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Abstract Over the last 15 years, great improvements in

genetic engineering and genetic manipulation strategies

have led to significant advances in the understanding of the

genetics governing embryological limb development. This

field of science continues to develop, and the complex

genetic interactions and signalling pathways are still not

fully understood. In this review we will discuss the roles of

the principle genes involved in the three-dimensional pat-

terning of the developing limb and will discuss how errors

in these signalling cascades correlate to congenital limb

deformity in humans. This review is aimed at orthopaedic

surgeons wishing to understand the principles of congenital

limb deformity related to genetic signalling errors. It is by

no means a comprehensive study of the molecular genetics

governing the complex interactions involved in each step

of limb development. There are however many syndromes

involving limb deformity for which the molecular causes

are unknown.
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Introduction

The genetic processes that control development of the

limb, in both vertebrates and invertebrates, are complicated

and are still not fully understood. The temporal and spatial

expression of individual genes and gene families has been

studied. This information supplemented with experimental

evidence from gene manipulation studies has established

the role of these genes in limb patterning in the developing

embryo. Errors in the pathways controlling limb patterning

are often associated with defects in the development of

other organ systems within the embryo. The most com-

monly affected include: the gastro-intestinal tract, the

heart, the central nervous system and the genito-urinary

tract.

An understanding of the complex temporal and spatial

co-ordination of genetically driven molecular pathways in

the developing limb is crucial to understanding the

pathology of congenital limb deformity. The orthopaedic

surgeon must be aware of both the functional and psy-

chosocial problems encountered by those affected. These

conditions are often difficult to treat and can be associated

with poor outcomes. In the future a complete understanding

of the pathways and pathology involved in embryological

human limb development may lead to the development of

molecular genetic therapies that may prevent or improve

these disabling abnormalities.

Our current understanding of the molecular genetics of

human limb development is extrapolated from experiments

manipulating genetic interactions of vertebrates and

invertebrates. Vertebrate forelimbs and hindlimbs are

morphologically similar across species, and there are broad

similarities in the morphology of the upper and lower

limbs. The developing limb can be divided into three

principle zones; the proximal stylopod, the middle zeugo-

pod and the distal autopod. In the developing human the

stylopod region becomes the arm or thigh, the zeugopod

becomes the forearm or leg and the autopod becomes the

hand or foot. The ‘‘patterning’’ process controls the genetic

signals governing limb development in three axes:
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proximal-distal, anterior–posterior, and dorsal–ventral. It

also promotes differentiation of specific forelimb and

hindlimb structures.

The human limb buds appear on day 26 for the upper

limb and day 28 for the lower limb. Activation of the

mesenchymal cells of the lateral mesodermal plate causes

an outgrowth of the limb bud consisting of a mesenchymal

core surrounded by ectoderm. The distal border of the

ectoderm thickens to form the apical ectodermal ridge

(AER). The progress zone lies beneath the apical ecto-

dermal ridge, and signals from the AER promotes rapid

undifferentiated growth of its mesenchyme. The AER’s

influence can only extend to the adjacent cells of the pro-

gress zone and the more proximal mesenchymal cells,

being further from the influence of the apical ectodermal

ridge, start to differentiate into muscle and cartilage. By

6 weeks the hand and foot plates are apparent, separated

from the rest of the limb bud by a circumferential con-

striction which becomes the wrist. Another, more proximal,

constriction develops at the level of the elbow and knee. A

joint inter-zone is induced, and after local chondrocyte

proliferation the joint cavity is formed. Distally, apoptosis

of the parts of the apical ectodermal ridge (AER) creates

finger and toe buds.

Several gene families are involved in the spatially and

temporally co-ordinated growth and differentiation of the

developing limb bud. The products of these genes act as

signals to turn on other ‘‘downstream’’ genetic pathways.

Most genes influence the initiation and patterning of both

the forelimb and the hindlimb, but some genes are differ-

entially expressed in the developing forelimb and hindlimb.

The initiation of limb outgrowth and the role of Hox

and T-box genes

There are 39 members of the HOX gene family, and they

are arranged in four separate clusters. HOX genes are

evolutionarily highly conserved and encode transcription

factors of fundamental importance for body patterning. The

HOXA cluster is located on chromosome 7, the HOXB

cluster on chromosome 17, the HOXC cluster on chro-

mosome 12 and the HOXD cluster is on chromosome 2.

HOX genes contain a homeobox region of about 180 bp

that encodes the homeodomain, a protein able to bind

DNA. The homeobox genes encode protein transcription

factors capable of switching on cascading genetic path-

ways. These homeodomain proteins act in synergy with

other transcription factors in the promoter region of

downstream genes. The promoter regions of genes are very

specific and will only be activated if the correct combi-

nation of transcription factors is present. This gives a high

degree of specificity to the promoter region and is

fundamental to the control of the patterning process in the

developing limb.

Hox genes are expressed along the rostro-caudal axis in

the lateral mesoderm of all segmented animals and are

fundamental to the positioning of the developing limbs or

wings in the embryos of both vertebrates and invertebrates.

In the limb fields, areas where the limb buds will develop,

specific Hox genes become upregulated by retinoic acid.

This initiates downstream genetic signalling, ensuring

synchronised and progressive growth along the three axes

of growth: anterio-posterior, dorso-ventral and proximo-

distal. On the initiation of limb outgrowth other tran-

scription factors are expressed to control specific areas of

patterning, i.e. forelimb versus hindlimb.

Studies on a range of vertebrate limb models have

identified three genes that appear to programme a limb to

develop down either a forelimb or hindlimb pathway. Tbx5

and Tbx4 are T-box family transcription factors expressed

in the forelimb and hindlimb, respectively. Pitx1, another

transcription factor, is expressed in the developing hind-

limb, but not the forelimb. The temporal and spatial

expression patterns of Tbx5, Tbx4 and Pitx1 suggest they

play an important role in programming the identity of the

developing limb (Table 1).

Mis-expression experiments in chicks have provided

further evidence for the role of these genes. When ectop-

ically expressed in the hind limb, Tbx5 can alter the

morphology of the developing limb to a more wing-like

structure. Tbx4 and Pitx1 can change forelimb morphology

into hindlimb morphology if mis-expresssed in the devel-

oping forelimb. T-box genes may alter the morphology of

the limb by selectively inducing or repressing genes or

markers that are specific to either the forelimb of hindlimb.

For instance ectopically expressed Tbx5 can induce

expression of the forelimb marker Hoxd9 and repress the

hindlimb marker Hoxc9 [1, 2]. The important role these

trancription factors plays is highlighted in experiments

where Tbx5 is knocked out or inactivated. In these studies

the embryos that develop do so with complete failure of

formation of any elements of the forelimb. These studies

also suggest that Tbx5 interacts with Fgf and Wnt to ini-

tiate outgrowth of the limb bud [3, 4].

T-box genes determine limb identity

Tbx5 and Tbx4 activate fibroblast growth factor-10 (Fgf10)

in the forelimb and hindlimb, respectively, and it is noted

that Tbx5 binding sites have been identified in the Fgf10

promoter sequence in mice and humans (Fig. 1). Fgf10

signals the ectoderm to induce Fgf8, which is instrumental

in the formation of the apical ectodermal ridge (AER)—a

thickened area of pseudo-stratified columnar epithelium at
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the tip of the developing limb bud. A positive feedback

loop, regulated by the Wnt signalling pathway, is then

established between Fgf8 and Fgf10, such that Fgf10 pro-

motes Fgf8 expression and Fgf8 promotes Fgf10

expression [3]. If Fgf10 is knocked out in mice the resultant

embryos develop without limbs, indicating the importance

of this fibroblast growth factor [5].

Holt-Oram syndrome, an autosomal-dominant condition

affecting approximately 1 in 100,000 individuals charac-

terised by forelimb abnormalities (absent radius, tri-

phalangeal thumb, etc.) and cardiac defects (atrial-septal

defect) is attributable to Tbx5 mutation in humans [6, 7]

(Fig. 2). The majority of cases of Holt-Oram syndrome

result from new mutations in the Tbx5 gene.

The other gene that has an important role in establishing

limb identity is Pitx1 (Fig. 1). It promotes the formation of

hindlimb characteristics that can change forelimb charac-

teristics to hindlimb characteristics if it is expressed

ectopically in the developing forelimb. Pitx1 is not essen-

tial for hindlimb development, and if knocked out, the

hindlimb will develop, but with a morphology less typical

of a hindlimb and more like a forelimb. Pitx1 may con-

tribute to expression of Tbx4 in the hindlimb, but it is not

essential for Tbx4 induction [8].

The apical ectodermal ridge and control

of proximo-distal patterning

The apical ectodermal ridge is the driving centre for limb

bud development. If the AER in developing chick embryos

is removed, the developing limb will be truncated, and the

severity of the truncation is related to the gestational age at

which the AER is removed [9].

Initially the AER is positioned and induced by Fgf8 and

Fgf10; this is followed by expression of Fgf4 at the dorsal

end of the limb bud AER. Eventually Fgf4 is expressed

across the whole of the AER. This implies that the Fgf

family has a role in temporo-spatial positioning within the

developing limb [10]. The expression of Fgf4 and Fgf8

Table 1 Summary of site and mechanism of action and clinical syndromes associated with errors in expression of principle gene families

involved in limb patterning

Gene family Example Role Area of action Research Clinical correlation

Fibroblast growth

factors

FGF-4 and

FGF-8

Growth factors AER Induce accessory

limbs in chick

embryos

FGF-receptor3

mutations cause

achondroplasia

Hedgehog Sonic

hedgehog

(Shh)

Binds Ptc to release

Smo and promotes expression of

BMP, WNT, HOX, & Gli

ZPA Ectopic activity

causes

duplications

Patched (tumour

suppressor gene)

and smoothened

Ptc and Smo Ptc is an Shh receptor.

Smo is released when

Shh binds Ptc.

Cell surface

mesenchyme

Bone morphogenic

proteins

BMP-2

BMP-7

Osteoblast differentiation

Chondrocyte condensation

and differentiation

Mesenchyme

and AER

Digit formation

and apoptosis

Hunter-Thompson

and Grebe type

chondrodysplasias

WNT Wnt-7a Dorsalising gene. Turns on

LMX-1. Repressed by

engrailed-1. Promotes

Shh expression

AER

Fringe Radical

fringe

Limits the AER to the tip

of the limb bud

Dorsal AER

Homeobox

(HOXA, B,

C, D)

Hox-b8 Controls limb positioning and

patterning in developing

zeugopod, autopod

and stylopod

Overlapped pattern in

lateral plate

mesoderm and limb

bud

Hand-foot-genital

syndrome

Synpolydactyly

T-box Tbx4

Tbx5

Transcription factors, turned

on by BMP2, BMP4

or Wnt, control limb

identity

Early stages of

limb outgrowth

Mis-expression

changes

limb morphology

from

forelimb to

hindlimb

or vice versa

Holt-Oram

syndrome

SOX SOX9 Condensation and

differentiation

of chondroblasts

Early skeleton Campomelic

dysplasia
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stimulates and maintains the rapid growth of the progress

zone (PZ) and prevents the local mesenchymal cells from

differentiating into chondrocytes [11]. Tissue proximal to

the progress zone, being no longer influenced by the AER,

becomes influenced by BMPs causing condensation and

differentiation of the mesenchymal cells into groups of

chondrocytes.

Radical fringe (R-fng), a homologue of drosphilia

fringe, is expressed in the dorsal half of the limb and

restricts the AER to the distal tip of the developing limb.

Radical fringe causes expression of Ser2 (equivalent to

drosphilia serrate), and Ser2 defines the border of the AER

[12]. Engrailed-1 suppresses the expression of R-fng and

therefore Ser2 and assists the formation of the AER.

As well as controlling the position of the limb fields as

discussed above, the Hox gene family is instrumental in

proximo-distal patterning and the formation of the skeletal

precursors of the embryological skeleton. The temporo-

spatial expression of different Hox genes in the limb buds of

developing mice and gene targeting experiments have pro-

vided valuable information on the importance of Hox genes

in regulating the types and shapes of the bones in the

developing limb. Hox gene expression occurs in three phases

in three places in the limb, corresponding with the devel-

opment of the stylopod (humerus), the zeugopod (radius and

ulna) and the autopod (carpus and hand) (Fig. 3a–c).

Genes from the Hox-A and Hox-D clusters control pat-

terning and hence morphology of the developing limb in the

human embryo. Individual Hox genes overlap to varying

degrees, and this creates areas within the embryonic limb

that are molecularly distinct from other areas. These areas

will go on to develop different morphological profiles.

Individual or groups of different Hox genes will turn on

promoters in different genetic cascades, eventually

instructing the developing mesenchymal cells to differenti-

ate down specific developmental pathways. Hoxd9 is

expressed across the whole of the limb during the zeugopod

Fig. 1 The role of T-box genes in limb identity: chick embryo study

demonstrating the distribution of expression of Tbx5 (upper limb),

Tbx4 (lower limb) and Pitx1 (lower limb) reproduced with permission

of the Company of Biologists [34]

Fig. 2 Tri-phalangeal ‘‘indicised’’ thumb typical of Holt–Oram

syndrome (due to Tbx5 mutation)
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stage, but Hoxd13 is only expressed in the posterior part of

the limb at that stage. Hoxd10, Hoxd 11 and Hoxd12 are

expressed in an overlapping pattern between Hoxd9 and

Hoxd13. This differential expression is responsible for the

morphological differences between the radius and ulna in

the forelimb and the tibia and fibula in the hindlimb [13].

Errors in human Hox gene expression can result in limb

malformations. Synpolydactyly is a dominantly inherited

condition with errors in expression of HOXD13. Affected

individuals usually have middle/ring finger and 4th/5th toe

syndactyly and duplication of a digit in the syndactylous

web (Fig. 4). Hand-foot-genital syndrome results from

mutations in HOXA13 and is characterised by genital

abnormalities (hypospadias in males) and bilateral thumb

and great toe hypoplasia. Other abnormalities of the digits

are also seen including clinodactyly of the little fingers,

hallux varus and small great toenails [14].

The zone of polarising activity and patterning of the

antero-posterior axis

Patterning of the antero-posterior axis is controlled by the

Zone of Polarising Activity (ZPA), a collection of cells at

the posterior border of the limb close to the AER, adjacent

to the body wall. The ZPA is initiated by the actions of

Hoxb-8 and retinoic acid on the posterior mesoderm [15,

16]. Retinoic acid secreted by the cells of the ZPA

upregulates Sonic Hedgehog (SHH) expression, and this

controls the development of the antero-posterior axis [17].

As the AER grows distally, it pulls the ZPA with it (Fig. 5).

The influence of the ZPA on patterning in the antero-

posterior axis has been demonstrated in elegant studies

where an extra ZPA is transplanted to the anterior surface

of chick limb buds, resulting in mirror-image duplication of

the digits [18, 19].

A complicated set of positive feedback loops exists, in

which Shh stimulates Fgfs in the AER, and Fgfs in AER

activate Shh in the ZPA, thus influencing development in

more than more than one axis. WNT7a maintains the Shh

signal once it has been initiated [13, 20].

Development of the dorso-ventral axis

LMX1 is a transcription factor containing homeodomain,

and when it is induced by WNT7a specifies cells to be

dorsal. BMPs in the ventral ectoderm induce expression of

Engrailed1, a transcription factor that represses Wnt7a

expression [21]. It can therefore be deduced that the reg-

ulated expression or suppression of WNT7a controls

patterning in the dorso-ventral axis. WNT7a also promotes

Hoxd-9 & 
Hoxd-10
expression

Hoxd-9

Hoxd-9 & Hoxd-10 

Hoxd-9, Hoxd-10 & Hoxd-11 

Hoxd-9, Hoxd-10, Hoxd-11 
& Hoxd-12

Hoxd-9, Hoxd-10, Hoxd-
11, Hoxd-12 & Hoxd-13

Hoxa-13

Hoxa-13 & 
Hoxd-13

Hoxa-13,
Hoxd-13, 
Hoxa-12,
Hoxd-12, 
Hoxd-11
&
Hoxd-10

C

A BFig. 3 a Stylopod stage:

expression patterns of Hox

genes during formation of the

humerus. b Zeugopod stage:

overlapping expression of Hox

genes pattern the developing

radius and ulna. c Autopod

stage: patterned Hox gene

expression governs the

structural identity of the

developing hand

J Child Orthop (2008) 2:1–9 5

123



SHH expression in the ZPA and therefore also influences

antero-posterior patterning [22].

Progression of skeleto-genesis and the role of bone

morphogenic proteins

As discussed above, HOX genes regulate the formation of the

bones of the developing limb. SHH, FGF and WNT products

all promote HOX gene expression. HOX-A and HOX-D

clusters in particular control the formation of the stylopod,

zeugopod and autopod. Alterations in the expression of their

gene family members along with co-ordinated input from

other transcription factors (e.g. T-Box) accounts for differ-

ences in the morphology of the upper and lower limbs.

Bone morphogenic proteins (BMPs) are part of the

transforming growth factor beta super-family and act via

cell surface bone morphogenic proteins receptors (BMPRs)

Fig. 4 Synpolydactyly:

examples of limb abnormalities

caused by mutations in

HOXD13
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to induce the formation of bone and cartilage. To date 16

BMPs have been discovered. BMP2, BMP4 and BMP7 are

evident in the developing mesoderm and the AER and are

the only BMPS that appear to have important roles in

skeletal development. The bone morphogenic protein

family also contains cartilage-derived morphogenetic pro-

teins (CDMPs) and growth and differentiation factors

(GDFs) reflecting specificities in their roles.

BMPs are expressed in response to the Shh signal

pathway. These in turn trigger signal transduction via the

cell surface BMPRs and induce the expression of the

SMAD family of protein trancription factors. Noggin and

Chordin are inhibitors of BMPs, and the fine balance

between BMPs and Noggin/Chordin regulates the polarity

of the developing embryo.

BMP2 (gene locus 20p 12) acts as a retinoid mediator,

playing a key role in osteoblast differentiation and induc-

tion of bone formation. BMP4 (gene locus 14q22–q23)

regulates the formation of limbs from the mesoderm and

BMP7 (gene locus location: 20q13) is important in osteo-

blast differentiation and the induction of SMAD1

expression.

BMP2 and BMP7, under the influence of Shh, play a

crucial role in digit identity and formation. Mice that have

BMP-2 and BMP-7 chemically blocked or ‘‘knocked-out’’

develop extra digits, and BMPs are known to influence

apoptosis of inter-digital tissue in chicks [23, 24]. It is also

noted that mice lacking the BMP family member GDF-5

have severely shortened limbs and loss of phalangeal ele-

ments [25]. Mutations in BMPs and their inhibitors are

associated with a number of human disorders that affect the

skeleton, including Hunter-Thompson and Grebe types of

chondrodysplasias [26].

Co-ordinated temporal and spatial control of progressive

skeletal development is controlled by SOX9 and CBFA1

(runx-2), which is in turn regulated by cellular retinoid

signalling [27]. SOX9 initiates the condensation and dif-

ferentiation of chondroblasts in the embryonic limb.

Campomelic dysplasia, a rare, often lethal, genetic condi-

tion characterized by short limbs, bowed legs, distinctive

facial features, narrow chest and abnormal development of

the sex organs in males, is caused by SOX9 mutations in

humans. Cartilage fails to develop in limbs where SOX9 is

inactivated [28, 29].

CBFA1, a member of the Runt transcription factor

family, regulates chondrocyte maturation and osteoblast

differentiation. Multiple bone-specific genes, including

those for osteocalcin, osteopontin and collagen type 1, are

induced by CBFA1 [27]. Cleidocranial dysostosis, a

hereditary condition characterised by abnormal clavicles,

delayed fusion of the bones in the skull, extra teeth, short

stature and other skeletal changes, has been attributed to

mutations in the CBFA1 gene in humans [30].

The role of retinoids and retinoic acid

Retinoic acid (vitamin A derivative) levels need to be

carefully controlled during limb bud development to stim-

ulate the correct growth of the limb along its three axes. Both

high and low levels of retinoic acid have been implicated in a

wide range of developmental abnormalities [31, 32], and

control of concentrations of RA is finely controlled in vivo.

Retinoic acid signalling is implicated in chrondroblast dif-

ferentiation and chondrocyte hypertrophy [27].

It is known that retinoic acid upregulates the Hox genes

in the limb fields and is instrumental in initiating limb bud

development. Tadpoles having had their tails amputated

and the stumps treated with retinoic acid develop legs

instead of a tails at the amputation site [33]. Retinoic acid

stimulates SHH up-regulation and influences the creation

of the ZPA. It also controls the condensation and differ-

entiation of chondroblasts and co-ordinates chondrocyte

maturation, osteoblast differentiation and bone formation.

Principle control of RA levels is by metabolising

enzymes; retinaldehyde dehydrogenase (RALDH) medi-

ates the synthesis of retinoic acid, and cytochrome P450

(CYP26) breaks down RA. These enzymes are expressed in

different amounts at different times and in different areas

of the developing limb bud according to upstream genetic

signals. The levels of available retinol or retinoic acid may

be further regulated by cytoplasmic retinol/retinoic acid

binding proteins.

Anterior

Posterior

DistalProximal 

Apical
Ectodermal 
Ridge

Progress
Zone

Zone of 
Polarising
Activity

Fig. 5 The developing limb bud showing relative positions of the

zone of polarising activity, the apical ectodermal ridge and the

progress zone
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A large family of retinoic acid receptors (RARs) control

developmental gene transcription (i.e. homeobox) and can

either enhance or repress the transcription process. The

subfamilies and isoforms of the RARs are expressed in

different parts of the developing limb, at differing times,

and therefore dynamically control the wide range of

nuclear effects of RA. This is discussed in greater detail in

Weston’s review on the role of retinoid signalling in

skeletal development [27].

Co-ordination of the three axes of development and

conclusion

It can be seen that vast arrays of temporally and spatially

co-ordinated genetic signals interact to control limb

development in its three axes. Errors in the molecular

control of this complicated pathway, seen both experi-

mentally and clinically, have dramatic and devastating

effects on limb development. Continuing research using

mice, chicks and drosphilia will provide further informa-

tion on the regulation of limb bud development in the

human embryo, and this may lead to therapeutic inter-

ventions in the future.
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