertebrate limb development: dorsal signals regulate anteroposterior patterning[END_REF][START_REF] Capdevila | Patterning mechanisms controlling vertebrate limb development[END_REF][START_REF] Ten Berge | Wnt and FGF signals interact to coordinate growth with cell fate specification during limb development[END_REF].

During progression of limb bud outgrowth, the mesenchymal cells differentiate to give rise to the skeletal elements. Reciprocal interaction between mesoderm and ectoderm sustaining cell proliferation are the driving force for outgrowth of the limb bud that gradually extends to form the typical tetrapod limb (Figure 3). Johnson and Tabin, 1997 ) 1.5 PD patterning: Old and new models Limb outgrowth along the PD axis is principally regulated by the AER, which consists of a distinct thickening of the ectoderm along the distal bud tip, separating the dorsal and ventral ectoderm marked by Wnt7a and En-1 expression, respectively [START_REF] Riddle | Induction of the LIM homeobox gene Lmx1 by WNT7a establishes dorsoventral pattern in the vertebrate limb[END_REF] (Figure 3). Seminal experiments were performed by Saunders in 1948, wherein removal of the AER from chick limb buds at various stages of development led to early truncations of skeletal growth [START_REF] Davis | Expression patterns of the homeo box--containing genes En--1 and En--2 and the proto--oncogene int--1 diverge during mouse development[END_REF]. The experiments led to the conclusion that there is a positive correlation between the stage the AER is removed and the extent of truncation: the earlier in development the AER is excised, the more proximal the truncation of these skeletons [START_REF] Saunders | The proximo--distal sequence of origin of the parts of the chick wing and the role of the ectoderm[END_REF]. These observations proved that the AER plays a pivotal role in PD limb bud outgrowth and led to the hypothesis of the 'Progress Zone (PZ) model" by Wolpert and colleagues [START_REF] Summerbell | Positional information in chick limb morphogenesis[END_REF]). The PZ model proposes that cells in the PZ zone, the most distal mesenchyme underlying the AER, are maintained in an undifferentiated and constantly proliferative state due to signals from the AER, that proved later on to be FGFs. It states that the cells acquire their positional identity from the amount of time (i.e. number of cell divisions) they spend in this dedicated zone and that they are released from this influence upon leaving the PZ. Thus, cells along the PD axis are specified by a 'clock-type' mechanism as they exit the PZ and the fate of these cells are determined in a proximal to distal direction. In this model, the function of AER-FGFs is "permissive" meaning that, it is exclusively required for the PZ maintenance [START_REF] Summerbell | Positional information in chick limb morphogenesis[END_REF]) (Figure 4).

Although the PZ model was the most popular model of PD patterning [START_REF] Scherz | Extended exposure to Sonic hedgehog is required for patterning the posterior digits of the vertebrate limb[END_REF], it came under scrutiny in the 2000's. First, fate mapping studies that were performed using chick limb buds reinforced the concept that cells along the PD axis are specified early in development [START_REF] Dudley | A re--examination of proximodistal patterning during vertebrate limb development[END_REF]. Barna et al. described in 2005 that in the Gli3 -/-Plzf -/-mutant mice, hindlimb autopods are produced even in the absence of more proximal structures such as the stylopod or the zeugopod [START_REF] Barna | Gli3 and Plzf cooperate in proximal limb patterning at early stages of limb development[END_REF].

In addition, the deletion of Fgf8 and Fgf4 genes in conditional mutants of AER-Fgfs resulted in complete disruption of hindlimb bud development and even short early expression of these genes was sufficient for the specification of all three limb segments although the middle (stylopod) and distal (autopod) segments were hypoplastic [START_REF] Sun | Functions of FGF signalling from the apical ectodermal ridge in limb development[END_REF]. These observations supported the hypothesis that the PD axis is indeed specified early and not progressively. Subsequent analysis using chick wing bud development demonstrated that in the limb bud mesenchyme, RA, has the potential to govern proximal fate while AER-FGFs, which antagonize RA signalling, govern distal fate. Experiments involving the implantation of RAsoaked beads into the distal mesenchyme of chick limb buds cause an upregulation of genes such as Hoxa11 (a zeugopod marker), a downregulation of Hoxa13 (an autopod marker) as well as an ectopic expression of Meis1, which is expressed in the proximal mesenchyme in normal conditions. This led to a model wherein two opposing signalling activities, the proximal-defining RA and the distal-defining AER-FGFs, result in the specification of the PD axis along the limb bud. Thus, the name: "two-signal model" [START_REF] Mercader | Opposing RA and FGF signals control proximodistal vertebrate limb development through regulation of Meis genes[END_REF][START_REF] Mariani | Genetic evidence that FGFs have an instructive role in limb proximal--distal patterning[END_REF]. In an attempt to consolidate and reconcile both molecular observations with the classical AER-removal experiments, the differentiation-front model was proposed [START_REF] Tabin | Rethinking the proximodistal axis of the vertebrate limb in the molecular era[END_REF] 1.6. Dorsoventral (DV) axis

DV patterning

The limb has a clearly defined DV asymmetry, which is a prominent character of the adult vertebrate limb anatomy. The skin of the dorsal and ventral aspects of the limbs is remarkably specialized and unique, as in seen by ventral footpads (soles) and eccrine (sweat) glands in mice and by the systematically dorsally present nails and the increased amounts of hair follicles in mammals as well as the amount and type of feathers and scales in avians such as the chick [START_REF] Chen | Dorsoventral patterning of the vertebrate limb: a process governed by multiple events[END_REF]. Similarly, there is also a differential arrangement of internal limb tissues such as the skeleton, muscles, blood vessels, tendons and nerve wiring in the ventral versus the dorsal side of the limb [START_REF] Chen | Dorsoventral patterning of the vertebrate limb: a process governed by multiple events[END_REF].

A molecular cascade comprising of transcription factors as well as signalling molecules has been described for DV limb patterning. This occurs through a complex series of epithelialmesenchymal interactions as well, which explains the dorsalization of the limb bud when a filter is placed between the lateral somatopleure and the presumptive limb bud mesoderm [START_REF] Michaud | The dorsoventral polarity of the presumptive limb is determined by signals produced by the somites and by the lateral somatopleure[END_REF][START_REF] Chen | Dorsoventral patterning of the vertebrate limb: a process governed by multiple events[END_REF]. Furthermore, the dorsal fate is first specified in the somatic mesoderm and later transferred to the ectoderm [START_REF] Chen | Interactions between dorsal--ventral patterning genes lmx1b, engrailed--1 and wnt--7a in the vertebrate limb[END_REF].

Both loss and gain of function experiments in mouse and chick respectively provide evidence for three main factors: 1. Wnt-7a, a secreted glycoprotein [START_REF] Riddle | Induction of the LIM homeobox gene Lmx1 by WNT7a establishes dorsoventral pattern in the vertebrate limb[END_REF][START_REF] Parr | Dorsalizing signal Wnt--7a required for normal polarity of D--V and A--P axes of mouse limb[END_REF]; 2. Lmx1b, a LIM-homeodomain transcription factor [START_REF] Riddle | Induction of the LIM homeobox gene Lmx1 by WNT7a establishes dorsoventral pattern in the vertebrate limb[END_REF][START_REF] Vogel | Dorsal cell fate specified by chick Lmx1 during vertebrate limb development[END_REF][START_REF] Chen | Limb and kidney defects in Lmx1b mutant mice suggest an involvement of LMX1B in human nail patella syndrome[END_REF]) and 3. Engrailed (En-1), a homeobox-containing transcription factor [START_REF] Loomis | The mouse Engrailed--1 gene and ventral limb patterning[END_REF][START_REF] Logan | The role of Engrailed in establishing the dorsoventral axis of the chick limb[END_REF]. Lmx1b is expressed within the dorsal limb mesenchyme, whereas En-1 and Wnt-7a are expressed in the ventral and dorsal regions of the ectoderm respectively.

Ventral limb ectoderm is also characterized by bone morphogenetic protein (BMP) signalling [START_REF] Robert | Bone morphogenetic protein signaling in limb outgrowth and patterning[END_REF]. Wnt3 (Wnt3a) in the chick embryo and β-catenin act as regulators upstream of En-1 in the BMP pathway in the ventral limb and AER ectoderm (Figure 5).

Knockout studies have demonstrated that, in the ventral ectoderm, En-1 is vital for ventral limb specification as it represses the expression of Wnt7a. Wnt7a is thereby confined to the dorsal ectoderm and induces Lmx1b in the underlying dorsal mesoderm [START_REF] Parr | Dorsalizing signal Wnt--7a required for normal polarity of D--V and A--P axes of mouse limb[END_REF][START_REF] Loomis | The mouse Engrailed--1 gene and ventral limb patterning[END_REF][START_REF] Cygan | Novel regulatory interactions revealed by studies of murine limb pattern in Wnt--7a and En--1 mutants[END_REF][START_REF] Qiu | Lmx1b--expressing cells in the mouse limb bud define a dorsal mesenchymal lineage compartment[END_REF] (Figure 5). Wnt7a inactivation does not reciprocally lead to dorsal expansion of the En-1 domain. Canonical Wnt/β-catenin signalling also induces the expression of Fgf8 in the AER, which is essential for the maintenance of the AER itself [START_REF] Rieger | The embryonic transcription cofactor LBH is a direct target of the Wnt signaling pathway in epithelial development and in aggressive basal subtype breast cancers[END_REF]. [START_REF] Rieger | The embryonic transcription cofactor LBH is a direct target of the Wnt signaling pathway in epithelial development and in aggressive basal subtype breast cancers[END_REF]).

DV determination and AER development

As the AER is formed at the junction between the dorsal (Wnt-7a expressing domains) and ventral (En-1 expression domains) ectoderm and because several mutants such as the chick limbless, wingless and mouse legless show defects in DV patterning as well as AER induction and/or maintenance [START_REF] Pizette | BMP controls proximodistal outgrowth, via induction of the apical ectodermal ridge, and dorsoventral patterning in the vertebrate limb[END_REF]Bell et al., 1998;Grieshammer et al., 1996;[START_REF] Ohuchi | The mesenchymal factor, FGF10, initiates and maintains the outgrowth of the chick limb bud through interaction with FGF8, an apical ectodermal factor[END_REF]Ros et al., 1996), DV polarity of the ectoderm and AER formation is related. An experimental juxtaposition study of the dorsal and ventral limb ectoderm emphasizes this link as an ectopic AER is established at the new dorsal and ventral ectoderm boundary [START_REF] Pizette | BMP controls proximodistal outgrowth, via induction of the apical ectodermal ridge, and dorsoventral patterning in the vertebrate limb[END_REF][START_REF] Laufer | Expression of Radical fringe in limb--bud ectoderm regulates apical ectodermal ridge formation[END_REF][START_REF] Tanaka | Induction of additional limb at the dorsal--ventral boundary of a chick embryo[END_REF].

Of interest, the two genes implicated in DV patterning in the limb ectoderm: Wnt-7a and En-1 are not necessary for the induction of the AER although En-1 is required for AER maturation [START_REF] Pizette | BMP controls proximodistal outgrowth, via induction of the apical ectodermal ridge, and dorsoventral patterning in the vertebrate limb[END_REF][START_REF] Loomis | Analysis of the genetic pathway leading to formation of ectopic apical ectodermal ridges in mouse Engrailed--1 mutant limbs[END_REF][START_REF] Cygan | Novel regulatory interactions revealed by studies of murine limb pattern in Wnt--7a and En--1 mutants[END_REF][START_REF] Loomis | The mouse Engrailed--1 gene and ventral limb patterning[END_REF][START_REF] Parr | Dorsalizing signal Wnt--7a required for normal polarity of D--V and A--P axes of mouse limb[END_REF].

Anterior-Posterior (AP) patterning

A small group of cells in the posterior mesenchyme act as the second signalling centre that governs limb bud outgrowth and patterning in addition to the AER described earlier. Indeed experiments involving the transplantation of these posterior cells to the anterior margin of a limb bud lead to the formation of mirror image duplications of all digits, indicative of the potential of this signalling centre to regulate AP limb bud patterning [START_REF] Saunders | Ectodermal and mesenchymal interactions in the origin of limb symmetry[END_REF]. This posterior region acts as a classical embryonic organizer of the limb bud and is known as the zone of polarizing activity (ZPA). In 1993, Sonic hedgehog (Shh) was demonstrated to be the diffusing morphogen produced by the ZPA [START_REF] Riddle | Sonic hedgehog mediates the polarizing activity of the ZPA[END_REF].

Prepatterning of the limb bud along the AP axis polarizes limb bud before Shh expression begins in the ZPA. Gli3 and Hand2 (transcription factors) are the initial genes implicated in prepatterning. At the prepatterning stage, Gli3 is expressed in the anterior mesenchyme of the initiating limb bud and Hand2 is expressed in the posterior mensenchyme. The mutual molecular antagonism of these two genes polarizes the early limb bud as Gli3 principally functions to restrict Hand2 expression during prepatterning and thereby confines Shh induction to the posterior part of the limb bud mesenchyme (Figure 6) (te Welscher, Fernandez-Teran et al. 2002;[START_REF] Zakany | A dual role for Hox genes in limb anterior-posterior asymmetry[END_REF][START_REF] Mao | Fgf--dependent Etv4/5 activity is required for posterior restriction of Sonic Hedgehog and promoting outgrowth of the vertebrate limb[END_REF][START_REF] Zhang | FGF--regulated Etv genes are essential for repressing Shh expression in mouse limb buds[END_REF]).

Hand2 is a major inducer for Shh expression [START_REF] Fernandez--Teran | Role of dHAND in the anterior--posterior polarization of the limb bud: implications for the Sonic hedgehog pathway[END_REF]Charité, McFadden et al. 2000). Hand2 conditional knockout mice show a range of limb phenotypes depending on the stage at which Hand2 was inactivated (Galli, Robay et al. 2010). If Hand2 is diminished before prepatterning has occurred, the mutant limb phenotype is comparable to that of the Shh null mutant due to the failure to activate Shh expression. In these mutants, the region of Gli3 accumulation is extended posteriorly. Conversely, ectopic expression of Hand2 in developing limb buds can also induce ectopic Shh and result in polydactyly (Charite, McFadden et al. 2000). If, however, Hand2 inactivation follows Shh activation, the limb structures that form are similar to the normal phenotype.

In Gli3 null mouse embryos, Hand2 is expressed throughout the limb bud mesenchyme (te Welscher, Fernandez-Teran et al. 2002) and Shh is ectopically activated in the anterior mesenchyme which results in preaxial polydactyly [START_REF] Buscher | Evidence for genetic control of Sonic hedgehog by Gli3 in mouse limb development[END_REF]). Further, several other genes such as Alx4, Pax9 which are normally expressed anteriorly are strongly downregulated or not expressed while expression of genes such as Grem1, Hand2, 5' Hoxd genes, Fgf4 in the AER, Shh and target genes of Shh such as Gli1 and Ptch1 are expanded anteriorly [START_REF] Litingtung | Shh and Gli3 are dispensable for limb skeleton formation but regulate digit number and identity[END_REF]te Welscher, Fernandez-Teran et al. 2002). AP identities are specified by spatial and temporal gradients of Shh. [START_REF] Zeller | Vertebrate limb bud development: moving towards integrative analysis of organogenesis[END_REF]. [START_REF] Varjosalo | Hedgehog: functions and mechanisms[END_REF]. Although all these proteins function as morphogens during embryonic development, Shh is particularly vital in development [START_REF] Chiang | Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene function[END_REF][START_REF] Varjosalo | Hedgehog: functions and mechanisms[END_REF]. Shh signalling is one of the key regulatory networks implicated in animal development that is conserved between different species, from flies to humans [START_REF] Jiang | Hedgehog signaling in development and cancer[END_REF]. Drosophila genetics allowed for the identification of the components of the Shh pathway and this paved the way for homologues of these to be identified in vertebrates. The vertebrate Hh signalling pathway will be described in the following section.

Gene and protein interactions in limb development

Shh auto modification and signalling

The native 45kd Hh protein is composed of a 19kd N-terminal signalling domain and a 26kd

C-terminal domain. When Shh enters the secretory pathway, it undergoes auto cleavage, [START_REF] Choudhry | Sonic hedgehog signalling pathway: a complex network[END_REF] resulting in the release of the N-terminal signalling domain, which is modified at its C-terminal by an ester-linked cholesterol adduct [START_REF] Lee | Autoproteolysis in hedgehog protein biogenesis[END_REF]) (Figure 7). Mutations that block this auto-proteolysis impair Hh function [START_REF] Bumcrot | Proteolytic processing yields two secreted forms of sonic hedgehog[END_REF][START_REF] Porter | The product of hedgehog autoproteolytic cleavage active in local and long-range signalling[END_REF]. Shh-N regulates signalling in both vertebrates and invertebrates while Shh-C is thought to mediate the autoproteolysis reaction.

Thus far, no biological function of Shh-C has been found, except for its role in the autocatalytic cleavage of the precursor of Shh.

Genetic experiments have shown that cholesterol modification is of biological significance during limb development. Shh activity across the limb bud can be altered by the loss of Cterminal cholesterol that leads to increased diffusion of the Shh protein across the limb bud.

This eventually results in lower levels of Gli3R formation and leads to preaxial polydactyly [START_REF] Li | Cholesterol modification restricts the spread of Shh gradient in the limb bud[END_REF]). After cholesterol modification, the N-terminal part of the peptide undergoes palmitolylation which is a process mediated by an acyl-transferase encoded by the Skinny hedgehog gene (Skn) or Hedgehog acyl-transferase (Hhat) (Figure 7). The loss of this palymitolylation in mice deficient for Skn results in decreased levels of diffusion of the Shh protein in the limb bud that displays fusion of digits (digits 3 and 4) as well as the loss of digit 2 [START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long--range signaling in vertebrates[END_REF]. Palmitoylation is also critical for Shh long-range activity. These data taken together emphasize the role of Shh protein modifications in the AP gradient generated across the limb bud. [START_REF] Choudhry | Sonic hedgehog signalling pathway: a complex network[END_REF][START_REF] Varjosalo | Hedgehog: functions and mechanisms[END_REF]. 1.9 Transcriptional targets of Shh Signalling: Gli transcription factors Drosophila melanogaster has one Gli protein : Ci (Cubitus interruptus) [START_REF] Orenic | Cloning and characterization of the segment polarity gene cubitus interruptus Dominant of Drosophila[END_REF]) which mediates all aspects of Hh Signalling while three homologues of Gli have been identified in vertebrates, Gli1, Gli2 and Gli3. Gli family proteins derive their name from the initial identification of Gli1 in a Glioblastoma [START_REF] Kinzler | Identification of an amplified, highly expressed gene in a human glioma[END_REF][START_REF] Kinzler | The GLI gene is a member of the Kruppel family of zinc finger proteins[END_REF]. All of these are dedicated transcription factors for signal transduction of the Hh pathway. The three human Gli genes share from 77% to 84% identity with Ci [START_REF] Hui | Expression of three mouse homologs of the Drosophila segment polarity gene cubitus interruptus, Gli, Gli--2, and Gli--3, in ectoderm--and mesoderm--derived tissues suggests multiple roles during postimplantation development[END_REF]). Due to this high degree of homology with Drosophila Ci, these homologues are thought to be derived by duplications from a single ancestral chordate Gli gene, such as the one identified in Amphioxus [START_REF] Shimeld | An amphioxus Gli gene reveals conservation of midline patterning and the evolution of hedgehog signalling diversity in chordates[END_REF] or
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Ciona intestinalis [START_REF] Islam | Distinctive expression patterns of Hedgehog pathway genes in the Ciona intestinalis larva: implications for a role of Hedgehog signaling in postembryonic development and chordate evolution[END_REF]. Indeed, simultaneous expression of both Gli1 and Gli3 transgenes in Drosophila can together rescue loss of Ci activity (von Mering and Basler 1999).

These transcription factors were the first few proteins to have their DNA-binding domains determined. The DNA-binding domain of Gli proteins is situated towards the amino terminus and is composed of a cluster of five C2H2 zinc fingers of which zinc fingers 3-5 are important for DNA binding and show high conservation [START_REF] Pavletich | Crystal structure of a five--finger GLI--DNA complex: new perspectives on zinc fingers[END_REF][START_REF] Kinzler | The GLI gene encodes a nuclear protein which binds specific sequences in the human genome[END_REF]. These genes are also among the first developmental genes to have been implicated in cancer [START_REF] Kinzler | Identification of an amplified, highly expressed gene in a human glioma[END_REF][START_REF] Ruppert | The zinc finger protein GLI transforms primary cells in cooperation with adenovirus E1A[END_REF][START_REF] Vortkamp | GLI3 zinc--finger gene interrupted by translocations in Greig syndrome families[END_REF][START_REF] Hui | Gli proteins in development and disease[END_REF]. Deletion experiments in cultured cells have shown that Gli1 contains only a C-terminal transcriptional activation domain and lacks the N-terminal repressor domain while Gli2 and Gli3 have both the C-terminal activation and N-terminal repression domains [START_REF] Dai | Sonic Hedgehog--induced activation of the Gli1 promoter is mediated by GLI3[END_REF][START_REF] Ruiz I Altaba | Gli proteins encode context--dependent positive and negative functions: implications for development and disease[END_REF][START_REF] Sasaki | Regulation of Gli2 and Gli3 activities by an amino--terminal repression domain: implication of Gli2 and Gli3 as primary mediators of Shh signaling[END_REF]) (Figure 9). 1.9.1 Gli expression during limb development Gli genes have been investigated extensively in the developing limbs of mouse and chick embryos. At early limb bud stages (HH stage 20, mouse E10.5), Gli gene expression is absent from the ZPA itself. At later stages, Gli1 is expressed at low levels where Shh is most strongly expressed and at high levels in the condensing mesenchyme (Marigo, Johnson et al. 1996;[START_REF] Masuya | Multigenic control of the localization of the zone of polarizing activity in limb morphogenesis in the mouse[END_REF][START_REF] Mo | Specific and redundant functions of Gli2 and Gli3 zinc finger genes in skeletal patterning and development[END_REF][START_REF] Buscher | Expression profile of Gli family members and Shh in normal and mutant mouse limb development[END_REF][START_REF] Bai | Gli1 can rescue the in vivo function of Gli2[END_REF]. While Gli1 and Gli3 recognise the same consenus site 5'GACCACCCA-3' with the same affinity, a Gli2 isoform, in humans, recognises a slightly different consenus, 5'GAACACCCA'3 [START_REF] Ruppert | GLI3 encodes a 190-kilodalton protein with multiple regions of GLI similarity[END_REF][START_REF] Tanimura | Cloning of novel isoforms of the human Gli2 oncogene and their activities to enhance tax--dependent transcription of the human T--cell leukemia virus type 1 genome[END_REF]). These sequences function as Shh-responsive element in mammalian cells [START_REF] Sasaki | A binding site for Gli proteins is essential for HNF--3beta floor plate enhancer activity in transgenics and can respond to Shh in vitro[END_REF][START_REF] Dai | Sonic Hedgehog--induced activation of the Gli1 promoter is mediated by GLI3[END_REF]. Studies in mutant mice lacking Gli2 and Gli3 reveal that they act as the main mediators of Hh signalling and are vital during embryonic development [START_REF] Ding | Diminished Sonic hedgehog signaling and lack of floor plate differentiation in Gli2 mutant mice[END_REF][START_REF] Mo | Specific and redundant functions of Gli2 and Gli3 zinc finger genes in skeletal patterning and development[END_REF][START_REF] Ding | Diminished Sonic hedgehog signaling and lack of floor plate differentiation in Gli2 mutant mice[END_REF] while Gli1 is dispensable for embryogenesis [START_REF] Bai | Gli2, but not Gli1, is required for initial Shh signaling and ectopic activation of the Shh pathway[END_REF][START_REF] Park | Mouse Gli1 mutants are viable but have defects in SHH signaling in combination with a Gli2 mutation[END_REF].

Gli processing

In the absence of Hh signalling, Gli proteins undergo phosophorlyation by protein kinases PKA, CKI and GSK3 and are targeted to the proteasome which results in proteolytic cleavage of the full-length Gli proteins (GliFL) into a truncated repressor form (GliR).

These repressors then translocate to the nucleus and are capable of switching off Hh target genes (Figure10) [START_REF] Wilson | Mechanism and evolution of cytosolic Hedgehog signal transduction[END_REF][START_REF] Jiang | Hedgehog signaling in development and cancer[END_REF]. Smo is activated within the cilium, promotes the activation of Gli (Amemiya, Alfoldi et al.) transcription factor proteins which enter the nucleus and transcribe Hh target genes. The bound Hh/Ptch protein complex at the surface of the cell is interalised and destabilised. (adapted from (van den Brink, 2007).
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In such a scenario, GliFL proteins which are not targeted to the proteasome act as activator forms (Gli3A) which then move into the nucleus and positively regulate transcription of Hh target genes. Gli2 also acts mainly as an activator in the Hh pathway. Gli3, however, has repressor potential and is responsible for most of the repressor activity [START_REF] Varjosalo | Hedgehog: functions and mechanisms[END_REF].

1.9.3 Shh in AP polarity and digit patterning

The vital role of Shh in AP patterning of the limb has been demonstrated via gain and loss of function studies in both mouse and chicken. Shh has been demonstrated to govern AP identity when mirror image duplications were induced by ectopic anterior Shh expressions.

Correspondingly, in the absence of Shh, the AP polarity of the limb bud is disturbed and only one zeugopodal bone along with one digit (Digit 1), form in the forelimb of these mutants [START_REF] Chiang | Manifestation of the limb prepattern: limb development in the absence of sonic hedgehog function[END_REF][START_REF] Kraus | Some distal limb structures develop in mice lacking Sonic hedgehog signaling[END_REF]. Shh signalling in the limb is mediated by the Gli transcriptional regulators (Gli1-Gli3). Although all of these Gli regulators are expressed in the limb bud mesenchyme, only Gli3 has been shown to be essential in limb development as Gli1/Gli2-deficient limbs show normal development with five digits [START_REF] Mo | Specific and redundant functions of Gli2 and Gli3 zinc finger genes in skeletal patterning and development[END_REF][START_REF] Park | Mouse Gli1 mutants are viable but have defects in SHH signaling in combination with a Gli2 mutation[END_REF]. Conversely, Gli3 deficient mouse limbs have a polydactylous phenotype with up to eight digits and also an apparent loss of AP polarity leading to loss of digit identity [START_REF] Johnson | Extra--toes: anew mutant gene causing multiple abnormalities in the mouse[END_REF] . Notably, transgenic animals expressing exclusively the Gli3R repressor form resemble Shh mutant, with only one digit (digit 1) (Figure 11) (Cao, Wang et al. 2013). It has been established that Gli3 is expressed widely in the limb bud with a preferentially strong expression in the anterior limb domains [START_REF] Mo | Specific and redundant functions of Gli2 and Gli3 zinc finger genes in skeletal patterning and development[END_REF]Lallemand, Bensoussan et al. 2009). Shh prevents the proteolysis of the full-length Gli3 activator (Gli3A/Gli3FL) protein to a shorter repressor form (Gli3R). Limb mutants that are deficient for both Shh and Gli3 have similar polydactylous phenotypes as the Gli3 null mutant which illustrates that one of the key functions of Shh during limb development is to counteract Gli3R formation and Gli3R-mediated repression [START_REF] Litingtung | Shh and Gli3 are dispensable for limb skeleton formation but regulate digit number and identity[END_REF]te Welscher, Fernandez-Teran et al. 2002).

#(!

In the presence of Shh signalling, Gli3 processing in the posterior part of the limb bud is inhibited and a downward concentration gradient forms towards the anterior domain with high levels of Gli3A in the posterior domain and low levels of Gli3A in the anterior domain.

Gli3R is thus concentrated anteriorly and forms an inverse concentration gradient with high levels anteriorly and low levels posteriorly [START_REF] Wang | Hedgehog--regulated processing of Gli3 produces an anterior/posterior repressor gradient in the developing vertebrate limb[END_REF]) (Figure 12).

Two possible mechanisms have been proposed in the establishment of the Shh gradient:

1. The morphogen model which predicts that a diffusible molecule secreted by the ZPA is distributed across a spatial gradient from the posterior to the anterior domain and thereby, mesenchymal cells respond according to their proximity from the ZPA and morphogen extent to specify anterior posterior digit identities [START_REF] Yang | Relationship between dose, distance and time in Sonic Hedgehog--mediated regulation of anteroposterior polarity in the chick limb[END_REF]) and 2. A variation of the exposure time of cells to Shh which results in graded Shh activity [START_REF] Harfe | Evidence for an expansion--based temporal Shh gradient in specifying vertebrate digit identities[END_REF][START_REF] Ahn | Dynamic changes in the response of cells to positive hedgehog signaling during mouse limb patterning[END_REF]) (Figure 12).

The Shh signalling response can be analyzed through the expression of direct Shh target genes such as Gli1 [START_REF] Dai | Sonic Hedgehog--induced activation of the Gli1 promoter is mediated by GLI3[END_REF]) and Ptch1 in a broad domain of the posterior limb bud [START_REF] Marigo | Conservation in hedgehog signaling: induction of a chicken patched homolog by Sonic hedgehog in the developing limb[END_REF]. The existence of a gradient has been entertained for chick limb buds where the amount of anterior duplicated digits and their identity depends on the dose and extent of Shh exposure [START_REF] Yang | Relationship between dose, distance and time in Sonic Hedgehog--mediated regulation of anteroposterior polarity in the chick limb[END_REF].

Studies in which Shh was deactivated at various time points during limb development using a conditional Cre-line system has demonstrated that Shh endows AP digit identities very early in development; in the first 12 hours of Shh expression [START_REF] Zhu | Uncoupling Sonic hedgehog control of pattern and expansion of the developing limb bud[END_REF].

Cell-lineage tracing experiments have also pointed in the same direction showing that tissues originating from cells that once expressed Shh contribute directly to parts of digit 3 to digit 5 [START_REF] Harfe | Evidence for an expansion--based temporal Shh gradient in specifying vertebrate digit identities[END_REF]). Long-range Shh signalling is essential only for patterning of digit 3 and for digit 2. Cells that once received the Shh signal further contribute to half of digit 3 and digit 2 [START_REF] Ahn | Dynamic changes in the response of cells to positive hedgehog signaling during mouse limb patterning[END_REF]. As Shh is completely absent in the anterior domain, the specification of digit 1, the thumb, is entirely Shh independent as is also demonstrated by the persistence of digit 1 in Shh null mutants.

Therefore, the specification of the various posterior digits is dependent on the exposure time of the cells to Shh along with the concentration of Shh. Cells present at the posterior domain in the ZPA expressing Shh the longest, will contribute the most to the posterior digit 5 whilst cells further from the ZPA will contribute to digits 2, 3 and 4, which demonstrates the spatial and temporal gradient of the hedgehog signalling the limb bud [START_REF] Ahn | Dynamic changes in the response of cells to positive hedgehog signaling during mouse limb patterning[END_REF][START_REF] Harfe | Evidence for an expansion--based temporal Shh gradient in specifying vertebrate digit identities[END_REF]) (Figure 12). Further, decreasing the levels but not the time of Shh expression affects only digit 2, re-emphasizing that the time of Shh exposure is essential for posterior digits [START_REF] Scherz | Extended exposure to Sonic hedgehog is required for patterning the posterior digits of the vertebrate limb[END_REF]. Shh signalling in the limb bud is thus a dynamic yet intricate system, which is both temporally and spatially regulated by graded responses to Shh.

$"! Part B: Msx genes 2. A brief introduction to Msx genes [START_REF] Pizette | BMP controls proximodistal outgrowth, via induction of the apical ectodermal ridge, and dorsoventral patterning in the vertebrate limb[END_REF] have demonstrated that BMP signalling (produced in the ventral ectoderm), controls both DV patterning and AER induction through a pathway independent of En-1 but involving Msx transcription factors [START_REF] Pizette | BMP controls proximodistal outgrowth, via induction of the apical ectodermal ridge, and dorsoventral patterning in the vertebrate limb[END_REF]. [START_REF] Ahn | BMPR--IA signaling is required for the formation of the apical ectodermal ridge and dorsal--ventral patterning of the limb[END_REF] have also demonstrated that mice mutants lacking Bmpr1a in the ectoderm do not form the AER [START_REF] Ahn | BMPR--IA signaling is required for the formation of the apical ectodermal ridge and dorsal--ventral patterning of the limb[END_REF]. Msx are targets of the BMP signalling pathway in many tissues and are also transcriptional mediators implicated in various developmental networks [START_REF] Pizette | BMP controls proximodistal outgrowth, via induction of the apical ectodermal ridge, and dorsoventral patterning in the vertebrate limb[END_REF][START_REF] Bei | FGFs and BMP4 induce both Msx1--independent and Msx1-dependent signaling pathways in early tooth development[END_REF][START_REF] Maeda | Xmsx--1 modifies mesodermal tissue pattern along dorsoventral axis in Xenopus laevis embryo[END_REF][START_REF] Pizette | BMPs negatively regulate structure and function of the limb apical ectodermal ridge[END_REF][START_REF] Suzuki | Xenopus msx1 mediates epidermal induction and neural inhibition by BMP4[END_REF]. Of note, in the Msx1 and Msx2 null mutants, no DV polarity is achieved anteriorly and there is an anterior loss of the AER, suggesting a role for Msx in information transfer as well (Lallemand, Nicola et al. 2005).

Msx genes are also known to be implicated in AP limb development although it remains to be elucidated why the defects are limited to the anterior region. In Msx double mutants, Msx's biological activity seems to also be concentrated in the anterior region of the limb, regardless of the expression pattern. The absence of Msx genes causes the misexpression of certain anterior-specific and posterior-specific markers during limb development.

The discovery of Msx genes

The first Msx gene that was isolated from the mouse was Hox7 in 1989 (Hill, Jones et al. 1989;Robert, Sassoon et al. 1989). This name was quickly discarded due to the lack of affiliation of this gene with Hox gene clusters [START_REF] Scott | Vertebrate homeobox gene nomenclature[END_REF]) and changed for Msx1 due to its homology with the muscle segment homeobox (msh) gene of the Drosophila melanogaster (Hill, Jones et al. 1989, Hill;Robert, Sassoon et al. 1989), that is involved in myogenesis, neurogenesis and the dorsoventral patterning of the wings [START_REF] Ramos | msh/Msx gene family in neural development[END_REF][START_REF] Milan | msh specifies dorsal cell fate in the Drosophila wing[END_REF][START_REF] Jagla | Cross--repressive interactions of identity genes are essential for proper specification of cardiac and muscular fates in Drosophila[END_REF]. It has been established that Msx genes are a class of homeobox genes, which appeared at a primitive stage of metazoan evolution and have been shown to control a wide variety of post-gastrulation developmental processes and, in humans, to be involved in genetic syndromes provoking tooth [START_REF] Kapadia | Genes affecting tooth morphogenesis[END_REF], skull/palate [START_REF] Wilkie | Functional haploinsufficiency of the human homeobox gene MSX2 causes defects in skull ossification[END_REF] and nail [START_REF] Jumlongras | A nonsense mutation in MSX1 causes Witkop syndrome[END_REF] abnormalities.

In the following chapters, the identity, characteristics, functions and importance of Msx genes will be discussed with special reference to vertebrates, particularly chick, mouse and humans.

Msx genes are homeobox genes

The homeobox was originally described as a conserved DNA coding motif of about 180 base pairs that is found within genes implicated in the regulation of patterns of anatomical development or morphogenesis in plants and animals. This motif encodes a homeodomain protein product of about 60 amino acids, with a characteristic protein fold (helix-turn-helix, [START_REF] Bürglin | Warthog and Groundhog, novel families related to Hedgehog[END_REF]. Hox genes are present in baker's yeast, plants and all animal phyla that have been studied thus far, and indeed, the HTH motif of the homeodomain is supposed to derive from bacterial transcription repressors [START_REF] Aravind | The many faces of the helix--turn--helix domain: transcription regulation and beyond[END_REF]. Msx genes belong to this super-family of homeobox genes.

Msx genes are categorized in the Nk-like family of homeobox genes based on the amino acid sequences of their homeodomain [START_REF] Gauchat | Evolution of Antp--class genes and differential expression of Hydra Hox/paraHox genes in anterior patterning[END_REF]. Nk-like genes are one of the four families of homeobox genes that constitute the Antennapedia superclass [START_REF] Pollard | Evidence for 14 homeobox gene clusters in human genome ancestry[END_REF]. "Extended Hox", ParaHox and EHGbox are the other families belonging to the same superclass. All these four families exhibit a significant level of clustered organization that is most strikingly seen with the highly conserved clusters of Hox genes.

These four early founding family member genes are assumed to have emerged from the duplication of a single ancestral gene co-incident with the evolution of multicellular higher organisms [START_REF] Gauchat | Evolution of Antp--class genes and differential expression of Hydra Hox/paraHox genes in anterior patterning[END_REF][START_REF] Pollard | Evidence for 14 homeobox gene clusters in human genome ancestry[END_REF].

The Msx gene family

The msh/msx genes are one of the most highly conserved families of homeobox genes (Takahashi, Kamiya et al. 2008;Finnerty, Mazza et al. 2009). The locus has not been subjected to rampant gene duplication as is seen in a number of other Antennapedia-class homeodomain genes. In general, only one Msx gene is present in invertebrates investigated thus far such as sponges, nematode, sea urchins, ascidians, arthropods and cephalochordates [START_REF] Holland | Gene duplications and the origins of vertebrate development[END_REF]. Teleostean fishes, amphibians, birds and mammals have several Msx genes (Ekker, Akimenko et al. 1997) while mice have three: Msx1, Msx2

and Msx3. This suggests that duplication of Msx genes arose simultaneously with the emergence of vertebrates.

The mammalian Msx gene family consists of 3 physically unlinked members Msx1-3. Msx3 is absent from some mammals (e.g. primates) and noticeably has not been detected in any bird genome to date. Msx3 is expressed exclusively in the central nervous system in the mouse (Shimeld, McKay et al. 1996;Wang, Chen et al. 1996) and its biological function has been little investigated. Of further interest, zebrafishes posses 5 Msx genes known as MsxA, MsxB, MsxC, MsxD and MsxE which sort into three clades such as: Msx1 (MsxE), Msx2

(MsxA, MsxD) and Msx3 (MsxB, MsxC) [START_REF] Akimenko | Differential induction of four msx homeobox genes during fin development and regeneration in zebrafish[END_REF][START_REF] Ekker | Regional expression of three homeobox transcripts in the inner ear of zebrafish embryos[END_REF]Finnerty, Mazza et al. 2009). Conserved regions of Msx amino acid sequences outside the homeodomain regions are observed in comparisons made among vertebrates [START_REF] Akimenko | Differential induction of four msx homeobox genes during fin development and regeneration in zebrafish[END_REF]Ekker, Akimenko et al. 1997) and even between birds and mammals [START_REF] Bell | Genomic structure, chromosomal location, and evolution of the mouse Hox 8 gene[END_REF]).

Msx in evolution

Holland PW has demonstrated in 1991 that the Msx homeodomain is highly conserved across sizeable phylogenetic distance [START_REF] Holland | Cloning and evolutionary analysis of msh--like homeobox genes from mouse, zebrafish and ascidian[END_REF]. It was later demonstrated that Msxrelated genes are markedly present throughout the metozoa, even in diploblastic organisms.

Among these, they are found in the most primitive phylum, the porifera; namely consisting of sponges that contain only several types of cells and are devoid of a nervous system (Seimiya, Ishiguro et al. 1994). A high level of sequence similarity (75%) is observed between the homeodomain of a msh -related protein isolated from the hydra and that of the Drosophila protein, a degree of similarity that is impressive even for highly conserved homeobox genes [START_REF] Schummer | HOM/HOX homeobox genes are present in hydra (Chlorohydra viridissima) and are differentially expressed during regeneration[END_REF]. There is a very high degree of conservation for at least one portion of the protein, the homeodomain -e.g. out of 60 positions in the homeodomain, only 2 differ between Nematostella (a sea anemone) and Brachiostoma (a chordate), two taxa that have diverged over 600 million years ago (Finnerty, Mazza et al. 2009). The Msx homeodomain sequence is highly conserved also in simple deuterostomes such as echinoderms and ascidians where a neural crest is absent and where there is no evidence for the complexity of organogenesis, which is present in higher vertebrates. Thus, it may be proposed that Msx genes have a function in basic processes that are shared across the tremendous diversity of metazoan body plans. Such a remarkable level of conservation also points out that Msx gene functions are rather fundamental and constant over various phylogenetic distances.

Msx genes at a molecular level 2.2.1 Chromosomal localization

Contrary to Hox genes that are organized into clusters, an organization that is intimately linked with regulation of their expression and one that translates into anatomy; Msx genes are dispersed around the genome. Msx1 is located on chromosome 4 in humans [START_REF] Ivens | The human homeobox gene HOX7 maps to chromosome 4p16.1 and may be implicated in Wolf--Hirschhorn syndrome[END_REF]) and Msx2, on chromosome 5 [START_REF] Jabs | A mutation in the homeodomain of the human MSX2 gene in a family affected with autosomal dominant craniosynostosis[END_REF][START_REF] Suzuki | Over-expression of HOX--8, the human homologue of the mouse Hox--8 homeobox gene, in human tumors[END_REF]. In mice, Msx1 and Msx2 are situated on chromosomes 5 and 13 respectively (Robert, Sassoon et al. 1989;[START_REF] Bell | Genomic structure, chromosomal location, and evolution of the mouse Hox 8 gene[END_REF]) and Msx3 on chromosome 7 (Wang, Chen et al. 1996).

Msx conserved structures

Sequence comparison analyses have revealed the presence, in all vertebrate Msx proteins, of six highly conserved domains (Figure 12). Among them, the homeodomain (DNA-binding domain, N8/4 in Figure 1) which belongs to the Antennapedia superclass [START_REF] Pollard | Evidence for 14 homeobox gene clusters in human genome ancestry[END_REF], as well as the highly conserved sequence LPFSVEAL known as Engrailed homology domain (Eh-1) present in the N-terminal (marked as 1N and 1C in Figure 12), that permits interactions with proteins of the Groucho (Grg) and Groucho-related family [START_REF] Smith | A conserved region of engrailed, shared among all en--, gsc--, Nk1--, Nk2--and msh--class homeoproteins, mediates active transcriptional repression in vivo[END_REF]. The latter are co-factors, incapable of binding to DNA by themselves but conferring transcription inhibitory properties to their protein partners [START_REF] Chen | Groucho/TLE family proteins and transcriptional repression[END_REF]. The Msx1 clade members comprise two Grg-binding domains: 1N and 1C while Msx2 and Msx3 proteins possess only the 1N (Finnerty, Mazza et al. 2009). Msx genes are further known to act as transcription repressors (Bendall and Abate-Shen 2000).

Domains 5+ and 6 have been proposed to act as the transcriptional repressor domain and the PIAS binding domain, respectively. The Msx genes present a classical homeobox gene structure and are made up of two exons flanking an intron [START_REF] Bell | Genomic structure, chromosomal location, and evolution of the mouse Hox 8 gene[END_REF][START_REF] Kuzuoka | Murine homeobox-containing gene, Msx--1: analysis of genomic organization, promoter structure, and potential autoregulatory cis--acting elements[END_REF]). The

homeobox is localized at the beginning of the second exon [START_REF] Davidson | The function and evolution of Msx genes: pointers and paradoxes[END_REF]. This structure is extremely conserved from one species to another as well [START_REF] Jabs | A mutation in the homeodomain of the human MSX2 gene in a family affected with autosomal dominant craniosynostosis[END_REF][START_REF] Suzuki | Over-expression of HOX--8, the human homologue of the mouse Hox--8 homeobox gene, in human tumors[END_REF]) and the msh gene structure in Drosophila is identical (our own observations). The Msx1 protein, in mice, is 297 amino acids [START_REF] Hewitt | Structure and sequence of the human homeobox gene HOX7[END_REF] and that of Msx2 is 267 amino acids [START_REF] Bell | Genomic structure, chromosomal location, and evolution of the mouse Hox 8 gene[END_REF][START_REF] Holland | Cloning and evolutionary analysis of msh--like homeobox genes from mouse, zebrafish and ascidian[END_REF][START_REF] Monaghan | The Msh--like homeobox genes define domains in the developing vertebrate eye[END_REF]. The homology between Msx1 and Msx2 is highest for the homeobox and its flanking sequences: 98% homology (Figure 13) between the homeodomain sequences of Msx1 and Msx2 are observed. The N-and C-terminus sequences share a 32% and 45% identity in mice as well, suggesting slightly different functions in the two proteins.

Of note, they are extremely basic: pKi = 10.71 for Msx1, pKi = 9.60 for Msx2 (not taking into account possible post-transcriptional modifications). 

Msx gene expressions in vertebrates

In vertebrates, the expression of Msx genes has been intensively examined during embryogenesis [START_REF] Davidson | The function and evolution of Msx genes: pointers and paradoxes[END_REF]. Msx1 and Msx2 genes of mammals have received special attention and are well documented in the literature. They are expressed in a large variety of tissues during embryogenesis such as the neural tube, migratory neural crest cells, neural crest-derived tissues, branchial arches, neural placodes, hair follicles, the skull vault, the mammary gland, the genital ridge, the pituitary, the mandible, the oral mesenchyme, the developing ear, the eye, the tooth and the heart endocardial cushions as well as in the ectoderm and the underlying mesenchyme of developing limb buds. (Hill, Jones et al. 1989;[START_REF] Davidson | The function and evolution of Msx genes: pointers and paradoxes[END_REF][START_REF] Monaghan | The Msh--like homeobox genes define domains in the developing vertebrate eye[END_REF][START_REF] Liu | Regulation of the Msx2 homeobox gene during mouse embryogenesis: a transgene with 439 bp of 5' flanking sequence is expressed exclusively in the apical ectodermal ridge of the developing limb[END_REF][START_REF] Lord | Normal expression and the effects of ectopic expression of the Drosophila muscle segment homeobox (msh) gene suggest a role in differentiation and patterning of embryonic muscles[END_REF][START_REF] Dobias | The evolution of Msx gene function: expression and regulation of a sea urchin Msx class homeobox gene[END_REF]. Msx1 and Msx2 are characteristically expressed at sites where ectodermal-mesenchymal interactions occur [START_REF] Davidson | The function and evolution of Msx genes: pointers and paradoxes[END_REF]. In contrast, Msx3 gene expression is restricted to the dorsal neural tube (Shimeld, McKay et al. 1996;Wang, Chen et al. 1996), specifically to regions posterior to the isthmus (hindbrain and spinal cord) in a pattern akin to that of the prototypical Drosophila msh gene. At early stages (E9.5) the Msx3 expression domain overlaps with those of Msx1 and Msx2 in the dorsal region of neural tube. Later on, Msx3 is expressed around the ventricular zone of the dorsal neural tube, whereas Msx1 and Msx2 are more dorsally restricted (Shimeld, McKay et al. 1996, Wang, Chen et al. 1996). In contrast to Msx3, Msx1 and Msx2 display widespread expression patterns during mouse development. The complexity of these patterns is illustrated, for the mouse, in Figure 14.

%"! Of notable interest, Msx1 and Msx2 are expressed in overlapping, although not identical, patterns and the expression domains are important sites of ectoderm-mesoderm interaction, most of which are under the regulation of the BMP signalling pathway. Of special focus will be the expression of Msx genes in the limb ectoderm and mesoderm from early stages of development as well as interdigital tissues in later limb development.

Due to the limited expression of Msx3 to the neural tube and because it has not been detected in several mammalian species (Finnerty, Mazza et al. 2009), the term "Msx genes" shall be restricted to address only Msx1 and Msx2 genes in this thesis.

Msx Mutations

Neither has anything been reported on the Msx3 -/-null mutant, nor a fortiori on Msx1 Msx3, Msx2 Msx3 or Msx1 Msx2 Msx3 compound mutants. This chapter will thus focus solely on Msx1, Msx2 and Msx1 Msx2 compound mutant phenotypes. Given the complex expression patterns of Msx genes, Msx mutations are expected to result in a broad range of defects.

Msx1 mutation

Msx1 mutations in mice

The Msx1 +/-heterozygous mouse mutants are viable and normal, however the Msx1 -/-null mice mutants die within a few hours after birth due to palate clefting. Almost all defects observed in these null mutants are limited to the head region [START_REF] Satokata | Msx1 deficient mice exhibit cleft palate and abnormalities of craniofacial and tooth development[END_REF][START_REF] Bach | Msx1 is required for dorsal diencephalon patterning[END_REF]Houzelstein, Cohen et al. 1997). Interestingly, most of the defects are observed in structures, which are derived from the neural crest. The observed phenotypic mutations for the Msx1 null mutation in the mice are described in Table A. 

Cleft Palate

The Msx1 homozygous pups die within several hours of their birth due to the presence of a cleft palate that renders them unable to feed on milk, resulting in death caused by dehydration and hypothermia. This disability is a result of agenesis of two components of the ossifying secondary palate: the maxillary shelf and the palatine shelf.

Mandible and tooth development

The mandible is shortened and upper and lower incisors are absent.

Molar development is arrested at the bud stage and the corresponding alveolar processes do not form.

Skull and nasal development

Nasal bones are smaller than in the wild type and minor abnormalities are observed in the parietal bones as well as the frontal bone resulting in an enlarged fontanelle. The sutural bone is also enlarged anteriorly.

Middle ear

The processus brevis or short process of the malleus is absent

Brain

The dorsal midline of the brain fails to develop at the level of the diencephalon which results in the absence of the subcommisural organ

Nails

The nail plate is thinner, irregular and contains pitting defects although the limb itself is observed to be normal.

Msx1 mutations in humans

In humans, Msx1 heterozygous mutations often lead to abnormalities similar to those observed in the Msx1 -/-homozygous mouse mutant. They can be divided into two main syndromes (sometimes associated): orofacial clefting (similar to the mouse cleft palate) and ectodermal dysplasia (tooth agenesis and nail malformation) [START_REF] Jumlongras | A nonsense mutation in MSX1 causes Witkop syndrome[END_REF]Finnerty, Mazza et al. 2009;[START_REF] Vastardis | A human MSX1 homeodomain missense mutation causes selective tooth agenesis[END_REF][START_REF] Van Den Boogaard | MSX1 mutation is associated with orofacial clefting and tooth agenesis in humans[END_REF]. A condition in which several teeth fail to develop known as oligodontia as well as

Witkop syndrome (tooth-and nail syndrome), an autosomal dominant disorder of ectodermal dysplasia characterized by nail dysplasia and hypodontia (also known as tooth agenesis) due to the production of abnormally short and non-functional truncated versions of the Msx1 protein, have also been described [START_REF] Subramaniam | Witkop's tooth and nail syndrome: a multifaceted approach to dental management[END_REF].

The main difference between mouse and man is that, in humans, syndromes are associated to Msx1 haploinsufficiency (heterozygous mutation) whereas, in the mouse, heterozygous animals are generally normal. The effect of the Msx1 null homozygous mutation has not been described in human. This information suggests that in the human species, the level of Msx1 is much more critical than in the mouse [START_REF] Jumlongras | A nonsense mutation in MSX1 causes Witkop syndrome[END_REF]).

Msx2 mutation

Msx2 mutations in mice

Contrary to the Msx1 null mutant, the adult Msx2 -/-mutant is viable (Figure 15).

Nevertheless, Msx2 appears essential at multiple sites during organogenesis (Satokata, Ma et al. 2000). The observed phenotypic alterations for the Msx2 null mutation in the mouse are described in the following Table B. The study of the Msx1 -/-Msx2 -/-double null mutants confirmed this hypothesis. Their phenotype is much more dramatic than that of the single Msx gene mutants (Figure 15).

Most of affected embryos fail to survive beyond E14.5, possibly due to heart failure [START_REF] Chen | Msx1 and Msx2 regulate survival of secondary heart field precursors and post--migratory proliferation of cardiac neural crest in the outflow tract[END_REF][START_REF] Chen | Msx1 and Msx2 are required for endothelial--mesenchymal transformation of the atrioventricular cushions and patterning of the atrioventricular myocardium[END_REF]. All the defects seen in the single Msx mutants are increased in the double mutants (hairs-loss, mammary gland underdevelopment, skull calvarial defects) (Satokata, Ma et al. 2000). In addition, they all display thoracoabdominoschisis (opening of the thoracic and abdominal walls with externalisation of viscera), exencephaly, misshapen eyes, facial deformations, dysmorphogenesis of the limb, brain and cranial ganglia malformations (Ogi, Suzuki et al. 2005;[START_REF] Ishii | Combined deficiencies of Msx1 and Msx2 cause impaired patterning and survival of the cranial neural crest[END_REF]Lallemand, Nicola et al. 2005;Bensoussan, Lallemand et al. 2008). Additionally, in Xenopus, Msx1 genes (Xmsx1) act as mediators of the BMP signalling in epidermal induction and inhibition of neural differentiation [START_REF] Suzuki | Xenopus msx1 mediates epidermal induction and neural inhibition by BMP4[END_REF]. In fishes such as the zebrafish, differential induction of four out of five Msx homeobox genes have been identified during fin development and regeneration indicative of specific functions for msxA, msxB, msxC and msxD [START_REF] Akimenko | Differential induction of four msx homeobox genes during fin development and regeneration in zebrafish[END_REF].

Recent literature has also uncovered that Msx genes are involved in cellular dynamics such as cell death, cell proliferation, cell differentiation, cell migration and also play a role in cell identity.

Transcriptional activity of Msx

Thus far, all studies pertaining to transcriptional activity of Msx genes have been only

performed in vitro, in reconstituted systems. It has been reported that Msx1 and Msx2 protein products show similar DNA binding specificity and they serve as transcriptional repressors. [START_REF] Catron | Comparison of MSX--1 and MSX--2 suggests a molecular basis for functional redundancy[END_REF][START_REF] Zhang | A role for the Msx--1 homeodomain in transcriptional regulation: residues in the N--terminal arm mediate TATA binding protein interaction and transcriptional repression[END_REF][START_REF] Woloshin | MSX1 inhibits myoD expression in fibroblast x 10T1/2 cell hybrids[END_REF].

The Msx proteins bind to DNA due to the fact that they possess a homeodomain. A short homeodomain -binding consenus sequence (TAAT) has been proposed as the core DNA binding site [START_REF] Shang | DNA affinity cleaving analysis of homeodomain--DNA interaction: identification of homeodomain consensus sites in genomic DNA[END_REF] and later confirmed by molecular dynamics by Singh B and Kachhap S in 2015. The regulatory sequences in other genes such as WNT1 contain two TAAT sequences that allow the binding of Msx both in vitro and in vivo [START_REF] Shang | DNA affinity cleaving analysis of homeodomain--DNA interaction: identification of homeodomain consensus sites in genomic DNA[END_REF][START_REF] Iler | A single homeodomain binding site restricts spatial expression of Wnt--1 in the developing brain[END_REF]. This sequence, however, is not characteristic only of Msx genes but also allows the binding of various other homeodomain transcription factors such as Emx2 and Dlx. The binding site is different, nevertheless, of an Antennapedia -type homeodomain target site.

Many protein-protein interactions, which form homo-, or hetero-dimers play important roles in the specificity of action induced by Msx genes. Three different types of dimers have been reported. 1. Homodimers between the two same proteins (Msx1-Msx1); 2. heterodimers between two proteins of the same family (Msx1-Msx2) and 3. heterodimers between two proteins of different families (such as Msx1-Dlx2) [START_REF] Zhang | Heterodimerization of Msx and Dlx homeoproteins results in functional antagonism[END_REF]. The heterodimers may be formed with proteins Msx, Dlx2, Dlx5 [START_REF] Levi | Msx1 and Dlx5 act independently in development of craniofacial skeleton, but converge on the regulation of Bmp signaling in palate formation[END_REF][START_REF] Zhang | Heterodimerization of Msx and Dlx homeoproteins results in functional antagonism[END_REF], LIM (lhx2) [START_REF] Bendall | Protein complex formation between Msx1 and Lhx2 homeoproteins is incompatible with DNA binding activity[END_REF]) , Pax3 [START_REF] Bendall | Msx1 antagonizes the myogenic activity of Pax3 in migrating limb muscle precursors[END_REF]) and Pax9 [START_REF] Ogawa | Studies on Pax9--Msx1 protein interactions[END_REF][START_REF] Vieira | MSX1, PAX9, and TGFA contribute to tooth agenesis in humans[END_REF]) as well as Tbx2 and Tbx3 (Boogerd et al., 2008) forming a functional complex on the chromatin.

Msx has also been proposed to interact with Hist1h1b, Dlx2, Tbp and Spen (Ravasi, Suzuki et al. 2010). The Msx1 homeoprotein also serves as chromatin remodeler: it contributes to the localization of polycomb proteins at the periphery of the cell nucleus (Wang, Kumar et al. 2011), an activity that is mediated by interactions with Pias1 (Lee, Quinn et al. 2006).

Proteins Msx and Dlx, for example, fix themselves on the specific sites of DNA sequence due to their respective homeodomains [START_REF] Catron | Nucleotides flanking a conserved TAAT core dictate the DNA binding specificity of three murine homeodomain proteins[END_REF] 

Msx and apoptosis

The Msx gene family has been first linked to apoptosis by the fact that some Msx1 and/or Msx2 expression fields overlap with areas of intense cell death notably in rhombomeres 3 and 5 of the hindbrain [START_REF] Graham | The signalling molecule BMP4 mediates apoptosis in the rhombencephalic neural crest[END_REF]). However, their role within these processes have not been fully validated.

2.6.1 Apoptosis in the limb: Interdigital cell death (ICD)

The early limb bud is comprised of a core of mesenchymal cells, which are covered by an ectodermal outer layer. In the eventual phases of limb morphogenesis, cells that exit the "progress zone" in the distal region of the limb bud (autopod) would succumb to one of two fates: chondrogenesis or apoptotic cell death [START_REF] Ganan | Morphological diversity of the avian foot is related with the pattern of msx gene expression in the developing autopod[END_REF]. This relies on whether they get incorporated into the digital rays or into the interdigital regions respectively. It is apoptotic cell death of the interdigital mesoderm that results in the formation of separate individual digits.

These specific apoptotic domains form in a patterned manner that corresponds with the different limb phenotypes of different species [START_REF] Hurle | Cell death in the embryonic developing limb[END_REF]. These regions of interdigital cell death (ICD) are found between the developing digits of all amniota embryos.

The extension and intensity of these ICD lead to the establishment of the various morphological types of feet noted in amniota (i.e, free-digits, webbed digits, lobulated digits) [START_REF] Ganan | Morphological diversity of the avian foot is related with the pattern of msx gene expression in the developing autopod[END_REF].

In species that have webbed digits, such as the tortoise [START_REF] Fallon | Interdigital cell death during limb development of the turtle and lizard with an interpretation of evolutionary significance[END_REF] or the duck [START_REF] Saunders | Cell death in morphogenesis. Major Problems in Developmental Biology[END_REF], the ICD are constrained to the most distal mesenchyme of the interdigital regions, which results in the separation of the distal phalanx alone in the digits. However, in species that have free digits, such as human, chick or mouse [START_REF] Hurle | Cell death in the embryonic developing limb[END_REF], ICD extends throughout the whole interdigital regions. Further, in species with free digits possessing membranous lobula along the digit, as is the case in the moorhen, ICD regions are distributed among the central region of interdigits but the mesenchyme in association with the margins of the digits persist to result in the characteristic digital lobules.

This phenomenon accounting for the various patterns of ICDs has held a historic interest due to its capacity to provide cues on diversification achieved via evolution as well as to comprehend the fundamentals behind soft tissue syndactyly, which interestingly is one of the most common human limb malformation [START_REF] Ganan | Morphological diversity of the avian foot is related with the pattern of msx gene expression in the developing autopod[END_REF].

Comparative analysis between bird species has revealed that ducks (webbed-digits), display both lower levels of apoptosis and of Msx gene expression in the interdigital mesoderm, than autopods with free-digits such as chicks [START_REF] Ganan | Morphological diversity of the avian foot is related with the pattern of msx gene expression in the developing autopod[END_REF]). In the mouse, the lack of Msx activity results in an atypical and increased interdigital webbing (Lallemand, Nicola et al. 2005). However, experiments wherein BMP signalling in the limb ectoderm was artificially blocked, resulted in lower levels of apoptosis in interdigital spaces without a corresponding down-regulation of Msx [START_REF] Zou | Requirement for BMP signaling in interdigital apoptosis and scale formation[END_REF][START_REF] Guha | In vivo evidence that BMP signaling is necessary for apoptosis in the mouse limb[END_REF].

Further, the apoptotic zones which are detected in the limb bud mesoderm before digit formation overlap with Msx gene expression domains [START_REF] Fernandez--Teran | Birth and death of cells in limb development: a mapping study[END_REF]. It is also of interest to note that the overexpression of Msx2 in the chick limb mesoderm, at a stage preceding digit individualization, results in the induction of apoptosis [START_REF] Ferrari | Ectopic expression of Msx--2 in posterior limb bud mesoderm impairs limb morphogenesis while inducing BMP--4 expression, inhibiting cell proliferation, and promoting apoptosis[END_REF]).

Apoptosis and the anterior digit: the thumb

The two-phalangeal thumb, an anterior digit, is distinctive from the other three-phalangeal posterior digits in terms of its shape, position, structure as well as the underlying biological mechanisms that give rise to it. Thumbs may be used as a marker for species determination, to mark the left and right of a hand or an individual and even to discern the gender of an individual [START_REF] Oberg | Review of the molecular development of the thumb: digit primera[END_REF].

There is many a definition for thumbness: 1. Morphologically, the thumb, the first digit, is comprised of two phalanges while the other four posterior digits are comprised of three;

2. Genetically, genes show a bias in anterior-posterior expression during limb development wherein certain genes such as Pax9 for example, are only expressed anteriorly while others like Hand2 are completely devoid of anterior expression and 3.Physiologically, there are events, which occur only in the anterior region such as programmed cell death, which shall be discussed in greater depth in this section. Although thumbs share many characteristics with the other digits, they hold prominent differences and demonstrate independence in their development. The autopod (handplate) development occurs as the final stage of limb development and the thumb or digit I, is the last of the digits to form (Fromental-Ramain, [START_REF] Fromental--Ramain | Hoxa--13 and Hoxd--13 play a crucial role in the patterning of the limb autopod[END_REF]. During the course of autopod development, programmed cell death is observed in the anterior domain of the limb, immediately proximal to the presumptive thumb; in a cluster of cells in the mouse forelimb termed foyer préaxiale primaire (fpp) [START_REF] Milaire | A new interpretation of the necrotic changes occurring in the developing limb bud paddle of mouse embryos based upon recent observations in four different phenotypes[END_REF][START_REF] Fernandez--Teran | Birth and death of cells in limb development: a mapping study[END_REF]. Of interest, absence of anterior apoptosis in the fpp is noted in mouse mutants with preaxial polydactyly such as Pdn (Polydactyly Nagoya) wherein Gli3 gene expression is abolished [START_REF] Kimura | Normal location of thumb/big toe may be related to programmed cell death in the preaxial area of embryonic limb[END_REF][START_REF] Saunders | Does gender or mode of HIV acquisition affect virological response to modern antiretroviral therapy (ART)?[END_REF][START_REF] Ueta | Integration of a transposon into the Gli3 gene in the Pdn mouse[END_REF]. Anterior apoptosis at the fpp may play a vital role in determining the location of normal digit I formation in the autopod anterior to the four other digits [START_REF] Oberg | Review of the molecular development of the thumb: digit primera[END_REF]. It has been proposed that cell death not only functions to exclude unnecessary cells but also plays a role in controlling the position of joints and the size of phalanges as well as the demarcation of the palm/sole and digits during normal limb development [START_REF] Kimura | Normal location of thumb/big toe may be related to programmed cell death in the preaxial area of embryonic limb[END_REF]).

Msx in anterior apoptosis

Msx1 and Msx2 have been shown to be highly expressed in early limb development including presumptive territories for anterior skeletal elements such as the thumb/hallux and radius/tibia (Lallemand, Nicola et al. 2005) and these genes have also been implicated with the regulation of cell death in the anterior apoptotic domain of the limb: a critical specificity for the thumb (Lallemand, Bensoussan et al. 2009). In chick embryos, Msx gene expression is associated with apoptotic regions of the limb and misexpression of Msx2 induces ectopic apoptosis, which results in digit loss [START_REF] Ferrari | Ectopic expression of Msx--2 in posterior limb bud mesoderm impairs limb morphogenesis while inducing BMP--4 expression, inhibiting cell proliferation, and promoting apoptosis[END_REF]. Indeed, in Jerboa, a cursorial mammal that shows digit reduction, apotosis is increased in lateral domains of the limb and this correlates with upregulation of Msx2 [START_REF] Cooper | Patterning and post--patterning modes of evolutionary digit loss in mammals[END_REF]). The same is observed in the Australian lizard genus Hemiergis, with high frequency of digit reductions [START_REF] Shapiro | Developmental basis of evolutionary digit loss in the Australian lizard Hemiergis[END_REF]. Msx genes are also implicated in cell death in the mesenchyme (Lallemand, Bensoussan et al. 2009) and [START_REF] Kimura | Normal location of thumb/big toe may be related to programmed cell death in the preaxial area of embryonic limb[END_REF] have also put forward the notion that Msx genes might be implicated with the loss of anterior cell death in the fpp regions of the mutant Pdn mice, which show a systematic polydactylyous phenotype [START_REF] Kimura | Normal location of thumb/big toe may be related to programmed cell death in the preaxial area of embryonic limb[END_REF]).

Msx and Epithelial -Mesenchymal interactions (EMI)

Epithelial-mesenchymal interactions (EMI) play a pivotal role in organogenesis in many tissues and various kinds of appendages during embryonic development. They preside over the development of many epidermal organs such as teeth, whiskers, hair, mammary glands as well as the limbs [START_REF] Kollar | Tissue interactions in embryonic mouse tooth germs. II. The inductive role of the dental papilla[END_REF][START_REF] Sakakura | Biology of mammary fat pad in fetal mouse: capacity to support development of various fetal epithelia in vivo[END_REF][START_REF] Lumsden | Spatial organization of the epithelium and the role of neural crest cells in the initiation of the mammalian tooth germ[END_REF][START_REF] Hardy | The secret life of the hair follicle[END_REF][START_REF] Dassule | Analysis of epithelial--mesenchymal interactions in the initial morphogenesis of the mammalian tooth[END_REF]. Strikingly, the initial morphological development of the teeth, whiskers and mammary glands is very similar; the epithelium first undergoes a thickening followed by a local condensation of the mesenchyme beneath it. The epithelium then invaginates into the condensed mesenchyme until it assumes a characteristic bud structure [START_REF] Dassule | Analysis of epithelial--mesenchymal interactions in the initial morphogenesis of the mammalian tooth[END_REF]. Further development of these organs however diverges giving rise to more specialized organs with greatly different functions and morphologies [START_REF] Lefkowitz | Odontogenesis of the rat molar; prenatal stage[END_REF][START_REF] Cohn | Development of the molar teeth in the albino mouse[END_REF][START_REF] Sakakura | Biology of mammary fat pad in fetal mouse: capacity to support development of various fetal epithelia in vivo[END_REF][START_REF] Hardy | The secret life of the hair follicle[END_REF]).

Msx genes are often expressed in these regions of epithelial-mesenchymal boundaries where there is intense BMP signalling. Further, they have been shown to be under the regulation of 67 BMP activity in organs such as in the limb [START_REF] Brugger | A phylogenetically conserved cis--regulatory module in the Msx2 promoter is sufficient for BMP-dependent transcription in murine and Drosophila embryos[END_REF][START_REF] Selever | Bmp4 in limb bud mesoderm regulates digit pattern by controlling AER development[END_REF]Ovchinnikov, Selever et al. 2006;[START_REF] Maatouk | In the limb AER Bmp2 and Bmp4 are required for dorsal--ventral patterning and interdigital cell death but not limb outgrowth[END_REF], tooth buds [START_REF] Chen | Msx1 controls inductive signaling in mammalian tooth morphogenesis[END_REF], and the doral neural tube (Wine-Lee, [START_REF] Ahn | Dynamic changes in the response of cells to positive hedgehog signaling during mouse limb patterning[END_REF]) to state a few.

However, this control of BMP on Msx is not absolute. A mesenchyme-specific mutation of the BMP receptor (BMPR1A), renders the mesenchymal limb bud insensitive to BMP signalling while partially retaining expression of Msx genes (Ovchinnikov, Selever et al. 2006;[START_REF] Robert | Bone morphogenetic protein signaling in limb outgrowth and patterning[END_REF]. Other factors along with BMPs are governing the regulation of Msx.

Msx in proliferation, differentiation and regeneration

Even though Msx is expressed vastly in the embryo, a common characteristic of Msx is its association with proliferation and regeneration. It is also frequently implicated in BMP and FGF signalling pathways during organogenesis.

Msx1 expression is robust in the progress zone of the developing limb bud. This region has been proposed to contain highly proliferative, multipotential cells, which contribute to the chondrogenic and osteogenic derivatives of the limb. Msx1, in context, is absent in the more proximal regions of the limb where cells have lost their proliferative capacity and undergo differentiation (Bendall and Abate-Shen 2000;[START_REF] Davidson | The function and evolution of Msx genes: pointers and paradoxes[END_REF][START_REF] Hu | Msx homeobox genes inhibit differentiation through upregulation of cyclin D1[END_REF]. In adults, Msx gene expression is confined to the stem cells of tissues with self-renewal potential such as the uterine epithelium, basal epithelium of the dermis and the mammary epithelium [START_REF] Friedmann | Regulated expression of homeobox genes Msx--1 and Msx--2 in mouse mammary gland development suggests a role in hormone action and epithelial--stromal interactions[END_REF][START_REF] Noveen | Homeobox genes Msx--1 and Msx--2 are associated with induction and growth of skin appendages[END_REF][START_REF] Pavlova | Msx1 (Hox--7.1) in the adult mouse uterus: cellular interactions underlying regulation of expression[END_REF][START_REF] Phippard | Regulation of Msx--1, Msx--2, Bmp--2 and Bmp--4 during foetal and postnatal mammary gland development[END_REF]Satokata, Ma et al. 2000). Of interest, these genes are expressed in several carcinoma cell lines and tumors [START_REF] Suzuki | Over-expression of HOX--8, the human homologue of the mouse Hox--8 homeobox gene, in human tumors[END_REF]Satokata, Ma et al. 2000). Recent literature proposes that Msx1 regulates proliferation, differentiation and apoptosis of progenitor cells during embryogenesis [START_REF] Gomes | Msx--2 and p21 mediate the pro--apoptotic but not the anti--proliferative effects of BMP4 on cultured sympathetic neuroblasts[END_REF][START_REF] Han | Digit regeneration is regulated by Msx1 and BMP4 in fetal mice[END_REF][START_REF] Simon | Differential expression of myogenic regulatory genes and Msx--1 during dedifferentiation and redifferentiation of regenerating amphibian limbs[END_REF][START_REF] Odelberg | Dedifferentiation of mammalian myotubes induced by msx1[END_REF].

It has been proposed that Msx1 is expressed in adult satellite cells (stem cells) as well as myogenic precursors during development but is absent from differentiated myotubes (Abate- et al., 2011;[START_REF] Bendall | Msx1 antagonizes the myogenic activity of Pax3 in migrating limb muscle precursors[END_REF]. Cell culture work has demonstrated that forced expression of Msx1 in myogenic precursors inhibits differentiation and suppresses the expression of lineage specific genes such as MyoD (Song et al., 1992;[START_REF] Woloshin | MSX1 inhibits myoD expression in fibroblast x 10T1/2 cell hybrids[END_REF][START_REF] Hu | Msx homeobox genes inhibit differentiation through upregulation of cyclin D1[END_REF]. Further, Dodig et al. (1999) have shown that the enhanced expression of Msx2 sustains osteoblast precursors transiently in a proliferative state, delaying osteoblast differentiation, thus increasing the pool of osteoblast and ultimately resulting in an increase in bone growth. Also, Msx2 null mutants exhibit pleiotrophic defects in bone growth and ectodermal organ formation (Satokata, Ma et al. 2000) and in osteroprogenitor proliferation.

Shen
Msx2 mutant mice show defects in skull ossification and a persistent calvarial foramen which demonstrates that Msx2 is required for proper calvarial growth (Satokata, Ma et al. 2000).

These along with other studies have increasingly led to the hypothesis that Msx expression is negatively correlated with differentiation [START_REF] Hu | Msx homeobox genes inhibit differentiation through upregulation of cyclin D1[END_REF]Bendall and Abate-Shen 2000;[START_REF] Davidson | The function and evolution of Msx genes: pointers and paradoxes[END_REF].

Of particular interest would be the phenomenon of limb regeneration that is observed in lower vertebrates such as the salamander [START_REF] Han | Limb regeneration in higher vertebrates: developing a roadmap[END_REF]) and xenopus at early developmental stages [START_REF] Muller | Regeneration in higher vertebrates: limb buds and digit tips[END_REF], which are well-studied examples.

Msx genes have been reported to be expressed during anuran limb regeneration [START_REF] Carlson | Expression of Msx--2 during development, regeneration, and wound healing in axolotl limbs[END_REF][START_REF] Koshiba | Expression of Msx genes in regenerating and developing limbs of axolotl[END_REF] as well as during fin [START_REF] Akimenko | Differential induction of four msx homeobox genes during fin development and regeneration in zebrafish[END_REF][START_REF] Nechiporuk | A proliferation gradient between proximal and msxb--expressing distal blastema directs zebrafish fin regeneration[END_REF] and heart regeneration [START_REF] Raya | Activation of Notch signaling pathway precedes heart regeneration in zebrafish[END_REF] in the zebrafish. Msx1 is specifically expressed in anuran undifferentiated mesenchymal cells that will give rise to the structural elements of the limb while it is absent in the adjacent, differentiating cells. Msx1 has been proposed to sustain the proliferation of undifferentiated cells in the embryonic salamander limb bud and expression levels are elevated at the initiation of salamander limb regeneration [START_REF] Simon | Differential expression of myogenic regulatory genes and Msx--1 during dedifferentiation and redifferentiation of regenerating amphibian limbs[END_REF]. It has also been demonstrated that the transgenic expression of an activated Msx1 protein can result in tail regeneration in larval Xenopus during the refractory period between the stages 45-47 [START_REF] Beck | Molecular pathways needed for regeneration of spinal cord and muscle in a vertebrate[END_REF]. However, other than this study, the role of Msx1 expression in regenerating anurans has not been supported by functional analyses [START_REF] Schnapp | Quantitative evaluation of morpholino--mediated protein knockdown of GFP, MSX1, and PAX7 during tail regeneration in Ambystoma mexicanum[END_REF].

Notably, in mice, distal tip amputations up to the last interphalangeal joint (resulting in loss of tissues and digit bones from the nail bed onwards), show successful regeneration of these lost digit tips [START_REF] Han | Digit regeneration is regulated by Msx1 and BMP4 in fetal mice[END_REF][START_REF] Reginelli | Digit tip regeneration correlates with regions of Msx1 (Hox 7) expression in fetal and newborn mice[END_REF]. The periosteum is the source of many of the cells for the regenerate [START_REF] Borgens | Mice regrow the tips of their foretoes[END_REF] and in mice, bone does not contribute to a regenerate if the nail bed is missing, which implies that it is the dynamic interactions between the regenerating nail bed and the periosteal osteogeneic cells that initiate regeneration [START_REF] Zhao | Bone regrowth in young mice stimulated by nail organ[END_REF]. Cell lineage tracing of mouse digit tips show that it is the epidermis that contributes to the regenerating nail bed [START_REF] Rinkevich | Germ-layer and lineage--restricted stem/progenitors regenerate the mouse digit tip[END_REF]Rinkevish et al., 2011;[START_REF] Lehoczky | Mouse digit tip regeneration is mediated by fate--restricted progenitor cells[END_REF]. In addition, it has been shown

that Msx gene expression is activated in the epidermis overlying the blastema, which is coupled with the expression of Bmp4 in the blastema cells; a scenario very similar to what is observed during fin regeneration (Muricano , Fernandez et al., 2002).

Both Msx1 and Msx2 are expressed during regeneration although Msx1 is expressed more distally than Msx2. Fetal mice only regenerate the tips of their digits from within the Msx1 expression domain while late fetal and newborns can regenerate within both Msx1 and Msx2 domains [START_REF] Han | Limb regeneration in higher vertebrates: developing a roadmap[END_REF]. Digit tip regeneration is also reported in fetal human tissues and this too has been correlated to Msx1 [START_REF] Allan | Tissue response and Msx1 expression after human fetal digit tip amputation in vitro[END_REF]). Msx1 expression is localized under the developing nail bed and it has been proposed that a population of Msx1-expressing cells might migrate to the tip of the amputation site from adjacent regions [START_REF] Allan | Tissue response and Msx1 expression after human fetal digit tip amputation in vitro[END_REF][START_REF] Lehoczky | Mouse digit tip regeneration is mediated by fate--restricted progenitor cells[END_REF] 2.9 Msx at the crossroads of limb development Thus, Msx genes are important modulators involved at the crossroads of the three axes of limb development.

Although, these highly conserved Msx genes have been shown to be involved in AER formation, in interdigital cell death and thus individualization of digits, in the proliferation and inhibition of cell differentiation; being implicated in the progress zone model and proposed to be involved in the development of the limb; little is known about Msx genes in anterior limb development and their mode of action.

Rationale of Project

In the mouse, paradoxically, despite a quasi-symmetrical expression profile of Msx in the developing limb, Msx1/2 null mutants show systematic anterior limb defects with an overgrowth in the anterior limb domain, resulting in anterior polydactyly. Both Gli3 and Msx mutant limb defects are concentrated anteriorly in a similar fashion.

Indeed, when Shh, responsible for the inhibition of proteolysis of Gli3FL to Gli3R in the posterior limb, is mutated, the anterior digit (digit 1) is little affected. A strikingly similar scenario is observed when mutants expressing exclusively Gli3R are observed, where only one digit persists (Cao, Wang et al. 2013). In addition, we observed a loss of the characteristic anterior apoptotic domain in compound mutants of Msx (Msx1 -/-Msx2 +/-or Prx1 Cre/0 Msx1 flox/flox Msx2 flox /flox ), which led to the hypothesis that Msx is implicated in anterior apoptosis that may be correlated with the extensive apoptosis observed in Shh mutants. The loss of anterior apoptosis is also observed in the Gli3 -/-mutant.

In addition, the anterior region of the limb can be characterized by the highest concentrations of Gli3R, which is also the region where Msx biological activity seems to be concentrated in, regardless of the expression pattern.

Further, preliminary results obtained in the lab pointed out to similar genetic consequences in both Msx and Gli3 mutants, wherein certain anterior-specific and posterior-specific markers were misexpressed in a similar fashion.

Aim of Thesis

Thanks to the various indicators, which proposed that Msx might be interacting with Gli3 in the anterior domain of the limb to regulate anterior morphogenesis, the aim of the project was to investigate the following hypothesis:

Msx interacts with Gli3 in regulating anterior limb morphogenesis

Paper 1:

Msx transcription factors interact with Gli3R

in the limb for anterior-posterior patterning (Hill et al., 1989;Robert et al., 1989;[START_REF] Coelho | Expression of the chicken homeobox--containing gene GHox--8 during embryonic chick limb development[END_REF]Houzelstein et al., 1997).

Expression in the limb mesenchyme is initially biased towards the anterior, and lineage tracing shows that at E9.5 (i.e. just after the forelimb has formed) Msx2--expressing (but not Msx1--expressing) cells contribute nearly exclusively to an anterior descent [START_REF] Lin | Construction and characterization of a doxycycline--inducible transgenic system in Msx2 expressing cells[END_REF][START_REF] Lallemand | Generation and characterization of a tamoxifen inducible Msx1(CreERT2) knock--in allele[END_REF]. Later on, expression gets induced under the whole apical ectodermal ridge, such that from E10.5 it is nearly symmetrical for both genes.

Msx2 mesodermal expression domain is a little more restricted in the vicinity of the apical ridge and entirely comprised within Msx1 expression domain.

In addition to sharing very similar expression domains, the two genes are structurally highly homologous. They encode homeodomains that differ by only two conserved amino--acids out of 63 and are likely to bind the same DNA motif.

Accordingly, they show true redundancy: whereas the homozygous mutation of either gene does not result in an abnormal limb phenotype, the double homozygous mutation leads to severe limb defects (Lallemand et al., 2005). Constitutive mutations show a complex phenotype that can be interpreted by requirements for the two genes at successive stages. Before E10.5, they are required anteriorly for induction of the dorsal--ventral polarity in the ectoderm and, consequently, formation of the apical ridge in its anterior part (Lallemand et al., 2005). After E10.5, they seem to be required to prevent overgrowth of the anterior mesenchyme and consequent anterior polydactyly.

Conditional mutations confirm that, indeed, after E10.5 the early requirement is bypassed and the apical ridge forms normally over the whole apex of the limb bud [START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF]. Defects relate exclusively to the second phase and consist in systematic anterior overgrowth and polydactyly. Posterior digits (2--5) are not normal, but not as grossly altered as is the thumb.

So, unexpectedly, Msx genes appear to be involved in anterior--posterior patterning. In the tetrapod limb, AP polarity is initially under the control of the complementary expression of Hand2 (posteriorly) and Gli3 (anteriorly). These two genes are antagonistic, thus defining a clearly anterior--restricted domain for Gli3 (te Welscher et al., 2002). After Shh is induced in the posterior mesenchyme under the control of Hand2, at ∼28 somites (E9.75) (Charite et al., 2000;Galli et al., 2010), it prevents proteolysis of Gli3 into Gli3R. As a result, a gradient of Gli3R is formed in the limb bud, with a maximum accumulation of this transcriptional repressor in the most anterior domain. Therefore, the anteriormost domain of the limb, which contains the presumptive territory of the thumb, is characterized at all stages by the accumulation of Gli3R (reviewed in [START_REF] Zeller | It takes time to make a pinky: unexpected insights into how SHH patterns vertebrate digits[END_REF].

There is a paradox between the quasi--symmetrical expression profile of Msx1 and Msx2 and the prevalence of anterior defects in the mutant. This suggests interactions with the major actors of AP patterning in the limb. Indeed, Msx genes and Gli3 appear to share a number of functions. Both are required to prevent excessive growth anteriorly (i.e. in the thumb presumptive territory) and are required for the formation of the anterior apoptotic domain [START_REF] Aoto | Mouse GLI3 regulates Fgf8 expression and apoptosis in the developing neural tube, face, and limb bud[END_REF]Lallemand et al., 2009;[START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF][START_REF] Lopez--Rios | GLI3 constrains digit number by controlling both progenitor proliferation and BMP--dependent exit to chondrogenesis[END_REF]. The most compelling observation in favor of interactions between Msx and Gli3 is provided by apoptosis in the Shh mutant, which requires functional alleles of Msx1 or Msx2 in the domain where they are normally expressed. This does not involve a change in the expression of Gli3

or in the formation of Gli3R. Therefore, Msx and Gli3 seem to work concomitantly in this process (Lallemand et al., 2009). In this paper, we show that Msx and Gli3 proteins directly interact in vitro and in vivo to prevent anterior outgrowth of the limb and that they have common transcriptional targets. We propose a general mode of action for the Msx transcription factors.

Results

Anterior polydactyly in Msx and Gli3 gene mutants arises from anterior overgrowth mechanisms Gli3 --/--and Msx1 --/--; Msx2 --/--or Msx1 --/--; Msx2 +/--(Compound mutant 1 or CM1) mutants share many a phenotypic characteristic. Both exhibit anterior polydactyly. This derives from an anterior overgrowth at E11.5--E12.5 (Supplementary Fig. S1; [START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF][START_REF] Lopez--Rios | GLI3 constrains digit number by controlling both progenitor proliferation and BMP--dependent exit to chondrogenesis[END_REF]. This supposes that the mechanisms of growth (i.e. proliferation and apoptosis) are affected. In either mutant, apoptosis is suppressed at the stage when overgrowth arises [START_REF] Aoto | Mouse GLI3 regulates Fgf8 expression and apoptosis in the developing neural tube, face, and limb bud[END_REF]Lallemand et al., 2009;[START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF]; Supplementary Fig. S2). In the Gli3 mutant, Cdk6

has been demonstrated to play an important role in anterior overgrowth, since its transcripts are more abundant in the mutant anterior mesenchyme than in controls [START_REF] Lopez--Rios | GLI3 constrains digit number by controlling both progenitor proliferation and BMP--dependent exit to chondrogenesis[END_REF]. Similarly, we observed that Cdk6 expression is increased anteriorly in the Msx1; Msx2 double mutant (Fig. 1). In addition, this is associated in both case with an increased level and anterior expansion of Grem1 [START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF][START_REF] Lopez--Rios | GLI3 constrains digit number by controlling both progenitor proliferation and BMP--dependent exit to chondrogenesis[END_REF]. This shows that the same growth mechanisms are elicited for either mutant.

Gene interactions between Msx and Gli3

Our results strongly suggest interactions between Msx and Gli3 genes. To confirm this hypothesis, we undertook crossings to associate mutant alleles of either gene. The Gli3 +/--heterozygous mutant is known to exhibit a discrete anterior polydactyly in the form of a thumb duplication in fore-- and hindlimbs, and the extra digit keeps a thumb morphology (Fig. 2B). The compound mutant Msx1 --/--; Msx2 +/--(CM1) neither presents with an anterior overgrowth of the anterior mesenchyme at E11.5 nor shows anterior polydactyly but an overgrowth of the sesamoid [START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF]; Fig. 2C). When these mutations are combined, mutant embryos reproducibly show an anterior polydactyly with six to seven digits, and the extra--digits have a clear posterior morphology (Fig. 2D,E). In addition, a posterior nubbin is weakly apparent in Gli3 +/--and Msx1 --/--; Msx2 +/--mutants but is strongly enlarged in the compound mutant and even in some case traces of a cartilaginous condensation can be detected, similar to what is seen in Gli3 --/--embryos [START_REF] Mill | Splitting Hairs: Dissecting the Roles of Gli Activator and Repressor Functions during Epidermal Development and Disease[END_REF][START_REF] Patterson | Mouse hitchhiker mutants have spina bifida, dorso--ventral patterning defects and polydactyly: identification of Tulp3 as a novel negative regulator of the Sonic hedgehog pathway[END_REF] (Fig. 2D,E; see also supplementary Fig. S3B--E). Altogether, this phenotype resembles that of Gli3 --/-- mutants, as if the mutations in Msx genes synergized with Gli3 haploinsufficency to elicit this phenotype. Msx1 is known to be prevalent over Msx2 in many processes where they are both involved (e.g. [START_REF] Duval | Msx1 and Msx2 act as essential activators of Atoh1 expression in the murine spinal cord[END_REF]. In accordance with this observation, gene interactions between Msx1 and Gli3 were seen in Msx1; Gli3 compound mutants that led to the same phenotypes as CM1 and Gli3 do (supplementary Fig. S3D,E). Gli3 and Msx also synergize for ectopic activation of Shh anteriorly. Ectopic induction is not observed in Gli3 +/--heterozygotes. It is detected weakly and inconstantly (about half of the cases) in double Msx mutants (Prx1 Cre/0 ; Msx1 --/--; Msx2 --/Flox ). However, it is robustly induced anteriorly in mutants that associate these alleles (Prx1 Cre/0 ; Msx1 --/--; Msx2 --/flox ; Gli3 +/--) (Supplementary Fig. S4).

Interactions between Msx and Gli3 genes are independent of Shh

Since Shh is induced anteriorly, it might be responsible for the formation of extra--digits in CM1; Gli3 +/--, as was originally proposed for the Gli3 mutant [START_REF] Masuya | A duplicated zone of polarizing activity in polydactylous mouse mutants[END_REF], and the interaction between Msx and Gli3 gene would have a primary effect on Shh ectopic expression, not on mesoderm overgrowth, to induce extra--digit formation. We thus repeated our analysis in a context where Shh was inactivated. Gli3 +/--heterozygous mutations partially rescue the Shh null mutant deleterious phenotype, such that Shh --/--;

Gli3 +/--mutant reproducibly (n=28/34) show the formation of 4 digit anlagen in an anomalously narrow limb handplate (Fig. 3D). Addition of Msx mutant alleles (i.e.

combination with CM1) leads to a much more normal phenotype with at least five digits. Even, in some cases a discrete polydactyly with 6--7 digit anlagen is observed, on an enlarged limb autopod -thus much more similar to the Shh --/--; Gli3 --/--phenotype (Fig. 3E,F). Therefore, there is a direct interaction between Gli3 and Msx1 that acts on the growth of the limb bud.

Co--immunoprecipitation of tagged Msx1 and Gli3R proteins produced in cell culture

The question then arose, at which level does this gene interaction take place. Since there was no evidence of epistasis of Msx over Gli3 or the reverse (Lallemand et al., 2009), but they seemed to be required simultaneously, we considered the possibility that they might form a complex at the protein level which would be the functional form under which they regulate gene expression. To challenge this hypothesis, we produced the two proteins in HEK293 cells to test co--immunoprecipitation. Since these proteins are poorly immunogenic in our hands, we resorted on tagged constructs, a Gli3R cDNA tagged with Flag [START_REF] Vokes | A genome--scale analysis of the cis--regulatory circuitry underlying sonic hedgehog--mediated patterning of the mammalian limb[END_REF]; a kind gift of Andy McMahon) and an Msx1 cDNA tagged with c--Myc [START_REF] Nassif | Msx1 role in craniofacial bone morphogenesis[END_REF]; a kind gift of Sylvie Babajko). When co-transfected in HEK293 cells, the immunoprecipitation of either of the two proteins allowed to pull down the other one (n=4) (Fig. 4). The interaction is strong; mixing extracts from cells singly transfected with Gli3R or Msx1 allows to detect complexes between the two by co--immunoprecipitation. Of note, there are two ATG at the 5' of the Msx1 coding sequence six codons apart, and according to textbooks, the first one should be used in priority. However, Hill et al. (1989) considered that the second ATG provides a better Shine & Dalgarno sequence, and indeed, a shorter form of the cDNA which contains only the second ATG produces much higher amounts of Msx1--cMyc protein and provides better results in co--immunoprecipitation (Fig. 4).

Proximity Ligation Assay

Two transgenes were used to perform the same experiment in vivo. The first one was a transgene expressing the same Gli3R Flag cDNA as above from the Rosa26 locus [START_REF] Vokes | A genome--scale analysis of the cis--regulatory circuitry underlying sonic hedgehog--mediated patterning of the mammalian limb[END_REF]. We used the Prx1 Cre driver [START_REF] Logan | Expression of Cre Recombinase in the developing mouse limb bud driven by a Prxl enhancer[END_REF], which drives Cre expression all over the forelimb mesenchyme from E10.5, to activate expression of the flagged Gli3R in the limb. Morphological analyses confirmed that ectopic expression of Gli3R is injurious to limb development [START_REF] Vokes | A genome--scale analysis of the cis--regulatory circuitry underlying sonic hedgehog--mediated patterning of the mammalian limb[END_REF], since limb deformities were observed such as a shortening of the three segments accompanied with central and/or posterior polydactyly or poly--syndactyly (Supplementary Figure S5). This is not the phenotype expected for a GliR--only mouse (Cao et al., 2013). However, Rosa Gli3R was expressed on a Gli3--positive background, so the limb contained an undefined mixture of endogenous properly processed Gli3A/Gli3R and exogenous Gli3R from the Rosa26 Gli3R transgene. The other transgene was an HA--His tagged allele of Msx1 that we produced by homologous recombination [START_REF] Duval | Msx1 and Msx2 act as essential activators of Atoh1 expression in the murine spinal cord[END_REF]. However, in our hands the Msx1 HA--His allele did not produce a protein antigenic enough for co--immuno-precipitation with the minute amounts of protein we could get from embryonic limbs.

To get evidence of interactions between the two proteins in vivo, we relied on in situ Proximity Ligation Assay (PLA). This technique allows revealing proximity below 40nm between two proteins for which antibodies are available [START_REF] Soderberg | Characterizing proteins and their interactions in cells and tissues using the in situ proximity ligation assay[END_REF].

Modified embryos were constructed associating Rosa Gli3RFlag and Msx1 HA--His . Using PLA, we revealed a reaction between the tagged Msx1 and Gli3 proteins (Fig. 5A). This was not observed when either Msx1--tag or Gli3R--tag were absent (Fig. 5A; n=3). In addition, a ligation was observed only in the apex of the limb bud, where Msx1 expression is restricted, whereas Gli3R should be produced all over the limb bud from Rosa26 regulatory regions (Fig. 5B). At the cell level, the reaction took place in the nucleus as expected for two transcription factors. Of note, Msx1 has been shown not to distribute all over the nucleus, but to locate at the periphery of the nucleus upon association with Pias1 (Lee et al., 2006;Wang et al., 2011). Indeed, the PLA reaction took place at the periphery of nuclei (Fig. 5C), but not exactly similar to what was described for Msx1.

This may be an effect of PLA, provided the reaction would restrict the diffusion of the formed complexes, or result from the interaction between Msx1 and Gli3R itself.

Taken together, these data are bona fide indicators of the proximity of Gli3R and Msx1 in the nucleus of developing limb cells, which strongly suggests that they are interacting in vivo.

domain (Fig. S7). Therefore, under these conditions, the mutant phenotype is essentially similar to the one previously described for Prx1--Cre; Msx1 nLacZ/nLacZ ; Msx2 nLacZ/flox [START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF]Fig.S6). To directly assess the efficiency of the tamoxifen--induced Cre--mediated recombination, in situ hybridizations was performed for Msx2. This showed a complete loss of Msx2 expression in the mutant embryos (Fig. S7). However, qRT--PCR analysis on dissected limb buds from mutant embryos revealed a remaining Msx2 expression of 6% as compared to control. This

shows that this level of expression is insufficient to preclude the defects elicited by the double null mutation and legitimated the use of this RNA in transcriptome analysis.

We therefore performed a comparative transcriptome analysis between limbs of Msx1 CreERT2/CreERT2 ; Msx2 flox/flox mutant and Msx1 CreERT2/+ ; Msx2 flox/+ control embryos that were produced in the same litters, with Tamoxifen injection at E8.5 and collection of the embryos at E11.5 for RNA preparation.

Comparative transcriptome analysis: results

Although RNA was extracted from 30 embryo fore--and hindlimbs that were pooled and analyzed separately, we focused our analyses on the forelimb as in the whole paper. In the forelimb, transcriptomic analysis revealed 18036 gene hits among which a surprisingly low number were significantly either up--or downregulated (Tables SI andSII). One hundred--sixty genes are down regulated and 89 genes up regulated by more than 2 fold in the mutant forelimb with a significance threshold of p<0,05. Fifty-one genes out of 18036 did not show any change in their expression.

To validate the transcriptome results, we verified by in situ hybridization the changes in expression level of a few targets from our transcriptome which were overexpressed in the mutant, namely Jagged1 (X 2.18) and Fgf8 (X 3) (Fig S8). These were chosen for their implication in limb growth, and indeed showed an equivalent up--regulation by in situ as in the differential transcriptome.

A number of data indicate that Msx act as repressors in transcription (Bendall and Abate--Shen, 2000), and in addition, Msx1 has two, and Msx2 one, Groucho binding sites that are conserved over evolution (Ekker et al., 1997;Finnerty et al., 2009). Therefore, genes upregulated in the double mutants should contain at least some direct targets of Msx (provided such a thing exists), whereas genes downregulated are more likely to be indirect targets. A number of genes upregulated in the mutant, strikingly, encode transcription factors, reinforcing the idea of transcription networks in which Msx would play as a repressor (Tables I andSI).

Comparison of Msx targets with Gli3 targets

For the rest of the analysis, we focused on genes that might be involved in overgrowth during limb development, i.e. in cell proliferation and cell death (Table I).

Using MGI Gene Ontology tools, we identified target genes of both Msx and Gli3 which are implicated in these processes (Table SIII). Of prominent interest, a number of genes involved in proliferation were upregulated in the mutant. As expected, Cdk6 (x 2.76 in the Msx mutant limb) was among them (Fig. 1). Cdk6, a cyclin--dependent kinase, triggers expression of proliferation--associated genes via the RB--E2F signalling pathway that mediate the transition across the G1--S border of the cell cycle [START_REF] Choi | Signaling through cyclin D--dependent kinases[END_REF]. Jagged1 (Jag1, x 2.18) is overexpressed in many cancer types (reviewed in [START_REF] Li | The notch ligand JAGGED1 as a target for anti--tumor therapy[END_REF] and linked to the YAP--TAZ pathway that is critical to controlling proliferation [START_REF] Hansen | YAP and TAZ: a nexus for Hippo signaling and beyond[END_REF]. These genes were also identified as direct Gli3R

targets [START_REF] Vokes | A genome--scale analysis of the cis--regulatory circuitry underlying sonic hedgehog--mediated patterning of the mammalian limb[END_REF][START_REF] Lopez--Rios | GLI3 constrains digit number by controlling both progenitor proliferation and BMP--dependent exit to chondrogenesis[END_REF], and have further been shown to be critical actors in the anterior outgrowth of the Gli3 mutant (Lopez--Rios et al., 2012).

Among other genes important for proliferation according to GO and targets simultaneously of Msx and Gli3R, we selected Sall4 for further studies. Expression of the latter was analyzed in detail by qRT--PCR and ISH in different mouse mutants and proved to be synergistically regulated by Msx and Gli3 (Fig. 6A,B). Two other genes encoding transcription factors, Zic2 and Tfap2C were also similarly regulated by Msx and Gli3 (Fig. 6C). Of note, all these three genes were specifically upregulated in the anterior region of limb buds from Msx or Gli3 mutants. Discussion Data presented in this paper demonstrate gene interactions between Msx1; Msx2 and Gli3. This is independent of Shh and therefore precludes an effect of Msx genes via ectopic induction of Shh, such as was suggested in Msx1; Msx2 double mutants [START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF]. These genetic interactions were analyzed in detail in the limb, but they can be observed at other sites, namely the isthmus, the abdominal midline, the cerebellum (Yvan Lallemand, Ronja Woloszczuk and Benoît Robert, unpublished results), regions where both Msx and Gli3 play critical roles (Satokata et al., 2000;Ogi et al., 2005;[START_REF] Blaess | Gli3 coordinates three--dimensional patterning and growth of the tectum and cerebellum by integrating Shh and Fgf8 signaling[END_REF]. In the limb cells, we further showed by PLA that Msx1 and Gli3 tagged proteins can be found in close association. In addition, transfection of tagged constructs in HEK293 cells provided material for immunoprecipitation. This way, we could demonstrate that Msx1 and Gli3R bind to each other in cultured cells and even in cell extracts. Altogether, these data are demonstrative of in vitro and in vivo interactions between the two proteins. Of note, there is at least one other case where interactions between Gli3R and Msx1 have been shown. This is to give account of the transcriptional repression of the Nk--2.6 gene in the dorsal aspect of the spinal cord by Gli3R. At this site, Msx1 and Gli3R must be associated on the same regulatory module to elicit repression [START_REF] Oosterveen | Mechanistic differences in the transcriptional interpretation of local and long--range Shh morphogen signaling[END_REF].

This raises the question of common targets for the two proteins. Indeed, we demonstrated that the Gli3R--induced apoptosis in Shh null mutant requires functional alleles of Msx1 and Msx2 to take place within the domain of expression of these Msx genes (Lallemand et al., 2009). Since Gli3R level is not affected in this experiment, it suggests that apoptosis requires simultaneously the Msx and the Gli3R proteins.

Furthermore, normal apoptosis takes place in the thumb presumptive territory, which is a region where both Gli3R and Msx proteins accumulate at high levels, and further than that, apoptosis in this region requires functional alleles of Msx1 and Msx2, as well as functional alleles of Gli3 [START_REF] Aoto | Mouse GLI3 regulates Fgf8 expression and apoptosis in the developing neural tube, face, and limb bud[END_REF]Lallemand et al., 2009). Paradoxically, we did not find in our transcriptome analysis obvious inducers of apoptosis. The same is seen for Gli3R targets analyzed with the same programs. However, apoptosis is known to be promoted in the limb bud by Bmp4, and Bmp4 is regulated by Gremlin. Gremlin indeed is upregulated in our transcriptome and was identified as a Gli3R target.

Furthermore, by in situ hybridization, Gremlin appears upregulated and in addition, its expression domain extends anteriorly, thus precluding anterior apoptosis, in both Msx double and Gli3 null mutants [START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF][START_REF] Lopez--Rios | GLI3 constrains digit number by controlling both progenitor proliferation and BMP--dependent exit to chondrogenesis[END_REF].

A previous Msx1--dependent transcriptome was performed, which led to the identification of a very different set of Msx1 targets (Wang et al., 2011). Indeed, none of these appear among those we characterized. The strategy however was very different.

RNA was prepared for the mesenchymal C2C12 cell line and since Msx1 is virtually undetectable in most cultured cells, including C2C12, the differential transcriptome was analyzed in C2C12 cells in which expression of Msx1 was induced with an inducible expression vector comparatively with untreated C2C12 cells. It may then reflect more which targets Msx1 is capable to repress in these cells than the ones it actually represses in vivo in cells where it is endogenously expressed.

A major issue with Msx genes is that their homeodomain is of very ancient origin in metazoans and has been conserved in all phyla examined to date (Takahashi et al., 2008). It has been found in species that predate the emergence of Urbilateria, such as poriferae (Seimiya et al., 1994), cnidarians [START_REF] Ryan | The cnidarian--bilaterian ancestor possessed at least 56 homeoboxes: evidence from the starlet sea anemone, Nematostella vectensis[END_REF] and ctenophores [START_REF] Moroz | The ctenophore genome and the evolutionary origins of neural systems[END_REF]. This implies a strong selection pressure on this structure and therefore suggests that the gene fulfills fundamental functions. However, we have little insights into what these functions might be. We are short of genetic analyses in Drosophila for the homologue to Msx, msh or Drop, that might assign a place to this gene in an epistatic network (Flybase). In the mouse, mutants of Msx1 and Msx2 and double mutants have been extensively studied and demonstrated to be highly pleiotropic, with little results pointing to a universal function for all the phenotypes. Obviously, the Msx genes encode homeodomain transcription factors; the proteins further bear one or two Eh1 sites. This domain is known to bind Groucho which transforms a transcription factor into an active repressor [START_REF] Kaul | Recent insights into Groucho co-repressor recruitment and function[END_REF] and is similarly conserved from cnidarian to mammals (Finnerty et al., 2009). Thus the Msx proteins are likely transcriptional repressors and have been since the first metazoans and throughout most phyla. In addition, we show that they might fulfill this function by binding other transcription factors such as Gli3. Similarly, the emergence of the Gli core sequence predates evolution of the Urbilateria and is highly conserved [START_REF] Layden | Expression and phylogenetic analysis of the zic gene family in the evolution and development of metazoans[END_REF], such that interaction between Msx and Gli proteins might be an original and highly conserved mode of action. Such a conservation would not be without precedent: the two homologues MCM1/SRF bind to Ets family factors to form a ternary complex on 94 similar DNA binding--sites from yeast to human [START_REF] Mueller | A protein domain conserved between yeast MCM1 and human SRF directs ternary complex formation[END_REF][START_REF] Buchwalter | Ets ternary complex transcription factors[END_REF].

It has become obvious over the last years that transcription factors do not work as single units, but get combined with other proteins which modulate their activity. A systematic screen for protein interactions in cultured cells recently showed that many transcription factors have interactions with several other transcription factors (Ravasi et al., 2010). This includes Msx1 (interactions with Hist1h1b, Tbp and Dlx2) and Msx2

(interactions with Spen) in the mouse. Many more were identified in human cells, probably due to the depth of analysis. It is not known whether these interactions lead to functional outputs. However, this is well illustrated in the case of Sox proteins. For these, it has been shown that they get a high versatility from binding a number of partners, which gives them different specificities (reviewed in [START_REF] Bernard | Acquisition of SOX transcription factor specificity through protein--protein interaction, modulation of Wnt signalling and post-translational modification[END_REF].

Thus, we would like to propose that over evolutionary times, Msx proteins too have had a number of partners as well, that allowed them to develop a context--dependent activity. This considerably enhance the regulatory capacity of such a protein. For example, it can be active at the intersection of two domains of expression, its own and that of its partner, that may depend on different regulatory cues. This might explain the joint effect of Msx and Gli3R on limiting growth in the anterior region of the limb via local apoptosis and proliferation. Msx are induced apically and symmetrically by signals from the AER (Coelho et al., 1991a;Davidson et al., 1991;[START_REF] Robert | The apical ectodermal ridge regulates Hox--7 and Hox--8 gene expression in developing chick limb buds[END_REF] whereas Gli3R accumulate anteriorly due to the location of Shh--expressing cells in the posterior mesoderm and its signalling properties [START_REF] Zeller | It takes time to make a pinky: unexpected insights into how SHH patterns vertebrate digits[END_REF]. This double logic makes the thumb presumptive territory the only region in the limb bud where the two proteins are at a high concentration. This way, they may work together specifically in this region.

It is far from necessary that Msx and its partners systematically share the same set of targets. First, Msx and its partners may have different expression properties, and thus interact only in cells where they happen to be expressed together at a sufficient level together. Second, they might even interact with the same partner but show different affinities for different binding sites, depending on the geometry of the regulatory module, leading to repression of some genes and not others even in the same cell.

Having different partners would add another layer of regulatory activities to Msx.

MATERIALS AND METHODS

Mice

Msx1 LacZ (null allele), Msx1 CreERT2 , Msx2 Flox , Msx1 HA--His alleles have been described

previously (Houzelstein et al., 1997;Bensoussan et al., 2008;[START_REF] Lallemand | Generation and characterization of a tamoxifen inducible Msx1(CreERT2) knock--in allele[END_REF][START_REF] Duval | Msx1 and Msx2 act as essential activators of Atoh1 expression in the murine spinal cord[END_REF]. Gli3 null [START_REF] Blaess | Gli3 coordinates three--dimensional patterning and growth of the tectum and cerebellum by integrating Shh and Fgf8 signaling[END_REF] and Shh null [START_REF] Dassule | Sonic hedgehog regulates growth and morphogenesis of the tooth[END_REF] mice were imported from the Jax. The Rosa Gli3R mouse [START_REF] Vokes | A genome--scale analysis of the cis--regulatory circuitry underlying sonic hedgehog--mediated patterning of the mammalian limb[END_REF] All studies were conducted using mutant embryos with littermates as controls.

Tamoxifen (Sigma) was dissolved in ethanol, emulsified in sunflower oil (Sigma) at a final concentration of 20mg/ml, and was intraperitoneally injected once at 5mg per injection per pregnant female (weight = 30 g).

Optical Projection Tomography (OPT)

OPT was performed as previously described [START_REF] Sharpe | Optical projection tomography as a tool for 3D microscopy and gene expression studies[END_REF] in a collaboration with the laboratory of James Sharpe (Centre for Genomic Regulation, Barcelona).

Images were assembled with Adobe Photoshop. 

Lysotracker staining of limb buds

In situ hybridization

Antisense RNA digoxigenin--dUTP--labeled riboprobes were generated from linearized DNA plasmids. Probes were synthesized using a DIG--labeling kit (Roche) according to the manufacturer's instructions and precipitated with 0.1M LiCl, 75% ethanol at --80°C over two hours. The probes were dissolved in 50% formamide and 50% H2O and stored at --80°C. Embryos were dissected in cold DEPC--treated PBS and fixed in 4% PFA overnight, dehydrated through a series of EtOH/PBT solutions and stored in EtOH at --20°C. After rehydration, embryos were treated with proteinase K, and digestion was stopped in 2mg/ml glycine in PBT. Then embryos were refixed in 0.2% Gluteraldehyde and 4% PFA. After incubation in hybridization buffer (50% formamide, 5x SSC pH4.5, 1% SDS and 50mg/ml heparin) at 63°C for 1.5hr, probes were added, and hybridization was performed overnight at 63°C. Following a series of post-hybridization washes at 63°C, embryos were further washed in MABT (100 mM maleic acid, 150 mM NaCl, pH 7.5, 0.1% Tween--20) solution. Prior to antibody incubation, embryos were blocked in 2% RBR (Roche) and 2% RBR/20% heat--inactivated sheep serum for 2hr at room temperature. After incubation with anti--DIG antibody (1:2000, Roche) at 4°C overnight, embryos were washed with MABT extensively. BM purple AP substrate (Roche) was used to develop color in dark, and the color reaction was stopped using 0.5mM EDTA in PBT solution. Embryos were then cleaned in EtOH and fixed in 4% PFA.

Quantitative Real Time PCR (qRT--PCR)

Limb bud at E11.5 were dissected and kept in RNA later and total RNA was extracted

with RNeasy mini extraction kit (Qiagen). RNA was quantitated (Nanodrop ND--1000;

Thermo scientific) and cDNA was prepared with 2ug RNA using oligo (dT) and superscript III reverse transcriptase (Invitrogen) as instructed by company protocol.

Real time PCR was performed with a Step One Plus machine (Applied Biosystems, Warrington, UK) using Sybr PCR Mastermix (Applied Biosciences). Relative transcript levels were normalized to the expression of GAPDH housekeeping gene. The expression levels of the mutant samples were tabulated with respect to wild type controls (averaging 100%). PCR efficiency was in the range of 98% to 100% for all assays. PCR cycle parameters were: 10 minutes at 95°C initial incubation, followed by 15 seconds at 95°C; and 1 minute at 60°C for 40 cycles. Multiple RNA samples were analyzed, n=3 in triplicate.

Skeleton analysis

Alcian Blue cartilage staining, embryos were fixed in 4% PFA overnight at 4 °C, washed and refixed in 80% ethanol overnight at 4oC followed by staining in Alcian Blue for 24h at 4°C. They were then washed 3X in 80% ethanol 20% acetic acid and kept overnight Doctoral Thesis, Institut Pasteur 2015 99 at 4°C. Revelation was followed by washing 2X in 70% ethanol 1% HCl solution overnight at 4°C. Embryos were then cleared in 1% NaOH. Alizarin Red staining was performed by fixing newborns, after skin removal, in 70% ethanol overnight at 4°C and cell dissociation was performed with 1% NaOH solution for 24h. Skeletons were then stained with alizarin red and newborns were kept for 1--2 days at 4°C without agitation.

Clearing was performed with 0,01% NaOH over several days.

Proximity ligation assay

Limb buds of Prx1 Cre/0 ; Msx1 Ha--His/+ ; Rosa Gli3R--Flag/+ ; Gli3 Flox/+ as well as Prx1 Cre/0 ; Msx1 Ha-- His/+ mutants and Prx1 Cre/0 ; Rosa Gli3R--Flag/+ control embryos were dissected in PBS 1X

and fixed in 4% paraformaldehyde (Sigma--Aldrich) at 4°C overnight, following by sectioning at 12um. They were then blocked and incubated with primary antibodies 1. Rabbit polyclonal anti--HA (Sigma Aldrich) in 1:500 dilution; 2. Mouse monoclonal anti--flag (Sigma Aldrich) in 1:150 dilution. The Duolink In Situ Orange starter kit (Sigma Aldrich) was used according to the manufacturer instructions. LSM700

Confocal microscope with Cy3 filters was used to capture immunofluorescence images,

ImageJ to analyze the images and Adobe Photoshop to assemble them.

Cell Culture, Co--IP and Western Blotting

HEK293 cells were cultured in DMEM supplemented with 10% calf serum (Gibco).

Cells were then transfected at 80% confluence using Fu gene HD (Promega) with 1µg of plasmid DNA per 2.10 5 cells and a DNA/Fugene ratio of 1/3. The Gli3R expression plasmid (a kind gift of Andy McMahon) contains the first 740 amino acids of mouse Gli3 followed by a triple Flag tag in the PCMV6--XL3 vector [START_REF] Vokes | A genome--scale analysis of the cis--regulatory circuitry underlying sonic hedgehog--mediated patterning of the mammalian limb[END_REF]; our own resequencing data). The Msx1--cMyc (a kind gift of Sylvie Babajko) contains the full Msx1 sequence (plus or minus the first 6 amino--acids) in the pCDNA4 plasmid which provides a double Myc--His tag [START_REF] Nassif | Msx1 role in craniofacial bone morphogenesis[END_REF]. 48 hours following transfection, proteins were extracted in a lysis buffer (10 mM Tris--HCl pH 7.5, 100 mM NaCl, 10 mM KCl, 1 mM EDTA, 2 mM ß--mercaptoethanol, 0.5% NP40 and 5 μg/ml aprotinin) and co-immunoprecipitated in the same buffer using antibodies immobilized on A+G proteins on agarose beads (Santa Cruz Biotechnology). Co--IP was performed with monoclonal anti--Flag M2 antibody (Sigma Aldrich) and anti--C--myc (C--19) antibody (Santa Cruz Biotechnology). Western blotting was performed as per standard protocols and revealed with HRP--conjugated anti--mouse and anti--rabbit antibodies (Santa Cruz Biotechnology).

Transcriptome analysis

RNA was extracted from 30 embryo fore-- and hindlimbs that were pooled separately.

Transcriptome analysis was achieved using RNA--seq by Oxford Gene Technology®. In brief, samples were prepared with the Illumina TruSeq RNA Sample Prep Kit v2 and all sequencing was performed on an Illumina HiSeq2000. Pair--end sequencing was used and more than 100 cycles were performed. A total of 28.38 Gigabases (352,769,992 reads) of sequence data were read and aligned at high quality. Reads were mapped to their location to the appropriate Illumina iGenomes build using Bowtie version 2.02.

Splice junctions were identified using Tophat, version v2.0.9. Cufflinks was used to perform transcript assembly, abundance estimation and differential expression and regulation for the samples. Control files were all satisfactory. Gene ontology analyses were performed using the MGI Gene Ontology Slim Chart Tool undetectable in the anterior region of the wildtype forelimb bud at E11.5. In Gli3 +/-- mutants, there is a slight anterior upregulation of Cdk6 expression. The same is observed for the Msx1 --/--Msx2 --/+ compound mutants. The analysis of the triple compound mutants (Msx1 --/--Msx2 --/+ Gli3 --/--), however, show significant levels of anterior

Cdk6 upregulation demonstrating a synergistic interaction between Msx and Gli3 in forelimbs at E11.5. In all panels, anterior is to the left. Note the very discrete posterior nubbin in Gli3 +/--and CM1 (Msx1 --/--; Msx2 +/--) mutants, which is much enlarged by the combination of these mutations (B--E, arrowheads).

What looks like an anterior extra--digit in the CM1 mutant (C) is not a digit, by an expanded sesamoid [START_REF] Bensoussan--Trigano | Msx1 and Msx2 in limb mesenchyme modulate digit number and identity[END_REF]. In all panels, anterior is to the left.

Fig. 3: Interactions between Msx and Gli3 do not depend on Shh. The genotypes of embryos are depicted above the panels. Skeletons (A--F) were prepared at E14.5. Gli3 +/-- mutation partially rescues the Shh mutant, with reproducibly 4 digits formed (D). In contrast, addition of an Msx1 null mutation (E) and even more a CM1 mutation (F) leads to extensive digit rescue and even polydactyly. In all panels, anterior is to the left. Msx2 flox/flox mutant forelimbs. Fgf8 expression was also upregulated and showed an anterior expansion as expected. In all panels, anterior is to the left. 

Figures & Tables

General Conclusion And Future Perspectives

We have demonstrated that Msx transcription factors interact with Gli3R in regulating anterior limb development. This is very important in understanding the general mechanism in which Msx and Gli work together in the development of various structures.

Undoubtedly, it would be necessary to define the amino acid motif in Gli3 and Msx1/2 that mediate this interaction. It would be noteworthy to define also the regulatory modules in DNA that bind Msx and Gli3 (a ChIP Seq could be performed to uncover this). In addition, clearly the genes repress growth anteriorly by acting on apoptosis and proliferation -the whole genetic circuit that leads to this should be certainly worked out. Last but not least, the evolutionary aspects of Msx could be studied in depth across various species to understand In such a scenario, GliFL proteins which are not targeted to the proteasome act as activator forms (Gli3A) which then move into the nucleus and positively regulate transcription of Hh target genes. Gli2 also acts mainly as an activator in the Hh pathway. Gli3, however, has repressor potential and is responsible for most of the repressor activity [START_REF] Varjosalo | Hedgehog: functions and mechanisms[END_REF]. ! #(! It has been established that Gli3 is expressed widely in the limb bud with a preferentially strong expression in the anterior limb domains [START_REF] Mo | Specific and redundant functions of Gli2 and Gli3 zinc finger genes in skeletal patterning and development[END_REF]Lallemand, Bensoussan et al. 2009). Shh prevents the proteolysis of the full-length Gli3 activator (Gli3A/Gli3FL) protein to a shorter repressor form (Gli3R). Limb mutants that are deficient for both Shh and Gli3 have similar polydactylous phenotypes as the Gli3 null mutant which illustrates that one of the key functions of Shh during limb development is to counteract Gli3R formation and Gli3R-mediated repression [START_REF] Litingtung | Shh and Gli3 are dispensable for limb skeleton formation but regulate digit number and identity[END_REF]te Welscher, Fernandez-Teran et al. 2002).

$"! Part B: Msx genes 

Figure 1 :

 1 Figure 1: Orientation of the three axes relative to the human hand: proximal-distal (PD) axis from the shoulder to the tip of digits, anterior-posterior (AP) axis from the thumb to the little finger and the dorsalventral (DV) axis from the back of the hands to the palm (My hand-drawn hand).

Figure 2 :

 2 Figure 2: Skeletal preparations of newborn mouse forelimb and fetal chicken wing. Despite morphological differences, the basic plan along the three axes is conserved: PD axis, AP axis, (Sc) scapula, (Cl) clavicle, (Hu) humerus, (Ra) radius, (Ul) ulna. Digit identities are indicated by numbers. (Adapted from Zeller and Bénazet JD, 2009).

Figure 3 .

 3 Figure 3. Developmental Anatomy of the chick wing (Adapted fromJohnson and Tabin, 1997 ) 

  , (Figure 4) which proposes that the early limb bud mesenchyme is under the control of proximal signals resulting in proximal structures. This is modified distally by AER-FGF signals that stimulate distal specification. AER-FGFs maintain the distal mesenchymal cells in a constant proliferative and undifferentiated state while the proximal cells are being progressively determined and the fine border that exists between the determined proximal cells and the specified distal cells acts as the differentiation front, thus the name: The differentiation-front model. These indicate that the AER-FGFs signals are involved in pattern formation itself and do not only act as "permissive" signals in such a model but as "instructive" too.

Figure 4 .

 4 Figure 4. Progress zone and differentiation-front model systems are demonstrated as AER-FGFs help in maintaining the distal mesenchymal cells in a constant proliferative and undifferentiated state while proximal cells are progressively determined giving rise to the differentiation-front model (Tabin and Wolpert 2007).

Figure 5 :

 5 Figure 5: Model for the genetic regulation of dorsoventral (DV) limb patterning and apical ectodermal ridge (AER) formation.[START_REF] Rieger | The embryonic transcription cofactor LBH is a direct target of the Wnt signaling pathway in epithelial development and in aggressive basal subtype breast cancers[END_REF]).

Figure: 6

 6 Figure: 6. A. The French-flag model hypothesizes that the ZPA secretes a morphogen (Shh) that diffuses across the limb bud creating a concentration gradient along a spatial-temporal dimension, which gives rise to the specific digit identities. B. The known genetic regulation and network of Shh in the limb is represented. C.

Figure 7 :

 7 Figure 7 : Representation of the autocatalytic processing and dual lipid modification of Shh protein. The 45-kDa hedgehog precursor protein is processed to a 19-kDa NH 2 -terminal signalling protein by the COOHterminal half which aids in the catalysis of this process and functions as a cholesterol transferase. The cholesterol-modified NH 2 -terminal undergoes additional lipid modifications at its NH 2 terminus by palmitoylation which is catalysed by Skn or Hhat (Adapted from Choudhry, Rikani et al. 2014 and van den Brink 2007).

Figure 8 :

 8 Figure 8: Shh signalling pathway. In the absence of Shh, PTCH inhibits the activation of SMO, situated on the membrane, from entering and accumulating in the cilium, and thereby inhibiting the activation of the Shh signalling pathway(Owens DM and Watt MF, 2003).

Figure 9 :

 9 Figure 9 : Schematic representation of domains and motifs in Gli proteins showing the protein domains and modification regions of Ci (Drosophila) and Gli1, Gli2 and Gli3 (mouse) (Adapted from Hui and Angers 2011).

Figure 10

 10 Figure 10 A model for Shh signalling in vertebrates. A. In the absence of Shh, SMO localises mainly to the cell membrane and intracellular vesicles. Gli2 and Gli3 are processed by the proteasome upon activation by protein kinase A, glycogen synthase kinase 3-beta and casein kinase 1 via phosphorylation. Gli3 undergoes partial degradation which results in a truncated form of the Gli3 protein that is devoid of the transcriptional activation domain and acts as a repressor of Shh target gene transcription. Degradation of Gli2 is complete, however. B. Shh signalling is initiated by the binding of Hh ligand to Ptch, which causes the release of the suppression of Smo. Smo then migrates from the intracellular endosome to the membrane of the cell cillium.

Figure 11 :

 11 Figure 11 : Mutant mice expressing exclusively the Gli3R repressor resemble Shh null mutants. (Adapted from Cao, Wang et al. 2013).

Figure 12 :

 12 Figure 12: Shh acts as a morphogen from the posterior domain according to a decreasing concentration gradient towards the anterior region of the developing limb bud. The main function of Shh is to inhibit the proteolysis of transcription factor Gli3A (activator form) to the repressor truncated version, Gli3R. Thereby, high levels of Gli3R are concentrated anteriorly resulting in an inverse concentration gradient of Gli3R in the limb, opposing the Shh gradient (Zeller, Lopez-Rios et al. 2009).

  HTH) that binds to DNA. Since their discovery in 1984[START_REF] Mcginnis | A conserved DNA sequence in homoeotic genes of the Drosophila Antennapedia and bithorax complexes[END_REF], homeobox genes and the proteins they encode for have been demonstrated to play pivotal roles in the crucial developmental processes over a broad phylogenetic distribution spectrum. These genes have been demonstrated to play central roles during the course of embryo development, from the earliest phases in embryogenesis such as the establishment of the AP gradient in the egg of the fruit fly Drosophila melanogaster, to the later stages of cell differentiation such as the differentiation of neurons in the nematode Caenorhabditis elegans (C. elegans)

Figure 12 :

 12 Figure 12: Schematic representation of the general Msx protein domain organization (adapted from Finnerty, Mazza et al. 2009). The figure is based on the structure of the murine Msx1 protein (303 aa). Domains N°1N and 1C: Eh1 consensus motifs (LPFSVEALMAD), which serve as binding sites for Grouchorelated proteins. 1N is common to all Msx proteins; 1C exists only in the Msx1 clade. Domain N°2+: Pbxbinding domain. Domains 3+4: homeodomain (N°4) and the associated linker domain (N8 = N°3). Domain 5+: transcriptional repressor domain. Domain N°6: PIAS binding domain.

Figure 13 :

 13 Figure 13: Msx1 and Msx2 Proteins (Adapted from Catron, Wang et al. 1996): Msx1 and Msx2 share a high percentage of identity in the homeodomain region (98%) as is represented in the horizontal strips; The percentage of prevalent amino acids i.e. Alanine (A), Glycine (G) and Proline (P) is represented inside each protein region.

Figure 14 :

 14 Figure 14: Expression patterns of Msx1 and Msx2 visualized in whole-mount embryos from E11.5 to E13.5, using the lacZ reporter. Both Msx1 (left panel) and Msx2 (right panel) are highly expressed in the distal region of the limb bud, in the cranial vault, in the dorsal aspect of the spinal cord and in whisker follicles. The forelimb (FL) and hindlimb (HL) of each embryo are shown separately.

Figure 15 :

 15 Figure 15: Phenotypes of the Msx2 -/-mutations and the Msx1 -/-Msx2 -/-double null mutants. (a-c) Adult mice phenotypes at six weeks of age. (d-e) Embryo phenotypes at E18.5. (g-h) Embryo phenotypes at E14.5. (h) The arrows point to the major malformations in the Msx1Msx2 double null mutant. B: Exencephaly of the brain, E:underdevelopment of the eyes, F: malformation of the skull and face, G: development of the gut outside the abdomen, due to thoracoabdominoschisis, H: anterior deformation of the hindlimbs (Adapted from Lallemand et al. 2008).

  . A study of transcriptional activity wherein Msx and Dlx coding sequences were transfected individually in cultured cells, resulted in repression and activation of transcription respectively. Msx-Dlx dimerization blocks, rather than facilitates DNA binding by Msx and Dlx proteins and results in reciprocal inhibition of their transcriptional activities. This experiment suggested that Msx1 and Msx2 might induce repression of transcription by DNA binding, dimerization and consequent inhibition of other transcription activators (Zhang, Hu et al. 1997). Doctoral Thesis, Institut Pasteur 2015 62 2.

Figure 16 :

 16 Figure 16: Systematic anterior overgrowth observed in Msx mutants in both fore-and hindlimbs. Prx1 Cre/0 littermates were compared with as controls. Prx1 Cre/0 Msx1 flox/flox Msx2 flox/+ compound mutants which are double null for Msx1 and heterozygous for Msx2 show overgrowth of the anterior region only in the hindlimb. Double inducible null mutants, however, show a systematic anterior outgrowth in both fore-and hindlimbs.

  Cell death was observed in whole limb buds by staining live embryos with 250nM of Lysotracker Red (Invitrogen) in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco--BRL) at 37 o c for 20 minutes. Embryos were then washed three times in PBS 1X and fixed in 4% paraformaldehyde (Sigma--Aldrich) overnight at 4°C. Embryos were then subjected to ethanol dehydration and clearing. Buds were then dissected from whole embryos and placed with low melting point agarose in a concave microscopy slide. An LSM700 Confocal microscope was used to capture immunofluorescence images, ImageJ to analyze the images and Adobe Photoshop to assemble them.
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 1 Fig. 1: Synergistic regulation of Cdk6 by Msx and Gli3. In--situ experiments show
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 2 Fig. 2: Msx and Gli3 genes interact in controlling anterior growth of the limb bud
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 4 Fig. 4: Co--immunoprecipitation of Msx1 by Gli3R and Gli3R by Msx. cDNAs for
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 5 Fig. 5: Proximity ligation assay demonstrate that Msx1--HA--His and Gli3R are
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 6 Fig. 6: Common targets between Msx and Gli3. Msx and Gli3 regulate gene in a
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 S4 Figure S4: Msx and Gli3 act together to repress ectopic expression of Shh
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 S5 Figure S5: Malformations in Prx1 Cre/0 ; Rosa Gli3R--Flag/+ mutant embryos and
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 S6 Figure S6: The Msx1 CreERT2/CreERT2 ; Msx2flox/flox double inducible system recapitulates
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 S7 Figure S7: Validation of the transcriptomic strategy. Msx2 levels were examined by

Figure S8 :

 S8 Figure S8: Validation of the transcriptomic results. Transcriptomic analysis was

  the fundamental role it plays in organisms (e.g. The chick modle system which has a very different AP patterning). We had been asked to comment by an editor of Journal of Molecular Biology (JMB), on the review entitled " Limb Patterning: From Signalling Gradients to Molecular Oscillations" by Palmeirim I et al., 2014 in JMB. The commentary published in JMB (2014) is attached herein *%+!Bibliography"What can be more curious than that the hand of the man formed for grasping, that of a mole, for digging, the leg of a horse, the paddle of a porpoise and the wing of a bat, should all be constructed on the same pattern and should include similar bones and in the same relative positions?"
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 7 Figure 7 : Representation of the autocatalytic processing and dual lipid modification of Shh protein. The 45-kDa hedgehog precursor protein is processed to a 19-kDa NH 2 -terminal signalling protein by the COOHterminal half which aids in the catalysis of this process and functions as a cholesterol transferase. The cholesterol-modified NH 2 -terminal undergoes additional lipid modifications at its NH 2 terminus by palmitoylation which is catalysed by Skn or Hhat (Adapted from Choudhry, Rikani et al. 2014 and van den Brink 2007).

Figure 8 :

 8 Figure 8: Shh signalling pathway. In the absence of Shh, PTCH inhibits the activation of SMO, situated on the membrane, from entering and accumulating in the cilium, and thereby inhibiting the activation of the Shh signalling pathway(Owens DM and Watt MF, 2003).

Figure 10

 10 Figure 10 A model for Shh signalling in vertebrates. A. In the absence of Shh, SMO localises mainly to the cell membrane and intracellular vesicles. Gli2 and Gli3 are processed by the proteasome upon activation by protein kinase A, glycogen synthase kinase 3-beta and casein kinase 1 via phosphorylation. Gli3 undergoes partial degradation which results in a truncated form of the Gli3 protein that is devoid of the transcriptional activation domain and acts as a repressor of Shh target gene transcription. Degradation of Gli2 is complete, however. B. Shh signalling is initiated by the binding of Hh ligand to Ptch, which causes the release of the suppression of Smo. Smo then migrates from the intracellular endosome to the membrane of the cell cillium.Smo is activated within the cilium, promotes the activation of Gli(Amemiya, Alfoldi et al.) transcription factor proteins which enter the nucleus and transcribe Hh target genes. The bound Hh/Ptch protein complex at the surface of the cell is interalised and destabilised.(adapted from (van den Brink, 2007).

Figure 11 :

 11 Figure 11 : Mutant mice expressing exclusively the Gli3R repressor resemble Shh null mutants. (Adapted from Cao, Wang et al. 2013).

Figure 14 :

 14 Figure 14: Expression patterns of Msx1 and Msx2 visualized in whole-mount embryos from E11.5 to E13.5, using the lacZ reporter. Both Msx1 (left panel) and Msx2 (right panel) are highly expressed in the distal region of the limb bud, in the cranial vault, in the dorsal aspect of the spinal cord and in whisker follicles. The forelimb (FL) and hindlimb (HL) of each embryo are shown separately.
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	1.8 The Hedgehog (Hh) pathway
	The hedgehog (Hh) gene was first discovered in Drosophila as a segment-polarity gene
	(Nusslein-Volhard and Wieschaus 1980). Mutation of the single Hh gene present in
	Drosophila results, in fly embryos, losing normal segmented patterning and developing a
	uniform coat of bristles resembling the coats of hedgehogs, which gave rise to the gene
	name. Three homologues: 1. Sonic hedgehog (Shh), named after the video game character
	Sonic, the hedgehog, 2. Indian hedgehog (Ihh) and 3. Desert hedgehog (dhh), both named
	after specific species of hedgehogs, have been since identified in mice and humans
	(reviewed in
	29

Table A : Msx1 null mutations in mice Msx1 -/-Mice Mutant Structure Mutant Phenotype

 A 

Table B : Msx2 null mutations in mice Msx2 -/-Mice Mutant Structure Mutant Phenotype Skull

 B Msx2 mutations in humans In humans, two types of mutations in Msx2 have been shown to be responsible for hereditary pathologies (Sylvia Alappat 2003). A Boston-type craniosynostosis (premature fusion of skull bones) has been linked to a gain-of-function mutation, enhancing the DNA binding capacity of the homeodomain. On the contary, Msx2 haploinsufficiency in humans results in parietal foramina (defect in parietal bone ossification), reminiscent of the skull bone defects observed in the Msx2 homozygous null mutant mice. Of interest, facial clefting (due to Msx1

Adult mutant mice have defective frontal bone ossification, which results in enlarged foramen. The interparietal and supraoccipital bones are also small and abnormal.

Skeleton

The axial and appendicular skeleton of mutants have defects in chondrogenesis and endochondral ossification, linked to defects in Pth/Pthrp receptor (Pthr) signalling Ectodermal Organs Mutants display defective tooth (brittle incisor teeth and molar degeneration), hair follicle (alopecia) and mammary gland development. Hairs do not regrow after the first cycles and animals become bald. Cerebellum Mutants possess a hypoplastic vermis, lacing a posterior lobule (pyramis or ovula) and its cytoarchitecture is disorganized. The Purkinje cell (PCL) and internal granule (IGL) layers fail to laminate correctly. Doctoral Thesis, Institut Pasteur 2015 57 2.4.2.2 mutations) and craniosynostosis (due to mutations in Msx2) are one of the top congenital birth defects in humans. 2.4.3 Msx1Msx2 double mutations Compared to the widespread and various Msx1 and Msx2 expression domains, the phenotypes of the related mutants appear quite restricted. This is likely due to redundant activities of the two proteins that display striking homologies and are expressed accordingly to largely overlapping patterns.

Msx transcription factors interact with Gli3R in the limb for anterior--posterior patterning

  

	Introduction
	Msx1 and Msx2 are essential genes for limb development. Both are prominently
	expressed underneath the apical ectodermal ridge of tetrapod limbs, and Msx2 is
	further expressed at a high level in the ridge itself, where Msx1 expression is low
	Mathura Shanmugasundaram, Yvan Lallemand, Olivier Goupille § and
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	Keywords: Msx, Gli3, Shh, protein interactions, gene regulation
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  was a kind gift of Andy McMahon (University of Southern California, Los Angeles). Prx1 Cre (Logan et al., 2002) was a generous gift of Malcolm Logan (King's College, London). All protocols were approved (#2014--0029) by the Ethics Committee for Animal Experimentation at Institut Pasteur (CETEA--89). Mice were maintained on an NMRI outbred background.

Table S I: Significantly upregulated genes in the forelimb, P value <0,05

 S 

	108 Pmaip1 145 Uhrf1	0.737966 0.596837	0.009 0.04325
	109 Fbxo41 146 Dynll2	0.73202 0.594882	0.04065 0.042
	110 Bend4 147 Cmah	0.731751 0.594483	0.0102 0.0468
	111 Zcchc8 148 Rrp12	0.727544 0.592141	0.00945 0.0403
	112 mt-Nd4, mt-Nd4l 149 Kif21a	0.72072 0.589516	0.0124 0.04725
	Gene Name(s) 113 Lama1 150 Gtse1	Log2 Fold Change 0.720436 0.586881	P-Value ^ 0.0215 0.04335
	1 Svop 114 Kank4 151 Krt5	3.48717 0.713121 0.586664	0.0183 0.01055 0.0429
	2 Ofcc1 115 Kif26a 152 Eif3a	2.60922 0.700936 0.579155	0.0168 0.00935 0.05025
	3 Cd2 116 Epb4.1l4b 153 mt-Cytb	2.56336 0.700547 0.577922	0.01835 0.03115 0.04365
	5 Gm11515 117 Msi2 154 Nrp2	2.31716 0.697754 0.573904	0.03275 0.04875 0.0504
	6 Nrxn3 118 Hey1 155 Tcof1	2.07817 0.69673 0.572379	0.0245 0.0142 0.03595
	7 Pou4f1 119 Gm12715 156 Plk1	2.02751 0.683497 0.565711	0.01025 0.0337 0.0431
	8 Ece1 120 Grem1 157 Rrm2	1.86534 0.678472 0.562603	0.0005 0.01815 0.0487
	9 Evx1 121 Gldc 158 Asns	1.85877 0.675806 0.562145	0.00365 0.03575 0.04145
	10 Fgf4 122 Eno1 159 Incenp	1.83246 0.670972 0.559763	0.0113 0.0403 0.04645
	11 Zfp42 123 Eogt 160 Arhgap11a	1.72615 0.670946 0.553111	0.03975 0.0427 0.0418
	12 AC113287.1 124 Prtg 161 Il17rd	1.72068 0.66953 0.551258	0.00915 0.0498 0.0432
	13 Ambn 125 Prps2 162 Unc5b	1.66306 0.662695 0.543606	0.02815 0.0443 0.04595
	14 Vax2 126 Tpm3-rs7 163 Psmd3	1.65759 0.661778 0.536529	0.03595 0.0206 0.0488
	15 Tgm3 127 Gm5611 164 Ints1	1.64762 0.65764 0.533872	0.0446 0.0424 0.04595
	16 Krt23 128 Kbtbd11 165 Gm11603	1.63511 0.657039 0.409333	0.04635 0.04025 0.01285
	17 Sall3 129 Lhx2 166 Gm12204	1.62873 0.651993 0.282301	0.00005 0.03355 0.0165
	18 Dlx6as1, Dlx6as2 130 Eif4a-ps4	1.62168 0.64632	0.00345 0.0252
	19 Rpl10-ps3 131 Cdk6	1.60119 0.642721	0.00055 0.04045
	20 Rpl9-ps6 132 Mir3062, Pfas	1.59441 0.631027	0.0017 0.03635
	21 Emx1 133 Adarb2	1.55352 0.627517	0.01475 0.0333
	22 5730457N03Rik 134 mt-Nd5	1.46936 0.624796	0.00045 0.0416
	23 Eda2r 135 Mybbp1a	1.4545 0.623891	0.00035 0.0333
	24 Pla2g4c 136 Ly75	1.39932 0.622592	0.03405 0.04445
	25 Ano3 137 Fam50a	1.39216 0.621909	0.0366 0.0484
	26 Spry4 138 Anp32e	1.38762 0.615453	0.00025 0.0316
	27 Fgf8 139 AW555464	1.38426 0.612077	0.00035 0.0334
	28 Tlr1 140 Dusp6	1.38343 0.607776	0.0125 0.037
	29 Ism2 141 Eif3b	1.36362 0.607621	0.01675 0.0274
	30 Lmo1 142 Itpr3	1.34816 0.604819	0.00005 0.0499
	31 Rps13-ps1 143 Ncl	1.33982 0.599753	0.00005 0.0382
	32 Tfap2c 144 Hist1h2al	1.33447 0.599325	0.00015 0.04165
	33 Dlx2	1.31944	0.00475

Table S II: Significantly downregulated genes in the forelimb, P value <0,05

 S 

	71 Fbln5 106 Camk2a 142 Ebf2 177 Sorcs3	-1.39612 -1.19061 -1.00735 -0.865927	0.01945 0.0362 0.00015 0.03055
	72 Fyb, Gm7666 107 Dcc 143 Phex 178 Snora5c, Tbrg4	-1.39005 -1.18169 -1.00498 -0.856158	0.01085 0.005 0.0044 0.00385
	Gene Name(s) 73 Trim12c 108 Camk2n1 144 Csgalnact1 179 Pax7	Log2 Fold Change -1.389 -1.15993 -1.00064 -0.855968	P-Value ^ 0.0385 0.03265 0.02425 0.0032
	1 Snhg9 74 Efemp1 109 Otor 145 Gdnf 180 U1	-6.7941 -1.38762 -1.15881 -0.999405 -0.844478	0.03445 0.02465 0.01235 0.01085 0.01955
	2 6330403K07Rik 75 Slc25a19 110 Dpp6 146 U2 181 Oxtr	-3.56773 -1.3829 -1.15247 -0.995277 -0.840689	0.05055 0.033 0.0452 0.00015 0.0401
	3 Polr2a 76 SCARNA6 111 Gm12824 147 Pcdhb2 182 Metazoa_SRP	-3.56615 -1.381 -1.15222 -0.994501 -0.840566	0.04635 0.049 0.0431 0.04355 0.00025
	4 Lrch2 77 Susd5 112 Myl4 148 Pitx1 183 AC092202.2	-3.23722 -1.37603 -1.15222 -0.988894 -0.829705	0.04955 0.03705 0.0108 0.05 0.0482
	5 Sparc 78 U2 113 U4 149 Runx2 184 Rspo1	-2.79123 -1.37536 -1.15128 -0.98874 -0.826607	0.0405 0.0211 0.00015 0.02365 0.00155
	6 Pax9 79 Meis2 114 Alkbh2 150 Lyrm7 185 Cyp2s1	-2,70749 -1.37418 -1.14921 -0.982048 -0.826427	0,02425 0.00335 0.02925 0.02685 0.01715
	7 Rpsa-ps10 80 Rap1gap2 115 Matn1 151 Lsamp 186 AC131780.3	-2.65632 -1.36753 -1.14661 -0.981516 -0.819599	0.0405 0.04015 0.02535 0.00725 0.00005
	8 Hist1h4i 81 Glis3 116 Doc2b 152 Zcchc5 187 4930481B07Rik	-2.64947 -1.35707 -1.14257 -0.977101 -0.818258	0.0429 0.0274 0.04585 0.0006 0.03435
	9 Klhl4 82 Ncapd2, Scarna10 117 Rbm46 153 Rarres1 188 Sncg	-2.6478 -1.34129 -1.13757 -0.974834 -0.814325	0.0491 0.02565 0.0286 0.0071 0.0385
	10 Myog 83 Scarna6 118 Cxcl12 6330406I15Rik, 189 Nefl	-2.43672 -1.33642 -1.12881 -0.811943	0.03705 0.0408 0.0002 0.01095
	11 Palld 84 Dmrt2 119 Cldn11 BC028471, 190 4930412C18Rik	-2.4289 -1.32956 -1.12405 -0.792706	0.0451 0.0076 0.0239 0.0369
	12 Igfbp3 85 Pcdh8 120 Kcnk2 154 Gm20488 191 Asb9	-2.42252 -1.32513 -1.11897 -0.966014 -0.791261	0.0273 0.0368 0.0138 0.03045 0.02465
	13 Sfrp1 86 Tm4sf1 121 Cdh8 155 Pcp4l1 192 U1	-2.39566 -1.32125 -1.11823 -0.952896 -0.785827	0.03475 0.04205 0.03015 0.02465 0.03245
	14 Dlk1 87 Plat 122 Irx1 156 Cyp7b1 193 Chodl	-2.36209 -1.31812 -1.11393 -0.949622 -0.781535	0.0435 0.0073 0.0242 0.0087 0.02175
	15 Mdfic 88 Acss1 123 AC162693.1 157 Nov 194 Ptger3	-2.35299 -1.31484 -1.10906 -0.946403 -0.779902	0.04985 0.02015 0.03545 0.0312 0.026
	16 Tgfb2 89 Synpr 124 Fam101a 158 1190002H23Rik 195 AF529169	-2.33271 -1.31228 -1.10241 -0.939523 -0.77935	0.02405 0.0455 0.01045 0.0035 0.02165
	17 Msx2 18 Slitrk6 19 Fkbp7 20 Mpped2 21 Dkk2 22 Pgcp 23 Dcn 24 Dact1 25 Agtr2 26 Rbp1 27 Lhfp 28 Hddc3 29 Irx3 30 BC027582, Gm16520, Olfml3 -1.96619 -2.28886 -2.1777 -2.17374 -2.15795 -2.14294 -2.13642 -2.13289 -2.10553 -2.07767 -2.05177 -2.02549 -2.0154 -1.98178 90 Hsd3b6 -1.29802 91 9430008C03Rik, SNORA71 -1.29442 92 Col24a1 -1.28504 93 Fam84a -1.27915 94 Gm9800 -1.26869 95 Metazoa_SRP -1.25907 96 Rims1 -1.25865 97 U2 -1.24925 98 Tmem169 -1.23198 99 Alx4 -1.22884 100 Fap -1.21724 101 Meox1 -1.21715 102 Myof -1.21095 103 Isl1 -1.20578 125 C1qtnf3 -1.09479 159 AC114655.2 -0.937104 196 Corin -0.775975 126 160 Ccdc46 -0.932557 197 Gm10800 -0.771142 1600012P17Rik, Pappa2 -1.08464 161 Lrrc4c -0.925505 198 AC122860.1, Gdf7 -0.769363 127 Lmcd1 -1.08157 162 Abi3bp -0.924611 199 Negr1 -0.748692 128 Hist1h4j -1.07892 163 C1qtnf7 -0.923413 200 A2m -0.748482 129 Egfl6 -1.07774 164 Cbln2 -0.923265 201 Y_RNA -0.739937 130 Zbtb8b -1.07221 165 U1 -0.918145 202 Slc44a5 -0.735575 131 Gm13781 -1.06676 166 Ephb1 -0.914297 203 Dlg2 -0.734408 132 Lbp -1.06666 167 Mylk4 -0.912776 204 Kcne4 -0.730735 133 Col8a2 -1.06658 168 Nxnl2 -0.904401 205 Aph1c -0.729799 134 Pcdha10 -1.06524 169 Tmem132b -0.897039 206 Spock1 -0.729652 135 G0s2 -1.05801 170 Kazald1 -0.895964 207 Hist1h2br -0.729163 136 Bdh2 -1.05661 171 Gpr126 -0.89579 208 C1qtnf2 -0.726838 137 Xist -1.03664 172 6430704M03Rik -0.895497 209 Podnl1 -0.723159 138 Nrg1 -1.03364 173 Gsc -0.886827 210 Srd5a2 -0.714711	0.0288 0.0198 0.0453 0.03205 0.02175 0.0307 0.03675 0.0393 0.01695 0.023 0.01655 0.0456 0.04365 0.01895 0.0119 0.00845 0.0472 0.00545 0.00975 0.0115 0.0473 0.0008 0.0412 0.0009 0.0267 0.00395 0.01005 0.04015 0.05055 0.00135 0.0012 0.0393 0.00005 0.04885 0.03785 0.01775 0.0469 0.00005 0.02125 0.004 0.00215 0.0003 0.01105 0.00125 0.0016 0.00005 0.0386 0.03405 0.00215 0.00175 0.00305 0.02815 0.00195 0.00695 0.01775 0.0149 0.00125 0.0235 0.0142 0.0197 0.03705 0.00005 0.0429 0.00545 0.0234 0.00695 0.0018 0.02325 0.02315 0.0449 0.00105 0.0047
	31 Pth1r 32 Vmn1r90 33 Lrrc17 34 Col9a2 104 U4 105 2810008D09Rik, SCARNA16 139 Ntrk2 Gm20398, Hoxc10, 211 Lrfn5 140 Pkdcc 141 Vstm2b 176 Calcr 175 Prdm6 174 Hoxc4, Hoxc5 212 Gm12688	-1.95777 -1.95422 -1.902 -1.87638 -1.20564 -1.19775 -1.02698 -0.710289 -1.01181 -1.00794 -0.875985 -0.876005 -0.885545 -0.708886	0.01635 0.0462 0.01545 0.03045 0.00045 0.0148 0.0151 0.0022 0.0251 0.04895 0.0284 0.00005 0.00025 0.03795
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Abstract

The vertebrate limb is a paradigmatic model for morphogenesis. Anteroposterior (AP) patterning of the limb bud depends on a regulatory network involving in particular Sonic hedgehog (Shh) and Gli3. Shh is produced in the posterior region of the limb mesoderm and acts as a morphogen along the AP axis. As its main function is to prevent proteolysis of Gli3FL into Gli3R, Gli3R concentrates anteriorly, which notably is also a place where apoptosis takes place. In the mouse, despite a quasi--symmetrical expression profile of Msx1 and Mxs2, Msx double null mutants systematically show anterior defects with an anterior overgrowth, resulting in systematic anterior polydactyly. Mutations of both Msx and Gli3 result in anterior polydactylous phenotypes and similar loss of anterior apoptosis, suggesting an interaction between these genes to regulate anterior growth. Indeed, we demonstrate interactions between Msx and Gli3 genes and even proteins. We have performed a differential transcriptome (RNA--Seq) on whole limb buds of Msx1 --/--Msx2 --/--mutants vs. controls, which has led us to narrow down on a number of potential common targets of Gli3 and Msx. Our results demonstrate that Msx and Gli3 work together in controlling the anterior growth of the limb bud.

Comparative transcriptome analysis: Strategy

As described above, the Msx1 --/--; Msx2 --/--double homozygous mutation leads to a complex limb phenotype due to different requirements for Msx at early vs. later stages (Lallemand et al., 2005). To bypass the early stages and analyze only the polydactylous phenotype, we relied on a double mutant in which a conditional mutations of Msx2 is driven by an inducible Msx1Cre ERT2 allele that is itself a null Msx1 allele (Msx1 CreERT2/CreERT2 ; Msx2 flox/flox conditional null mutant) [START_REF] Lallemand | Generation and characterization of a tamoxifen inducible Msx1(CreERT2) knock--in allele[END_REF]. Since Msx2 expression territory in the limb bud is entirely comprised spatially and temporally within Msx1 expression territory, this strategy should generate time-controlled double mutations for Msx. Tamoxifen injections were performed over a series of embryonic stages, from E6.5 to E10.5, to determine the stage at which Msx loss leads exclusively to anterior overgrowth and polydactyly. Until E 7.5, Tamoxifen injections resulted in embryonic lethality and the embryos failed to survive beyond E11.5. Limb malformations were observed in embryonic mutants of both Msx1 CreERT2/CreERT2 ; Msx2 flox/flox as well as Msx1 CreERT2/CreERT2 ; Msx2 flox/+ (i.e. conditional compound mutant 1 or CM1) in both the forelimbs and the hindlimbs.

Tamoxifen--induced deletions at E10.5 resulted in a mild limb phenotype, with formation of a triphalangeal digit 1, the mildest form of anterior polydactyly, in both fore--and hindlimbs (Supplementary Fig. S6). Tamoxifen injection at E8.5 led to the most robust changes in the anterior limb domain skeleton for mutants as compared with same litter wild type siblings (Supplementary Fig. S6). In situ hybridization with a 
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Cell proliferation

Cdk6, Sall4, Jag1, Sall1, Cntfr,Ncor2,Ednrb,Avpr2,Dlx5,Isl1,Hand2,Fzd7,Wnt11,Prdm1,Thap1,Foxf1a,Hoxd13,Drd3,Hhip,Osr1,Runx3,Osr2,Pax1,Zmiz1,Sulf1,Hmga1,Tbx3,Grem1,Bmp2,Sfrp2,Hoxb4, Nrarp, Aldh1a2, Gli1, Bmp4, Sox4, Tbx2, Pbx1, Inha, Kit, Ptch1,

Gli3R targets Vokes et al. 2008

Cell death

Cntfr, Ppp2r4, Ednrb, Igf1r, Isl1, Sulf1, Tbx3, Hand2, Wnt11, Bmp2, Sfrp2, Ramp2, Aldh1a2, Prkce, Tpd52l1, Bmp4, Mgmt, Osr1, Sox4, Runx3, Inha, Xpa, Kit, Alx4

Msx up-regulated

Cell proliferation

Cdk6, Sall4, Jag1, Sall1, Cdkn1a, Mycn, Spry1, Epha2, Frzb, Uhrf1, Rrm2, Grem1, Fgf4, Ambn, Tfap2b, Fgf8, Tfap2c, Pmaip1, Etv5, Ints1

Msx up-regulated

Cell death

Cdkn1a, Mycn, Unc5b, Plk1, Asns, Epha2, Frzb, Ccng1, Fgf4, Ctsc, Dusp6, Tfap2b, Pou4f1, Fgf8, Edar, Pmaip1, Ece1, Mybbp1a, Ints1, Plcg2

Msx down-regulated

Cell proliferation