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Abstract

There is an accumulating body of evidence that highlights the fact that one can identify convergence in pro-

grammes of cellular differentiation. That is, that a particular differentiated cell ⁄ tissue type can be generated

via non-identical paths. Convergence is also seen in evolution and here it is termed homoplasy, thus one could

term convergence in cellular differentiation, developmental homoplasy. It is important to appreciate its exis-

tence as it can confound our understanding of cellular differentiation. In particular, it highlights the point that

the analysis of cellular differentiation in one region of the body may not generate an understanding that is

generally applicable. The existence of the phenomenon of developmental homoplasy may lie in the evolution-

ary history of developmental processes, which are assembled over phylogenetic time. Such convergence in cellu-

lar differentiation may also have significance for understanding disease state and disease repair.

Key words cellular differentiation; convergence; dermis; evolution; muscle; sensory neurons; skeleton; smooth

muscle.

Introduction

Homoplasy describes the emergence of similarities that arise

as a result of convergence during evolution (Lankester,

1870). A classic example of homoplasy would be the wings

of birds and the wings of bats (Fig. 1A). Although both

these groups of animals possess wings that allow them to

fly, their wings have evolved independently. The most

recent common ancestor of birds and bats did not possess

wings. Thus the modification to the development of the

forelimbs that gave rise to the wings of birds occurred inde-

pendently from that which generated bat wings. A number

of lines of evidence would seem to suggest that homoplasy

can also be detected in programmes of cellular differentia-

tion. Thus, there is an increasing body of work on a number

of diverse tissues that suggests there is convergence in pro-

cesses of cellular differentiation. It has been shown that

many of the differentiated cell types that are found in ver-

tebrates do not emerge from a single precursor population

but that they can have dual or multiple origins (Fig. 1B).

Furthermore, it is also becoming apparent that molecular

details of the paths of differentiation can also vary between

different regions of the body.

Skeletogenesis

Skeletal tissues provide the body with its framework and

underpin its morphology. It has been apparent, however,

that there are differences in the routes through which bone

and cartilage are generated. In the trunk, the skeleton has

a mesodermal origin. The axial skeleton emerges from the

somites and the appendicular skeleton from the lateral

plate mesoderm, and most bones are formed by endochon-

dral ossification via a cartilaginous template. Contrastingly,

in the head, much of the skeletal tissue derives from neural

crest cells (Le Douarin & Kalcheim, 1999). These are a tran-

sient multipotent embryonic progenitor population that

migrates from the neural tube early in development. It is

also important to note that in the head, whereas some

bones are formed by endochondral ossification, others, the

dermal bones, arise by direct differentiation of the neural

crest cells into osteoblasts. Thus the chondrocytes and

osteocytes of the trunk and head have very different deve-

lopmental histories and bone can be formed via distinct

paths. Yet, even when the neural crest and mesodermal

precursor populations differentiate to form the same skele-

tal tissue, endochondral bone, differences are also appar-

ent. Mice with a targeted mutation in Indian Hedgehog

(IHH) have severely reduced endochondrally derived trunk

bones, yet endochondrally derived cranial bones, such as
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the basioccipital and basisphenoid, are largely unaffected

in these animals (Abzhanov et al., 2007). This would seem

to suggest that the endochondral bones of the head have a

differential requirement for IHH from those in the trunk.

Sensory neuronal differentiation

Another very clear example of convergence in cellular dif-

ferentiation can be found in the generation of sensory neu-

rons. The neurons of the dorsal root ganglia (DRGs) of the

trunk and of the trigeminal ganglion of the head perform

similar functions; both are concerned with relaying general

somatosensory information from the periphery to the cen-

tral nervous system, but they have distinct developmental

histories. All of the neurons of the DRGs are neural crest-

derived. The neural crest cells emerge from the dorsal neu-

ral tube and then migrate into the anterior half of each

somite, wherein they subsequently differentiate as post-

mitotic neurons. This developmental programme involves

an increasingly well-defined cascade of transcription factors

(Marmigere & Ernfors, 2007). The development of the tri-

geminal ganglion is somewhat more complex (Fig. 2). The

first neurons to contribute to the trigeminal ganglion are

not neural crest-derived but arise from focal thickening of

the ectoderm, termed neurogenic placodes. There are two

trigeminal placodes, the ophthalmic and the maxilloman-

dibular, which lie alongside the midbrain hindbrain junc-

tion and are dependent on inductive signals from this

region of the CNS for their formation (Canning et al., 2008).

The formation of the placodes does not require the tran-

scription factors that drive neural crest formation and the

delamination of cells from the placodes is quite distinct

from neural crest delamination (Graham et al., 2007). The

trigeminal placodes also differ from each other both in

terms of the transcription factors that they express and in

the cellular behaviour of the neuronal cells they release. In

the ophthalmic placode, post-mitotic neurons differentiate

and express sensory neuronal transcription factors within

the ectoderm prior to their migration to the site of gan-

glion formation (Begbie et al., 2002). Contrastingly, the

maxillomandibular placodes release mitotically active neu-

roblasts that migrate from the ectoderm to the site of gan-

glion formation before differentiating. Thus there are

significant differences in the ways in which the progenitors

for the sensory neurons of the DRGs and the trigeminal

ganglion are generated and most probably in the cues that

direct their terminal differentiation.

There are, however, similarities in the signalling pathways

used in the generation of neurons in the DRGs and the tri-

geminal ganglion. Proprioceptive neurons relay information

about the movement and position of body parts. The pro-

prioceptive neurons that innervate the limbs reside in the

DRGs and these cells have been shown to require the tran-

scription factor Runx3 and NT3 ⁄ TrkC signalling (Marmigere

& Ernfors, 2007). Runx3 expression has been detected in the

neurons of the trigeminal ganglion, and in Runx3 mutants

it has been reported that there is a loss of TrkC expressing

neurons here, suggesting similarities in the developmental

path leading to the formation proprioceptive sensory neu-

rons in DRGs and trigeminal ganglion sensory neurons

(Levanon et al., 2002). Yet, there are no proprioceptive

sensory neurons in the trigeminal ganglion; they are

somatosensory. The proprioceptive neurons that contri-

bute to the trigeminal nerve reside in the CNS; these are

the cells of the mesencephalic trigeminal nucleus, and these

Fig. 2 Developmental homoplasy in the trigeminal system. The

somatosensory neurons contributing to the trigeminal ganglion are

derived from three distinct embryonic populations. The first-born are

derived from the opththalmic placode (red), followed by cells from the

maxillomanidbulare placode (green) and finally by neural crest-derived

cells. The other group of sensory neurons that contribute to the

trigeminal nerve are the cells of the (MTN; purple). The motor

neurons, shown as red dots, are found in rhombomeres 2 and 3 (r2,

r3).

A B

Fig. 1 Homoplasy and developmental homoplasy. (A) The wings of

birds and those of bats evolved independently. Birds evolved within

the archosaurs, from therapod dinosaurs, while bats are eutherian

mammals. The last common ancestor of birds and bats did not have

wings. Thus their evolution in these two lineages represents an

example of homoplasy. (B) The bones of the limb and those of the

jaw have distinct embryonic origin. Limb bones arise from lateral plate

mesoderm, whereas jaw bones are neural crest-derived. The

generation of bone cells from these distinct progenitor populations

represents an example of developmental homoplasy.
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are not exclusively dependent upon TrkC signalling for their

formation (Fan et al., 2000) (Fig. 2). Thus the pathway that

promotes the differentiation of proprioceptive sensory neu-

rons in the trunk affects the development of a different

class of sensory neurons in the trigeminal ganglion.

Skeletal muscle development

A more recent example of developmental homoplasy has

emerged from studies of skeletal muscle development. It

has been shown that trunk and cranial muscles derive from

separate genetic lineages (Harel et al., 2009). In the trunk,

skeletal muscle cells arise from the somites and they can be

genetically labelled through their expression of Pax3. The

cranial musculature does not derive from somites but from

the unsegmented cranial paraxial mesoderm and the pre-

cursors of the cranial skeletal muscles do not express Pax3.

They can, however, be genetically labelled via their expres-

sion of a different transcription factor, Mesp1. It has also

been shown that aspects of the myogenic programme differ

between head and trunk muscle. In the trunk, it is known

that Pax3 acts in a pathway parallel to Myf5 and Mrf4 and

will rescue MyoD-mediated myogenesis in the absence of

these two transcription factors (Tajbakhsh et al., 1997). Yet,

in the head, myogenesis will ensue in Pax3:Myf5(Mrf4)

mutants. Instead, Tbx1 function is required for myogenesis

in pharyngeal arch muscles in the absence of Myf5, which

again highlights to existence of convergence in develop-

mental processes (Sambasivan et al., 2009). The neurons

that innervate the pharyngeal muscle reside in the hind-

brain, and it is important to recognize that these motor

neurons can be uniquely defined through their expression

of the transcription factors Phox2b and Tbx20, and are thus

distinct from spinal motor neurons (Dufour et al., 2006).

Dermis formation

Although these previous examples have focussed on differ-

ences between the head and trunk, examples of develop-

mental homoplasy can be found exclusively within the

trunk. In particular, it has been shown that the dorsal and

ventral dermis of the trunk arises from distinct progenitor

populations (Mauger, 1972). Thus, while the dorsal dermis

originates from the somites, the ventral dermis is generated

by the lateral plate mesoderm. The dorsal and ventral der-

mis also differ in their requirement for wnt signalling dur-

ing development. In both dorsal and ventral dermis, b-

catenin is required for cell fate selection, but in the ventral

dermis, b-catenin is additionally required for progenitor cell

survival (Ohtola et al., 2008).

Vascular smooth muscle differentiation

Perhaps one of the most striking examples of convergence

in cellular differentiation is that associated with the gen-

eration of vascular smooth muscle cells. These cells origi-

nate from an incredibly broad range of embryonic tissues,

including, the neural crest, the secondary heart field, the

somites, the splanchnic mesoderm and the mesothelium

(Majesky, 2007). Significantly, it has been found that dif-

ferent blood vessels, and indeed different segments of

the same vessel, such as the aorta, are composed of

smooth muscle cells generated by distinct progenitors.

The complexities in the origins of the vascular smooth

muscle cells are reflected in aspects of their differentia-

tion. Thus, although it has been shown that all smooth

muscle cells express the smooth muscle myosin heavy

chain (SM-MHC) gene, dissection of the regulatory appa-

ratus of this gene has revealed the existence of distinct

elements that are required for the expression of this gene

in different smooth muscle cell populations (Manabe &

Owens, 2001).

The evolutionary origin of developmental
homoplasy

Having established that there are a number of examples of

developmental homoplasy associated with multiple tissue

types, it is crucial to consider why they are present. The

answer to this most probably lies in the complexity of the

evolutionary history of development. Alterations to the

developmental programme are vital for evolutionary

change and these can include the emergence of novel fea-

tures or a loss of components. Thus, it is important to

appreciate that development is modular and that the devel-

opmental programme of particular modules can be altered

without affecting the whole developmental process. With

respect to formation of skeletal components, analysis of the

fossil record has suggested that the splanchnocranial skele-

ton, those elements associated with the pharyngeal arches

and which are likely to be neural crest derived, are ancient,

whereas the appendicular skeleton, by comparison, is

recent (Donoghue & Sansom, 2002). Thus, the developmen-

tal programme underpinning neural crest-derived skeleto-

genesis is likely to be relatively ancient. The fact that

somatosensory neurons are generated from two distinct

embryonic populations, neural crest cells and neurogenic

placodes, also probably lies in evolutionary history. Neuro-

genic placodes are a region of the embryonic ectoderm in

which neuronal cells are generated, and this is a widespread

feature of the metazoa. In numerous animals, from flies to

echinoderms, that is how neurons are generated; they are

derived from the embryonic skin. However, the neural crest

is a vertebrate-specific embryonic cell type. Thus, the ability

to generate sensory neurons from the embryonic ectoderm

is likely to have preceded the generation of sensory neurons

by neural crest cells. Finally, it has been shown that homo-

logues of the Phox2 ⁄ Tbx20 motor neurons that innervate

pharyngeal musculature have been identified in ascidians

(Dufour et al., 2006). In Ciona, CiPhox2 expressing neurons
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lies in a region of the developing nervous system that abuts

the domain of expression of CiOtx rostrally and overlaps

with the expression of CiHox1 at its posterior end. These

expression profiles define this region as being equivalent to

the vertebrate hindbrain. In the post-metamorphic animals,

these cells are found in the cerebral ganglion and they

express CiTbx20. They also project to the muscle of the pha-

ryngeal basket. One can therefore conclude that it is likely

that the pharyngeal musculature and its associated motor

neurons evolved prior to the emergence of the vertebrates,

well before, for example, the spinal motor that innervates

the limb musculature. Thus developmental homoplasy will

have arisen as the consequence of the sequential modifica-

tion of developmental processes over phylogenetic time.

Developmental homoplasy – implications for
disease and repair

The fact that developmental homoplasy exists, may have

ramifications for our understanding of the differential pre-

sentation of some diseases and for the correction of

defects through stem cell treatment. For example, it has

been noted that muscular dystrophies can affect distinct

muscle groups (Emery, 2002) and this could be underlain

by the fact that different muscle groups develop via dis-

tinct pathways. The lineage diversity of smooth muscle cells

may also relate to vascular disease. There are differences in

atherosclerotic lesion formation between thoracic and

abdominal aorta, with thoracic segments being more resis-

tant than abdominal, and this was thought to be due to

differences in haemodynamic flow patterns. However,

transplantation studies have shown that thoracic segments

transplanted into atherosclerosis-susceptible abdominal

aorta remained resistant after 1 year on an atherogenic

diet, suggesting that their developmental origins may be

an important factor in this behaviour (Majesky, 2007). It

has also been shown recently that there is a marked differ-

ence in the ability of stem cells derived from neural crest

to contribute to bone regeneration vs. those derived from

mesoderm (Leucht et al., 2008). Skeletal stem cells derived

from the mandible, which has a neural crest origin, can

contribute to the regeneration of mandibular fractures

and also to the regeneration of fractures of the mesoder-

mally derived tibia. However, stem cells from the tibia can

only help repair tibial fractures and will not contribute

osteocytes to mandibular defects. Thus in some instances it

may be critical to consider the fact that differentiated cell

types can be generated through convergent paths and

that the developmental history of the stems cells being

used to repair a deficit may affect their efficacy. Finally,

this of course would also apply to the generation of differ-

entiated cell types from stem cells in vitro. It may not be

enough to generate a motor neuron or a smooth muscle

cell; the particular features of these cells must be consid-

ered as well.

Conclusions

As work progresses, it is probable that instances of develop-

mental homoplasy will become more apparent in many sys-

tems, and, in particular, in areas of the body with complex

developmental and evolutionary histories, such as the cen-

tral nervous system and the immune system. With regards

to the immune system, studies would seem to suggest that

lymph nodes in different sites in the mouse, such as those

associated with the nasal tissue vs. Peyer’s patch in the gut,

employ different mechanisms to realize similar objectives

(Kiyono & Fukuyama, 2004). However, determining the

extent to which this represents an example of developmen-

tal homoplasy awaits the uncovering of the precise details

of the developmental origins of these structures.
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