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Abstract

Functional annotation of mutations that cause human limb anomalies is enabled by basic
developmental studies. Here we focus on the prepatterning stage of limb development and discuss
a recent model that proposes anterior and posterior domains of the early limb bud generate two
halves of the future skeleton. By comparing phenotypes in humans with those in model organisms,
we evaluate whether this prepatterning concept helps to annotate human disease alleles.

Graphical Abstract

Two early limb bud regulatory domains generate two halves of the limb skeleton.
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Congenital limb anomalies reflect altered development. Although most human anomalies
can be classified clinically as failed or mispatterned formation of skeletal elements, their
embryonic origins are often not clear. By linking human mutations with embryonic
processes that are discovered in model organisms, we have the potential to more precisely
unravel the aetiology of congenital anomalies and exciting advances in both arenas are
facilitating progress in that direction.

The prepatterning stage of limb development is critical for polarising early limb bud
mesenchyme and generating signalling centres that drive further development. Since recent
reviews have expertly discussed contemporary concepts that address limb pattern
formation1~4 and malformation®, our goal here is to focus on human mutations that
potentially affect the prepatterning stage of limb development.

Let’s consider how far we can link anomalies to developmental processes. Formation of the
limb can be considered in stages during which key processes take place. These include
initiation and early budding, formation of signalling centres called the apical ectodermal
ridge (AER) and zone of polarising activity (ZPA), expansion and patterning of progenitor
cells, and differentiation of skeletal and other tissue elements. Twentieth century
embryologists made remarkable progress by discovering signalling centres and establishing
key principles that underlie these processes. Over the past thirty years, important molecular
mediators of limb development were identified, many of which were later shown to play
critical roles in other organ systems. Can we now ascribe precise functions to mutations in
human patients?

The developmental relevance of human mutations is muddled by two general problems. One
is that a handful of signalling pathways regulate multiple processes that are relevant during
different stages of development. Therefore mutation of, say, a Wnt pathway component
could affect early outgrowth or later elongation of differentiating skeletal anlage — two key
functions of the pathway. Another problem is that pattern, defined by the spatial distribution
of skeletal elements that is most obviously altered in congenital anomalies, is likely
specified, determined (committed) and refined during different stages of development.
Mutations could therefore disrupt pattern at different times.

Human limb anomalies have long been referred to as failures of formation and classified
according to the position and orientation of missing segments. Longitudinal deficiencies
(hemimelia in which embryonically anterior eg. radius/tibia/digit 1 or posterior eg. ulna/
fibula/digit 5 elements are lacking) are more common than transverse terminal deficiencies
(congenital amputation), and transverse intercalary deficiencies (phocomelia in which a
central portion of the limb such as the forearm/lower leg is absent and the hand/foot arises
from the upper arm/thigh) are least common®. Since traditional models of limb development
have treated anteroposterior (AP) and proximodistal (PD) pattern formation separately, it
might seem that longitudinal and transverse deficiencies could be attributable to AP and PD
patterning problems, respectively (Fig. 1). Given that the limb skeleton differentiates in a
proximal to distal sequence, it also seems that more proximal deficiencies should reflect

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 3

earlier developmental problems. In this review we examine data from model organisms and
contemporary models of pattern formation with a focus on early development of the limb
bud to evaluate whether these concepts are valid.

Models of limb pattern formation

Since the mid-twentieth century, theoretical models have served as useful platforms to
integrate observational and experimental data obtained from model organisms and
potentially help to annotate pathogenic mutations identified in humans. Alan Turing
described reaction-diffusion, a theoretical model to explain how developmental pattern
arises. In Turing’s proposal, interaction between morphogens coupled with their diffusion is
sufficient to disrupt the equilibrium of a homogenous field of cells causing them to form
some patterns’. We now have genetic and molecular evidence that supports this model with
regard to limb skeletal pattern, especially within the autopod®®. The classical morphogen
gradient model was proposed well after Turing1®-12, Combined with modern molecular data,
this model proposes that a posterior high to anterior low ratio of GLI transcriptional activator
(GLIA that is promoted by Sonic hedgehog (SHH)) to GLI transcriptional repressor
(primarily GLI3R) provides AP positional information12-14, These two models are likely
simultaneously valid since positional information can fine tune reaction-diffusion1®.

The progress zone model which was formulated in 1970s proposed that PD segments are
specified gradually due to cell-intrinsic timers1916, An alternative view that was proposed in
the same eral’ and elaborated upon in the early 2000s proposes that PD segments are
specified together at an early stage and subsequently expanded!8. A two signal model also
invokes progressive proximal to distal specification under the control of opposing proximal
retinoic acid (RA) and distal fibroblast growth factor (FGF)1. Elegant chick embryo
experiments provided experimental evidence for this concept2%-22, However, the role of RA
in this model remains controversial because in the mouse embryo, studies employing
mutations of the Raldh2and Radh10genes which encode enzymes for RA synthesis indicated
that RA acts to prepare the forelimb field for initiation rather than to specify proximal
pattern23:24, Contemporary updates of AP and PD patterning concepts that weigh the relative
importance of cell-extrinsic secreted positional cues and cell-intrinsic fate timers are
increasingly integrating pattern formation with tissue growth over time. For example, SHH
specifies the condensation pattern and promotes expansion of the same group of skeletal
progenitors, likely in a two-step biphasic manner?>-27, Common to many of these modern
concepts is an early ground state in which the prospective limb field exhibits AP polarity.

AP prepattern

The limb field exhibits AP polarity well before the ZPA that expresses Shh is established,
and even before growth of the limb bud from the flank is initiated. Surgical rotation of the
chick presumptive limb field by 180° about its central axis results in reversal of AP limb
polarity, indicating that the axis is fixed prior to outgrowth?8:2%. Moreover, mice completely
lacking Shh exhibit AP polarity of the stylopod segment that is regarded as a manifestation
of prepattern established in the early limb field3C.
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Both the rostrocaudal location and early AP polarity of the forelimb field are attributable to
appropriate combinations of Hox genes that are expressed in overlapping domains along the
long embryo axis. Hox4 and Hox5 paralogs induce expression of 7bx53! that is required for
early forelimb bud growth32, Hox5and Hox9 paralogs are required for development of
anterior and posterior regions of the forelimb, respectively33:34. In the hindlimb field, PitxZ
and /sfet1, rather than Hox genes, promote 7hx4 that drives early outgrowth35-38, and /s/et1
also promotes posterior identity36. Relative to the hindlimb therefore, AP polarity of the
forelimb bud is more clearly defined by the same family of Hox genes that pattern the
rostrocaudal embryo axis. Nonetheless, both Hox9and /s/et1 promote posterior expression
of Hand?Z, a key regulator of posterior prepattern in both the forelimb and hindlimb (Fig. 2).

GLI3/HAND2 mark AP polarity

Two critical upstream factors of Sh#are HAND2 and HOX proteins. HAND?2 is a
transcription factor that promotes posterior skeletal identity by positively regulating Shh via
a cis-regulatory element known as the ZPA regulatory sequence (ZRS)3°. The products of
some 5’ Hox paralogues, HOXA/D10-13, also upregulate Sh# by acting on the ZRS4 and
may act synergistically with HAND241, HOXD activation of the ZRS requires control of the
spatial distribution of HOX transcription by TALE homeodomain proteins PBX1 and
PBX242. In contrast, HOX5 promotes anterior identity by interacting with PLZF to suppress
activity of the ZRS enhancer33 (Fig. 2). As such, these HOX proteins affect Sh4 directly
without influencing prepattern.

During the prepatterning stage, HAND?2 is counterbalanced anteriorly and mutually
antagonised by GLI3%344. TBX3 likely mediates HAND?2 repression of GLI3 in posterior
forelimb cells*®. GLI3 interferes with activation of the ZRS enhancer#! and also restricts
SHH activity in anterior limb bud cells to perpetuate AP polarity during later stages. When
both Hand2and G/i3are removed from the limb field, the limb develops with a fairly
symmetrical pattern of skeletal elements, indicating a lack of AP polarity*1.

Twist] genetically interacts with G/i3*6 and its product promotes anterior identity by
forming heterodimers with HAND?2 to antagonise SA/ expression in anterior
mesenchyme?®”48. Loss of 7wist1 very early in the mouse arrests limb initiation while later
loss (and presumably hypomorphic human mutation) causes posteriorisation of anterior
structures such as the radius and thumb?2:0, Ectopic expression of Hand2 phenocopies loss
of Twist1®!, indicating that precise balance between these transcription factors is essential to
establish appropriate AP polarity.

In addition to promoting early anterior identity, G/i3also restrains mesenchymal cell
proliferation in the limb bud®2, a function that helps to explain the preaxial polydactyly
observed in G/i3 mutants®3. During early stages therefore, mutual antagonism between GLI3
and HAND?2 is regarded as the molecular manifestation of prepattern and represents the
central foundation of the two domain hypothesis (Fig. 3A).
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Two domain hypothesis

The two domain hypothesis expands upon the AP prepattern concept and posits that
progenitor cells within early limb field mesoderm are prepatterned into anterior and
posterior groups whose descendants populate the entire limb skeleton®#-56 (Fig. 3B).
Recently, upstream anterior regulators of G/i3have been identified that expand upon the
prepattern concept. IRX3 and IRX5 (IRX3/5) are TALE class homeodomain proteins that
directly promote expression of G/i3in the hindlimb®®. SALL4 is a spalt family zinc finger
transcription factor that also upregulates G/i3in the hindlimb and to a lesser extent in the
forelimb®®. Consistent with their action in a common anterior identity pathway, Sa//4 is
downstream of 7bx5in the mouse forelimb bud®’ and its Drosophila homologue spalt
regulates /x5,

In the absence of /rx3/5or Sall4, the hindlimb exhibits a small stylopod (femur) and loss of
the anterior zeugopod element (tibia) and anterior digits (primarily one and two). These
deficient skeletal elements are those that remain intact in S#4 mutants®%-0, In other words,
these genetic studies support the idea that /rx3/5/ Sall4] GIi3 and Hand2l Shh are required to
generate complementary anterior/proximal and posterior/distal skeletal elements,
respectively. Moreover, genetic lineage tracing of Shf-expressing descendents and of cells
that respond to Shhis consistent with expansion of an early posterior population of
progenitor cells that gives rise to the radius/tibia and posterior digits61:62. Therefore based
mostly upon genetic data, it seems that early AP limb bud prepattern becomes elaborated
into two sets of obliquely oriented skeletal descendants (Fig. 3).

It is tempting to speculate whether the apparent oblique orientation of final skeletal pattern
relative to initial AP prepattern hints at how the two initial domains function. One possibility
is that anterior and posterior cell progenitors are committed halves of the future skeleton
whose relative positions shift obliquely during development. This concept is supported by
the results of surgical removal of anterior or posterior halves of the early (72-96 h) chick
limb bud which closely resemble /rx3/5/5all4 and Shh mutant skeletal phenotypes,
respectively53. Those experiments suggest that anterior and posterior cell fates are
‘determinate’ rather than ‘regulatory’ by that stage, suggesting that two distinct cell
populations underlie AP domains. However, random clonal analyses®4:6% and prospective
fate mapping®® have revealed no evidence of an AP compartment boundary in the limb bud.
On the contrary, the initial limb bud is characterised by some degree of AP cell mixing due
to cell movements as seen by live imaging®’. Mesodermal cells cross gene expression
boundaries®® without disrupting those boundaries presumably due to plasticity of cell fate
during early stages®®. Therefore, a more likely alternative is that anterior and posterior
domains specify but do not fix the initial fate of mesodermal cells. Future genetic lineage
tracing of early anterior and posterior population cells that express /rx3/5, Sall4, or Hand2,
for example, will clarify the degree to which early progenitors presage mature skeletal
pattern.

During the prepatterning stage, anterior and posterior regions of the limb field have distinct
signalling requirements to establish and maintain their identity. In particular, GLI3 and KIF7
together establish a hedgehog signal-free zone replete with GLI3R in the anterior limb
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field 5455, This early state is essential for bud outgrowth since ectopic anterior hedgehog
pathway activation is deleterious and aborts the formation of the AER and ZPA%. After the
prepatterning stage when the AER and ZPA are established, markers of SHH pathway
activation progressively expand from the posterior aspect of the limb bud®®. During this
process, overlap may occur between anterior GLI3R-rich and posterior GLIA-rich domains.
However, any SHH signal that may be present in the anterior-most digit progenitor region
remains insufficient to transcribe detectable levels of markers of pathway activation and
ectopic anterior pathway activation at those stages results in preaxial polydactyly, a
manifestation of anteriorly expanded posterior identity4:69, Therefore, balance between
anterior and posterior signal interactions defines normal digit pattern and is also essential to
permit appropriate regeneration of the axolotl limb?C. By suppressing early anterior SHH
pathway activation, IRX3/5 and SALL4 safeguard early establishment of signalling centres
and anterior skeletal identity.

Despite abnormal expression of at least some genes, forelimbs of /rx3/5and Sall4 mutant
mice are not mispatterned®>-6. However, phenotypic abnormalities of the forelimb that
mirror the proximal/anterior skeletal deficiency of the hindlimb appear in an /rx3/5 mutant
background when Ki7f7is also deleted. Taken together with the greater hedgehog signalling-
free anterior area in the forelimb compared to the hindlimb, that implies forelimb/hindlimb
differences in sensitivity to deletion of /rx3/5, and possibly of Sal/4, are due to the relative
extent of the anterior hedgehog-free zone. This sensitivity could help to explain the hindlimb
or forelimb propensity of certain human mutations.

Relation of the two domain hypothesis to other models

Irx3/5and Sall4 regulate prepattern because they are required prior to or during limb
initiation, well before signalling centres are established. Conditional and tamoxifen
inducible deletion of /7x3/5 at progressively earlier times prior to limb initiation resulted in
progressively more severe deficiency of anterior skeletal elements along the PD axis®®.
Unexpectedly, progressively later deletion of /rx3/5 ‘restored’ skeletal elements in a distal to
proximal sequence, implying that /rx3/5 are required earliest for digit one and latest for the
stylopod. Although this temporal requirement for /rx3/5is not intuitive and requires
temporal lineage tracing for verification, it does indicate that skeletal identities are not
specified simultaneously then simply expanded during outgrowth. Similarly, conditional
deletion of Sa/l4 using different Cre lines that cause recombination at different times before
limb bud outgrowth revealed that progressive specification of PD cell fates characterises the
anterior domain at an early stage®. Therefore, the two domain hypothesis supports early
specification of the anterior region yet incorporates a temporal component that is a feature of
the progress zone model.

A possible explanation for the progressive nature of early specification concerns the intimate
relationship between morphogenesis, growth and pattern that has been brought to the fore by
work linking patterning genes with cell proliferation in the limb bud?’ and other contexts’1.

Morphogenetic cell movements from proximal to distal and from anterior to posterior partly
underlie early outgrowth of the limb bud®7:72=74_ In light of those movements, future lineage
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tracing may help to explain whether the duration of cell transit through an /rx3/5/5all4
expression domain affects PD cell fate.

Interestingly, removal of one Shhallele in an /rx3/5 mutant background rescued anterior
skeletal pattern®. Given that Sh/h expression starts ~12 hours after the onset of limb bud
outgrowth, this rescue lends support to the idea that, although PD fate may be specified, it is
not fixed until later in development58. The experiment also implies that /7x3/5 are not
required to generate pattern per se, but rather balance between /rxand Shh influence is most
important as it is between G/izand ShH™>. One possibility is that a basal mechanism of
pattern formation, such as reaction-diffusion, is fine tuned by these factors at an early stage.
It has been shown that interaction between two adjacent cell populations can itself generate
pattern according to principles of reaction-diffusion’5, a concept that may apply to the early
AP polarised limb bud. By experimentally evaluating the importance of extrinsic signals
such as FGF, WNT and BMP that are central to autopod reaction-diffusion, it is conceivable
that early events controlled by /rx3/5, Sall4, G/i3and HandZ can be linked to existing
frameworks to explain complete limb pattern.

Does the prepattern concept help to annotate human mutations?

Mutations in limb development genes are associated with syndromic and nonsyndromic limb
deficiency. By attempting to cross reference human mutations that cause congenital limb
anomalies with functional studies that were performed in model organisms, one is reminded
how interrelated growth and polarity are during development of the early limb bud. Because
a previous review effectively summarised congenital human limb malformations and genes
that regulate limb development in model animals®, here we focus on mutations that regulate
early outgrowth and polarity of the limb bud.

Genetic screens that focused on candidate limb development genes and nearby noncoding
regions among patients with congenital limb deficiencies identified point mutations and
single nucleotide polymorphisms (SNPs) that were associated with a large variety of
phenotypes’’:’8, Many of the mutations identified involve genes that regulate early AP
polarity in the mouse (Table 1).

Anterior genes

Several, but not all, human phenotypes arising from mutations of anterior skeletal identity
genes fit with their patterning functions in model organisms. Mutations of GL/3,

SAL L4980 (Duane-radial ray syndrome, OMIM 607323) and 78X (Holt-Oram
syndrome, 142900) are associated with defects of anterior limb elements. Phenotypes
associated with hypomorphic alleles or haploinsufficiency of these genes often involve
deficiency of anterior skeletal elements such as the radius and thumb and may also exhibit a
short humerus (the upper limb equivalent to /7x3/5 mutation in the mouse hindlimb). Altered
TWIST1-HAND?2 dimerisation underlies first (anterior) digit anomalies seen in Saethre-
Chotzen syndrome5! (OMIM 101400). In the case of GL/3, some mutant alleles indeed
affect anterior skeletal formation resulting in tibial hemimelia as a consequence of
ineffective anterior SHH pathway repression82. However, most anomalies associated with
GL/3mutations include anterior (preaxial) polydactyly83, likely due to the proliferation
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effects in later stages of limb development®2. Although the anterior-most autopod is affected
by these more common GL/3alleles, the anterior skeleton remains largely unaffected
possibly because of the hypomorphic nature of the mutation in contrast with the relatively
severe protein truncation associated with tibial hemimelia. /X5 mutation has been
described in a syndrome that includes craniofacial anomalies and poor long bone quality8?,
although limb pattern defects have not been described probably due to an intact /X3 gene
since /rx3and /rx5are largely redundant in the mouse limb®®. Allelic differences and
redundancy therefore help to explain of the phenotypic variation due to anterior identity
gene mutations.

Posterior genes

Some human mutations of posterior limb genes result in posterior skeletal deficiency while
others affect anterior or posterior skeletal identity or character in a manner that is not always
intuitive. The first ‘deficiency’ type includes mutations of the ZRS enhancer and 7BX3, both
of which are downstream of Hana2and regulate Sh/in the mouse. Heterozygous 7BX3
mutation results in posterior skeletal deficiency’8:8 (ulnar-mammary syndrome, OMIM
181450) while some ZRS mutations are associated with tibial (anterior) longitudinal
deficiency (hemimelia)86-88, HAND2 overdose in partial trisomy distal 4q causes anterior
zeugopod and autopod skeletal defects89, although it is not clear why a presumably
posteriorised limb would exhibit these deficiencies. In Cornelia de Lange Syndrome (OMIM
122470), mutation of AV/PBL which regulates Hand?in zebrafish® can be associated with
ulnar (posterior) and tibial (anterior) deficiency®1-93 suggesting that cohesinopathy affects
early limb polarity differently in the forelimb and the hindlimb. The second ‘mispattern’
type of mutations include other single base pair substitutions or microduplications of the
ZRS sequence that cause preaxial polydactyly®* and Laurin-Sandrow syndrome (OMIM
135750)% in which the anterior (radial/tibial) aspect of the hand/foot exhibits posterior
character resembling mirror duplication of the posterior (ulnar/fibular) aspect of the upper
and lower limbs. These phenotypes are presumably due to ectopic anterior SHH pathway
activation signalling although the precise mechanism remains unclear. This variety of AP
pattern phenotypes underscores the importance of balance between multiple regulators of
AP pattern and suggests that we do not fully understand basic questions about how skeletal
formation and identity are coregulated.

Limb initiation and early outgrowth genes

By trying here to highlight human deficiencies that result from mutations in genes that
promote limb initiation in model organisms, we find that outgrowth is almost inseparable
from AP polarity. For example, 7bx5and Fgfi0are required for forelimb initiation in the
mouse32:96.97 'in part by promoting epithelial to mesenchymal transition of coelomic
epithelium into lateral plate mesoderm cells in the forelimb field”2. In the mouse forelimb
bud, 7bx5regulates Sal/#7 which is required for expression of the anterior pattern regulator
Gli38. Therefore as expected, haploinsufficiency of Thx3 TBX5 causes anterior (radius and
thumb) forelimb deficiency in mouse and Holt-Oram syndrome% (OMIM 142900) in
human. Point mutations and single nucleotide polymorphisms (SNPs) of 7BX5 are also
associated with nonsyndromic radius and thumb deficiency’”:78. Although a polarity effect
of hypomorphic FGFI10is less clear, common SNPs and mutations of FGF10as well as of
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other FGF ligands and receptors (FGFR1, FGFR2) predispose to a variety of nonsyndromic
and syndromic transverse and longitudinal defects’899 including
lacrimoauriculardentaldigital (OMIM 149730), Pfeiffer (OMIM 101600) and Crouzon
(OMIM 176943) syndromes. Another pathway that converges upon Fgf10to promote limb
initiation in the chick and mouse is canonical Wnt signalling. Accordingly, loss of WNT73
function in humans causes tetra-amelial®, presumably due to failure of initiation. The
combination of transverse and longitudinal defects caused by this group of alleles
underscores the interrelated nature of growth and pattern formation.

Predictive power of model organisms?

The examples above show that human phenotypes largely correspond to the expected
function of mutant genes based on work in model organisms. Some of these correlations, as
with human 7B.X5 mutations, underscore the intimate relationship between limb polarity
and early growth. Early limb field polarity that establishes an anterior region free of SHH
pathway activation is likely a feature in common to both mouse and human embryos.
However, we do not yet have sufficient basic information to neatly predict AP phenotypes.

It may be interesting to mark our current state of progress by attempting to predict unknown
genetic etiologies of human limb anomalies based on the phenotype. One would expect
nonsyndromic ulnar dimelial®1.192 or mirror duplication of the posterior aspect of the upper
(or lower) limb, for example, to be due to loss of anterior identity. This loss could be due to
mutation of an anterior identity gene such as a regulator of GL/3 or expansion of a posterior
identity factor such as a regulator of HANDZ. However, ectopic anterior SHH pathway
activation prior to establishment of signalling centres is unlikely to be causal since that
should result in severe loss of skeletal elements rather than simply posteriorised character>?,
Mutation that causes ulnar duplication would be functionally distinct to that which causes
ulnar deficiency® since skeletal formation is largely unaffected in the former, possibly
because the causal mutation affects a basal patterning mechanism without affecting
proliferation or morphogenesis.

Proximal femoral focal deficiency is another interesting example of a usually sporadic
skeletal deficiency for which a mutation has not been identified103-105_ A curious feature of
this deficiency is that it can be associated with either posterior (fibular) or anterior (tibial)
longitudinal deficiency (hemimelia). When femoral deficiency is associated with tibial
hemimelia (Fig. 4), the affected skeletal elements match the proximal-anterior domain
described above and therefore might be due to a mutation affecting /RX3/50r SALLA4.
Consistent with the /oss of anterior skeletal elements in this condition, there is evidence that
a Drosophila Irx homologue called caupolican regulates proliferation in addition to pattern
specification’L. In contrast, associated fibular hemimelia is more difficult to assign neatly to
one half of the skeleton according to the two domain model. Possible mutations could affect
the posterior/distal portion of the skeleton according to the two domain model since a small
portion of the femur is dependent on S##in mouse30. An alternative possibility is that an
upstream regulator of the ZRS such as HOXA10or HOXD10 affects both stylopod
development and AP limb bud identity. A variant deficiency called congenital short femur
could be attributable to a different allele that affects segmental stylopod development but not
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AP pattern. Isolated fibular hemimelia might be due to a regulator of posterior identity
similar to 7BX3that is upstream of the ZRS and regulates skeletal formation as in the ulnar
deficiency syndrome mentioned above. Like the G/i3and caupolican examples, genes that
regulate pattern likely also regulate proliferation or morphogenesis to a greater extent than is
appreciated currently. Of course, continued exploration of basic developmental mechanisms
combined with annotation of disease alleles in model organisms will facilitate deeper
understanding of the intimate relationship between formation and pattern of specialised
tissues that is relevant to human anomalies.
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Figure 1. Do models of embryonic pattern formation explain congenital limb deficiencies?
A Do problems with (early or progressive) PD pattern specification result in limb truncation

(terminal deficiency) or loss of central elements (intercalary deficiency)? B Do problems
with AP pattern formation result in anterior or posterior longitudinal limb deficiency
(hemimelia)?

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tao etal.

rostral

Page 17

Forelimb Field _—— wte] Hindlimb Field
somites lateral plate mesoderm caudal
~Hox5
% Plzf i _ Pitx1
'
ZRS Tbx5 l I)n{itiation
Y Tbx4
o l /Initiation o
Anterior
Islet1
\_____/ \ J ¢
) Hox9 ' .
¢ Hand?2
) Hand2 |
( \ ¢ ( \ Posterior
Posterior

Figure 2. Factorsthat promotelimb field initiation and initial AP polarity
Initial forelimb AP polarity is related to the colinear expression of Hox genes along the

rostrocaudal embryo axis (Hox5-9 paralogues). In contrast, initial hindlimb AP polarity is
related to other factors expressed in the caudal region of the embryo such as PitxZ and /s/etl.
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Figure 3. Two domain hypothesis
A In the pre-AER hindlimb, AP limb bud polarity is perpetuated by mutual antagonism

between anterior and posterior domains that are defined by /rx3/51 Sall4/G/i3 and Hand?Z,
respectively. B Anterior and posterior domains may generate proximal-anterior and distal-
posterior skeletal elements, respectively.
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Figure 4. Longitudinal deficiency
Femoral deficiency associated with an absent tibia is potentially attributable to misregulation

of the anterior domain.
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Human limb deficiency genes grouped according to their early limb bud function and corresponding anterior,
posterior, segmental or transverse skeletal pattern phenotype.

Anterior genes
GLI3

SALL4

TBX5

TWIST1

Posterior genes
HANDZ excess
NIPBL (regulates HANDZ)
ZRS

TBX3

Early outgrowth genes
FGF10

FGFR1

FGFR2

WNT3

Phenotype

preaxial polydactyly, tibial hemimelia
short humerus, radial and thumb deficiency
radial and thumb deficiency

syndactyly, partial duplication of first ray

radial and thumb anomalies
ulnar and tibial deficiency
polydactyly, tibial hemimelia, ulnar/fibular dimelia

ulnar deficiency

radial and thumb deficiency
syndactyly, fused elbow, broad thumb
syndactyly, fused elbow

tetra-amelia
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