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Achondroplasia: From genotype to phenotype

Pascal Richette a,*, Thomas Bardin a, Chantal Stheneur b
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Abstract
This review focuses on the rheumatological features of achondroplasia, which is the most common skeletal dysplasia and the most frequent
cause of short-limbed dwarfism. It is inherited in an autosomal dominant manner but results in the majority of cases of de novo mutations. The
disease is related to a mutation in the fibroblast growth factor receptor-3 (FGFR3) gene encoding one member of the FGFR subfamily of tyrosine
kinase receptors, which results in constitutive activation of the receptor. Biochemical studies of FGFR3 combined with experiments in knock-out
mice have demonstrated that FGFR3 is a negative regulator of chondrocytes proliferation and differentiation in growth plate. This mutation
induces a disturbance of endochondral bone formation. The diagnosis of achondroplasia is based on typical clinical and radiological features
including short stature, macrocephaly with frontal bossing, midface hypoplasia and rhizomelic shortening of the limbs. The most common rheu-
matological complications of achondroplasia are medullar and radicular compressions due to spinal stenosis and deformities of the lower limbs.
Current treatment and future therapies are discussed.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Achondroplasia is the most common hereditary form of
dwarfism with an incidence rate between 1/15,000 and 1/
40,000 live births. It is a fully penetrant autosomal dominant
disorder and the majority of cases are the result of a de
novo mutation [1]. The phenotype of achondroplasia is related
to a disturbance in endochondral bone formation, due to a mu-
tation in the fibroblast growth factor receptor-3 (FGFR3).
Consequently, affected individuals exhibit short stature and
often present with neurological and skeletal complications,
which can be encountered in rheumatological practice. Most
individuals with achondroplasia have normal intelligence.
Although serious problems may arise during infancy, they
affect only 5e10% of infants with achondroplasia [2].
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Unexpected death occurs in approximately 2e5% of all
infants with achondroplasia [3]. Children affected with achon-
droplasia commonly have otitis media and bowing of the
lower legs. Less commonly, infants and children may have
serious health consequences related to hydrocephalus, cranio-
cervical junction compression, upper-airway obstruction, or
thoracolumbar kyphosis [2]. The most common complication
occurring in adulthood is related to lumbosacral spinal steno-
sis with compression of the spinal cord or nerve roots. This
review focuses on the rheumatological aspects of this skeletal
genetic disease [2].

2. Genetics of achondroplasia

The gene for achondroplasia was assigned in 1994 by
linkage analysis to 4p16.3 [4]. Within few months, causative
mutations in the fibroblast growth factor receptor-3 (FGFR3)
were identified by the candidate gene approach independently
by Shiang et al. and by Rousseau et al. [5,6]. The four FGFs
.
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receptors (FGFRs1e4) are members of the tyrosine kinase
receptor family. They bind with variable affinity a polypeptide
family that is composed of at least 18 members: the fibroblast
growth factors (FGFs). These extramembraneous proteins are
implicated in different cellular mechanisms such as angiogen-
esis, spatial patterning, apoptosis, growth and differentiation
of various cells from mesenchymal and neuroectodermal
origin [1,7e9]. The 4.4-kb cDNA of the FGFR3 gene contains
an open reading frame of 2520 nucleotides and consists of 19
exons and 18 introns. It encodes for a protein containing three
domains: a large glycosylated extracellular ligand-binding
domain consisting of three immunoglobulin subdomains,
a single hydrophobic trans-membrane region and a split intra-
cellular tyrosine kinase catalytic domain (Fig. 1).

Binding of the FGF ligands to the FGFR3 leads to activa-
tion and dimerization of the receptor that in turn, alters its
conformation and activates its tyrosine kinase activity. This
activation leads to autophosphorylation of selected tyrosine
residues in the cytoplasmic domain of the receptor. The phos-
phorylated tyrosine residues stimulate MAP (microtubule
associated protein kinases) cascade, which finally activates
different intranuclear transcriptional factors [10].

In most cases of achondroplasia, the genetic abnormality is
due to a mutation located within a critical region of the tyro-
sine kinase domain activation loop of FGFR3. In at least 98%
of patients with achondroplasia, the mutation results in the
substitution of arginine for a glycine residue at position 380
(Gly380Arg). Bellus et al. found that 150 of 154 unrelated
achondroplasts had the GeA transition and only three had
a GeC transversion at nucleotide 1138 of the FGFR3 gene
[11]. Nucleotide 1138 of the FGFR3 gene is considered as
the most sensitive point for germline mutation in the entire
human genome [7]. Recently, Santos et al. have reported on
a mother and daughter with hypochondroplasia caused by
a new heterozygous double mutation at the same codon 380,
but encoding a lysine instead of the usual arginine. These
patients displayed a milder phenotype than the one encoun-
tered during achondroplasia [12]. Previous functional assays
of these codon 380 amino acid substitutions demonstrated
a lesser activation of receptor signaling by lysine compared
Fig. 1. The FGFR3 receptor is composed of an external part that consists of

three immunoglobulin-like domains, and a trans-membrane element that ex-

tends to a cytoplasmic tyrosine kinase. The two membrane proximal immuno-

globulin-like domains (loops 2 and 3) comprise the ligand-binding domain.
to arginine. At this date, other mutations (Gly375Cys, Gly346-
Glu and Ser279Cyst) have been exceptionally reported [1,13]
and interpreted as resulting from positive selection of sper-
matogonial cells owing to gain-of-function in the encoded
protein [12]. As suggested by an increased paternal age at
the time of conception, it has been demonstrated that the
mutated allele is always from a paternal origin [7,14,15]. Inter-
estingly, several diseases other than skeletal dysplasias are also
associated with mutations in FRGR3. Indeed, it has been re-
ported that seborrheic keratoses, epidermal nevi and urothelial
carcinomas were also due to somatic FGFR3 mutations [16].

3. Effects of FGFR3 mutations on endochondral
bone formation

The phenotype observed in achondroplasia is the conse-
quence of severe disturbances in endochondral bone growth
induced by abnormal activity of FGFR3.
3.1. Endochondral bone formation
Endochondral ossification, in which bone replaces pre-
existing cartilage, is the predominant form of bone formation.
In sharp contrast with the adult articular cartilage, the growth
plate cartilage is characterized by an intensive mitotic activity
and an important matrix proteins synthesis. Growth plate
cartilage is arranged in four successive zones from epiphysis
to metaphysis: (1) the reserve zone containing quiescent
chondrocytes in small clusters of two or three cells, (2) the
proliferative zone where chondrocytes undergo clonal expan-
sion and divide rapidly to form organized longitudinal
columns, (3) the hypertrophic zone where the cells enlarge and
finally, (4) the mineralization zone (Fig. 2). During the late
hypertrophic stage, the chondrocytes undergo apoptotic cell
death. The cartilage matrix left behind provides a scaffold
for osteoblasts that invade the cartilage mould along with local
recruitment of blood vessels. This endochondral ossification
leads to the progressive replacement of cartilage by bone
Fig. 2. During endochondral ossification, the chondrocytes progress through

a complex differentiation process. Once fully differentiated, hypertrophic

chondrocytes undergo cell death and participate in the mineralization of the

cartilaginous matrix that is progressively replaced by bone.
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and is involved in the formation of most bones of the body. In
contrast, flat bones of the skull and part of the clavicle result
from the intramembranous ossification in which mesenchymal
progenitor cells directly develop into osteoblasts that, in turn,
secrete bone matrix proteins [17,18].
3.2. Regulation of endochondral ossification

3.2.1. FGFR3 implication
The regulating factors of the endochondral ossification

include the Parathyroid Hormone-related peptide (PTHrp),
Indian Hedgehog (Ihh), Bcl-2 factors [19,20], some metallo-
proteinases, growth factors and hormones such as vitamin D,
estrogens, growth hormone (GH) and thyroid hormones
[17,18]. Each factor regulates the chondrocyte proliferation
and/or differentiation and/or the vascular invasion of the
growth plate cartilage. Study of the knock-out mice for
FGFR3 gene was the first approach to shed light on the role
of this receptor in bone development. Histological study of
the cartilage from the FGFR3�/� mice has shown an increase
in the cartilage height due to an expansion of the proliferative
and hypertrophic chondrocytes within the growth plate [21].
This result suggested that FGFR3 was a negative regulating
factor of endochondral ossification. Thereafter, these data
were confirmed by studies of mouse models for achondropla-
sia with the Gly380Arg human mutation. Histological exami-
nation of the growth plate cartilage from these mice revealed
a narrowed cartilage due to an important decrease in the hy-
pertrophic zone as observed in human achondroplasia. More-
over, the proliferation zone was distorted and the importance
of phosphatase alkaline activity in the latest hypertrophic
chondrocytes confirmed the increase in the endochondral ossi-
fication process [22,23]. Thus, mutations in achondroplasia
can be viewed as gain-of-function mutations.

Studies addressing the mechanisms responsible for the gain
of receptor function suggest that the mutation stabilizes the
dimerized receptor [24]. Moreover, a recent study has demon-
strated that FGFR3 signaling inhibits bone growth by inhibit-
ing chondrocyte differentiation through the MAPK pathway
and by inhibiting chondrocyte proliferation through Stat1
[25]. Several studies have highlighted the role for the others
FGFR isoforms during the endochondral bone formation
[26]. A complex pattern of spatial regulation of FGFs and
FGFRs (in particular 2 and 4) in the different zones of the
growth plate has been recently demonstrated [27].

4. Clinical aspects
4.1. General characteristics
The characteristic features of achondroplasia include a dis-
proportionate short stature with rhizomelic shortening, trident
hands, enlarged head, depressed nasal bridge and prominent
forehead. The patient’s short stature is evident during child-
hood and afterwards, during adulthood. Medium adult heights
are 131� 5.6 cm for males and 124� 5.9 cm for females [28].
The facial features include a large head with prominent
forehead. The midface is often small with a flat nasal bridge,
narrow nasal passage and the jaws appear prominent.
Occasionally dental crowding can occur because of the jaw
shortness. In infancy, megalencephaly can be observed. Never-
theless, most individuals with achondroplasia are of normal
intelligence and are able to lead independent and productive
lives unless hydrocephalus or other central nervous system
complications occur [1,29]. In infancy, mild to moderate hypo-
tonia is typical, and acquisition of developmental motor mile-
stones is often delayed. Infants may have difficulty in
supporting their heads because of both hypotonia and large
head size. In contrast to an average-sized trunk, the limbs,
particularly the upper limbs, present with an important
shortening on the proximal segment (rhizomelic dwarfism).
The hands present with a trident configuration as fingers
have roughly the same length. The fingers and toes are short.
4.2. Rheumatological complications
Cervical cord compression, thoracolumbar kyphosis and
external rotation of legs are most likely to occur during the
first years of life [2,30]. The common complication of spinal
stenosis rarely occurs in childhood but manifests in older
individuals.

4.2.1. Joints laxity and limbs deformation
Joint laxity is often present, especially in knees. Progressive

hyperextension of the knees develops during childhood and is
related to the hyperextended position of the femoral condyle
and of the tibial plateaus. Subluxation of the radial head
typically occurs during the second year. Limited elbow
extension is present in about 70% of affected individuals
and is primarily caused by posterior bowing of the distal
humerus. Posterior dislocation of the radial head results in
greater loss of elbow extension [31]. Inferior dislocation of
the shoulder at rest is frequently observed in children over
the age of 4 and increases in frequency with age [32]. Bowlegs
deformity is one of the hallmarks of achondroplasia. It affects
more than 90% of adults. Lower extremity deformities include
coxa vara, genu varum and heel varus, that are in part due to
a decrease in tibial external torsion, as well as increased
femoral and acetabular anteversion [33,34].

4.2.2. Cervicomedullary compression
Cervicomedullary compression is a severe complication for

children with achondroplasia. It is often related to a stenosis of
the foramen magnum and defects in the odontoid process,
which tends to project posteriorly and superiorly into the small
foramen magnum. It can cause sudden infant death, sleep ap-
nea, disorders of respiration, myelopathy, syringomyelia or
hydrocephalus [35].

4.2.3. Thoracolumbar kyphosis
Infant with achondroplasia often present with a transient

thoracolumbar kyphosis related to hypotonia, flat chest and
protuberant abdomen. The kyphosis resolves in the majority
of cases after the achievement of independent gait [36].



Fig. 3. (a) Lateral radiograph of the lumbar spine showing scalloping of the

vertebral body associated with short pedicles. (b) X-ray of the pelvis showing

squared iliac wings and narrow sacroiliac notch.
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However, in more than 10% of individuals, it becomes a fixed
thoracolumbar kyphotic deformity [37].

4.2.4. Lumbar spine stenosis
Lumbar spine stenosis is frequent and generally occurs af-

ter early adulthood. Short pedicle and reduced inter-pedicle
distance reduce the size of the spinal canal. The upper lumbar
segment is most frequently involved. Factors related to ageing,
such as herniation and degenerative facet joints contribute to
the development of neurologic symptoms [38,39]. The lumbar
spinal cord or nerve roots can be compressed, producing neu-
rological impingement. Symptoms can include low back pain,
sciatica and radicular claudication.

5. Radiological aspect

Achondroplasia is characterized by shortening and thicken-
ing of the long bones with metaphyseal flaring and cupping
[40]. The phalanges are short, broad, and cupped. The iliac
bones are short and rectangular with narrow sacroiliac notches
and short, wide pubic and ischial bones. Variation in the con-
figuration of the acetabulum include horizontal and notched
acetabular roof. There are bullet-shaped vertebral bodies
with posterior scalloping and narrowing of lumbar interpedic-
ular distances (Fig. 3a,b) The intervertebral disks are widened,
resulting in normal trunk length, and the thorax is slender due
to the short ribs with flared anterior ends. Coxa vara and genu
varum are a common finding [41].

Spine disorders can be assessed by computed tomography
(CT) or magnetic resonance imaging (MRI). Every infant
with achondroplasia should be evaluated for craniocervical
junction risks by CT or MRI. CT allows direct comparison
of foramen magnum size with published achondroplasia
standards and often can be accomplished without sedation or
anaesthesia but does not allow direct visualization of the
neural elements of interest. By contrast, MRI provides such
a direct assessment of the brainstem and upper cervical spinal
cord, but no standards for estimation of foraminal size by MRI
are available, and currently it cannot be performed routinely
without sedation [2,42].

6. Current and future treatments of achondroplasia

Mortality rate in patients with achondroplasia is higher
than in the general population, particularly during childhood.
The cause of this increased mortality rate in adulthood is
poorly known, whereas that in young children is attributable
to severe cervicomedullary compression [43,44]. The Ameri-
can Academy of Pediatrics Committee on Genetics outlined
recommendations for management of children with achondro-
plasia. Follow-up of these patients should be performed by
a practitioner with experience and expertise concerning
achondroplasia [2]. The recommendations insist on the need
to carefully detect early in life craniocervical junction
compression. Cervicomedullary decompression surgery is in-
dicated for patients with achondroplasia with significant
symptomatic foramen magnum compression [43]. The dorsal
kyphosis, usually present in infancy and the lordotic posture
of child have frequently a favorable evolution following
physical therapy and bracing. For the few children in whom
thoracolumbar kyphosis does not resolve, anterior and
posterior fusion has been proposed [36]. Adolescents and adults
are at high risk of developing lumbar spinal stenosis. In pres-
ence of neurological complication or if sciatica resist to medical
management, surgery must be considered [39]. When genu
varum is present and persists during childhood, some authors
propose a surgical procedure such as osteotomy [44].

Current therapies for the short stature in achondroplasia are
still debated. Surgical limb-lengthening procedures distraction
and administration of growth hormone have been proposed
[45,46]. Early experience with surgical limb-lengthening
procedures resulted in a high incidence of complications
such as pain and infections [47]. However, more recent
experience has been more favorable and significant increases
in height have been obtained over an 18e24-month period
[48]. Growth hormone (GH) therapy has been used as a treat-
ment for the short stature of achondroplasia but it has been re-
ported to major body disproportion in some cases [46,49,50].
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More recently, a 5-year growth hormone treatment study has
demonstrated that GH could improve height without adverse
effect on trunk-leg disproportion [51].

Future therapies will aim to counteract the effects of the
overactive FGFR3 on endochondral bone formation. Several
strategies have been considered. The first one involves the
C-type natriuretic peptide (CNP) that is considered as a poten-
tial therapeutic agent for cardiovascular disease [52]. It has
been demonstrated that overexpression of CNP in mice chon-
drocytes rescues achondroplasia through a MAPK-dependent
pathway [53]. The second therapeutic strategy involves selec-
tive inhibition of the FGFR3 tyrosine kinase. This approach
was used to treat successfully chronic leukemia with tyrosine
kinase inhibitor imatinib and has represented a successful ap-
plication of molecularly targeted cancer therapy [54]. Finally,
the last strategy could rely on use of blocking antibodies in
order to interfere with binding of FGF ligands to FGFR3 [24].

7. Prenatal diagnosis and genetic counselling

Patients with achondroplasia have normal mental and
sexual development. Gynaecological problems like infertility,
menorrhagia, dysmenorrhoea, and early menopause may be
more common in these patients [55]. There are few data
regarding obstetric behaviour in achondroplastic females in
literature. However, pre-eclampsia, polyhydramnios, prematu-
rity and fetal wastage have been reported [55]. There is an
increased neonatal mortality due to hydrocephalus and tho-
racic cage abnormality. Achondroplasia is considered as high
risk in terms of anaesthesia and obstetric outcome. Therefore,
prenatal counselling and diagnosis is of great importance [2].

The diagnosis of achondroplasia in the fetus is made with
certainty when one or both parents have this condition. In
this circumstance, the parents are usually knowledgeable
about the disorder, the inheritance, and the prognosis for the
offspring. More often, diagnosis of achondroplasia is first
suspected late in gestation on the basis of longbone foreshort-
ening incidentally discovered by ultrasonography [2]. Indeed,
the frequent use of ultrasonography has permit to identify
achondroplasia prenatally (after 26 weeks of gestational age)
in many cases. However, disproportionately short limbs are
observed in a heterogeneous group of conditions and misdiag-
nosis and inaccurate prenatal counselling of families is
common [56]. Confirmation of diagnosis based on ultrasono-
graphic features of achondroplasia can be provided by molec-
ular genetic examination of fetal material obtained from
amniocentesis or chorionic villus sampling [2]. These proce-
dures present a small but significant risk for both fetus and
mother. Recently, Li et al. have reported a non-invasive proce-
dure to identify the fetal achondroplasia mutation in maternal
plasma [57].

8. Conclusions

The knowledge on the molecular pathogenesis of achondro-
plasia has made considerable progress over the last few years
and has highlighted the role of FGFR3 in the regulation of the
growth plate development. Multidisciplinary follow-up and
management are important for patients with achondroplasia.
Rheumatologists should be aware of the skeletal complications
in these patients as lumbar spine stenosis and nerve root
compressions are frequently encountered in adults with
achondroplasia.
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