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The growth plate: a physiologic overview

Yicel Agirdil

B The growth plate is the cartilaginous portion of long
bones where the longitudinal growth of the bone takes
place. Its structure comprises chondrocytes suspended in
a collagen matrix that go through several stages of mat-
uration until they finally die, and are replaced by osteo-
blasts, osteoclasts, and lamellar bone.

B The process of endochondral ossification is coordinated
by chondrocytes and a variety of humoral factors includ-
ing growth hormone, parathyroid hormone, oestrogen,
growth factors, cytokines, and various signalling pathways.

B Chondrocytes progress from a resting state to enter the
phases of proliferation and hypertrophy. Under the influ-
ence of oestrogen, the proliferation of chondrocytes
decreases as the resting chondrocytes are consumed.
During the terminal phase of differentiation, cartilage is
replaced by blood vessels and organized bone tissue, and
once chondrocytes have died, the longitudinal growth of
the bone ceases and the growth plate closes.

B The highly complex regulatory signals involved in this pro-
cess are genetically determined, and genetic perturbations
in any of the associated genes can result in abnormalities of
bone growth. Hundreds of chondrodysplasias have been
described, pointing to the complexity of the humoral con-
trol systems involved in endochondral ossification.

B While our knowledge of the mechanisms behind the vari-
ous bone growth control systems is improving, a deeper
understanding of the underlying processes could aid clini-
cians to better understand bone health and bone growth
abnormalities. This review describes the current clinical
research into the physiology of the growth plate.
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Introduction

The growth plate, also known as the physis, is the carti-
laginous portion at the ends of long bones where longitu-
dinal growth of the bone takes place. This region of bone

is characterized by high metabolic activity and is under the
regulatory control of a wide variety of hormones and sig-
nalling compounds. Hormonal regulation of the growth
plate can be affected by trauma, medications, and other
extrinsic variables causing growth plate abnormalities and
subsequent growth disturbances. This review article will
discuss the cellular and structural composition of the
growth plate, as well as its humoral regulation.

Structural composition

The maturation of chondrocytes in the physis is classically
divided into five phases (Fig. 1).! In a coordinated stepwise
process, the chondrocytes pass through the stages of rest-
ing phase, proliferative phase, prehypertrophic phase,
hypertrophic phase, and terminal phase. In the resting
phase, the cells are relatively inactive in terms of mitosis
and express Col2al genes which encode type Il collagen,
whereas in the proliferation phase, the chondrocytes rapidly
divide and highly express Col2a1 and Acan, the gene encod-
ing the proteoglycan aggrecan. After rapid proliferation,
chondrocytes enter the prehypertrophic phase and start to
express Col10aT for type X collagen and Ihh, which encodes
Indian Hedgehog. Subsequently, they increase in size and
enter the hypertrophic phase, during which the chondro-
cytes continue to produce type X collagen, whereas the
production of type Il collagen ceases. After the hypertrophic
phase, chondrocytes stop producing collagen altogether
and die in what is called the terminal phase.!

This seemingly linear process is coordinated by a wide
variety of signalling cascades that interact with genes,
receptors, and transcription factors. This complexity allows
for fine-tuning of the process based on environmental and
temporal influences. The regulatory signals reach chondro-
cyte transcription factors such as Sox9, RUNX2, and Osterix,
triggering a precisely coordinated cascade of events that
results in healthy osteogenesis.2 There are many pathways,
signals, receptors, mediators, agonists, and antagonists
that interact with considerable ‘combinatory mixing and
matching’,’ making it possible for bone tissue to develop
within the cartilaginous template formed during foetal
development (Fig. 2). This complex system is vulnerable
to a wide variety of genetic abnormalities, and to date nea-
rly 500 genetic skeletal disorders have been described.
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Fig. 1 Zones of chondrocyte maturation in growth plate.

Source. This figure is licensed under the Creative Commons Attribution-Share Alike 4.0 International license from Anatomy & Physiology, Connexions Web site.

http://cnx.org/content/col11496/1.6/, 19 June 2013.

This article focuses on the best-studied signalling path-
ways and factors involved in the regulatory mechanisms of
osteogenesis.

During childhood, the width of the growth plate grad-
ually decreases, together with the proliferative zone in
response to the regulatory influence of estrogen.3 Eventu-
ally all chondrocytes die and cartilage is replaced by
mature bone, leaving behind a line called the epiphyseal
scar. The closure of the physis marks the end of a bone’s

longitudinal growth.* This process leads to the formation
of a long bone within the template shape established and
maintained by the physis.>

Longitudinal growth of the bone in the physis is
orchestrated by the chondrocytes, which create and main-
tain their own environment.¢ Chondrocytes divide and
grow in a more or less columnar arrangement, secreting
extracellular matrix (ECM) and enzymes that control the
mineralization of the ECM. As the chondrocytes age, they
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Notes. Ihh (Indian hedgehog) enhances the proliferation and maturation of chondrocytes and induces the expression of parathyroid hormone-related protein
(PTHrP) in the periarticular region. PTHrP prevents premature hypertrophic differentiation. The negative feedback loop between Ihh and PTHrP keeps chondro-
cytes in the proliferating state, controls chondrocyte proliferation, and maintains the lengths of columns.

Ihh and bone morphogenic protein (BMP) are in a positive feedback loop with each other and up-regulate chondrocyte proliferation together. In addition, BMP

inhibits the development of terminally differentiated chondrocytes.

Fibroblast growth factor (FGF) signalling is antagonistic to BMP activity. FGF expression down-regulates chondrocyte proliferation and hypertrophy by inhibiting

Ihh and promotes chondrocyte differentiation.

Runt-related transcription factor 2 (RUNX2) positively regulates Ihh expression and promotes chondrocyte proliferation, but it is inhibited by PTHrP, which is

induced by Ihh.

Sox-9 signalling contributes to chondrogenesis in different steps. Sox-9 up-regulates chondrogenic mesenchymal condensation, chondrocyte differentiation, and
normal chondrocyte proliferation and inhibits the transition of proliferating chondrocytes to hypertrophy.

Insulin-like growth factor 1 (IGF-1) signalling modulates chondrogenesis by both suppressing PTHrP production and inducing the mammalian target of rapamy-
cin (mTOR) signalling activity, which plays a role in all stages of chondrocyte maturation.

coordinate their own death and secrete peptides that
stimulate the ingrowth of blood vessels and the migration
of osteoblasts and osteoclasts.” Eventually, linear growth
ceases and the process of ossification continues until all
ECM is replaced by bone.

The ECM created by the chondrocytes is both strong
and flexible and is made up of a complex network of col-
lagens and proteoglycans (Fig. 3). As the mitotic chondro-
cytes in the proliferative zone transform into non-mitotic
hypertrophic cells and eventually undergo cell death, they
continue to produce large quantities of ECM that becomes
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calcified.® The major structural collagen of the growth
plate cartilage is type Il collagen, a strong fibrous complex
of three identical strands interwoven for strength. Type IX
collagen is made up of three different types of interwoven
strands and sits on the surface of types Il and XI collagen,
forming a strong fibrous sheath. Type XI collagen is com-
posed of three identical strands and typically runs through
the core of type Il collagen fibrils. This gives each collagen
fibre a three-layer structure consisting of type Xl collagen
in the centre of the fibre, which is surrounded by a thick
layer of type Il collagen, and an outer layer of type IX
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collagen.? This layered structure has high tensile strength
and flexibility. Type X collagen is shorter and creates hex-
amers as it binds together to form non-fibrillar cartilage
that is unique to hypertrophic chondrocytes.?

In addition to collagen, a variety of glycoproteins are
also present in the ECM secreted by chondrocytes. These
include aggrecan, a large chondroitin sulphate proteogly-
can that helps retain water in the cartilage due to its high
negative ionic charge.’® Matrillins help hold aggrecan
clumps in place,’" whereas perlecan, a large heparin sul-
phate/chondroitin sulphate complex, helps provide struc-
tural strength and promotes angiogenesis.’? Cartilage
oligomeric matrix protein, also known as COMP5 or
thrombospondin5, provides homeostatic support for the
chondrocytes themselves and catalyses the polymeriza-
tion of type Il collagen.’3

Humoral control of physeal growth
and fusion

While chondrocytes in the growth plate control the local
processes of bone growth, they are in turn controlled by
numerous systemic regulatory factors that regulate their
rate of proliferation, maturation, and ultimately the strength
of the bone. Growth hormone (GH) initiates and maintains
the process of growth through the stimulation of insulin-
like growth factor 1 (IGF1), a growth factor that leads to
chondrocyte hypertrophy and the production of ECM.1415
Local factors in the perichondrium also affect bone growth,
contributing to chondrocyte hypertrophy and osteoblast
invasion. Bone morphogenetic proteins (BMPs),'¢ fibro-
blast growth factors (FGFs),’” and wingless/Int-1 (Wnt)

signalling'® are all involved in the communication between
perichondral cells and cartilage chondrocytes.

Other regulators include parathyroid hormone-related
protein (PTHrP), a member of the parathyroid hormone
family that supports chondrocytes and maintains the
width of the growth plate.'® The protein Indian hedgehog
(Ihh) helps coordinate chondrocyte differentiation, calcifi-
cation, and ossification in a feedback loop with PTHrP.20
Levels of both of these paracrine regulators decrease
towards the end of puberty. Mutations in the genes
responsible for the production of these proteins resultin a
premature closure of the growth plate, which in turn leads
to short stature.

The differentiation of mesenchymal stem cells into
osteoblasts is partly mediated by the transcription factor
RUNX2 (runt-related transcription factor 2). RUNX2 is also
involved in regulating chondrocyte maturation and is
itself controlled in part by PTHrP.2" The effect of RUNX2
seems to be strongest during the proliferative phase of
chondrocytes. RUNX2 works through the transforming
growth factor beta (TGF-B) superfamily of peptides to
help control the maturation of chondrocytes while inhibit-
ing their terminal stages.

In the hypertrophic zone of the growth plate, the chon-
drocytes die as a result of apoptosis or other processes,
leaving behind a calcified matrix that consists of deterio-
rating collagen fibres intermingled with large clumps of
aggrecan and the glycosaminoglycan hyaluronan. At this
point, blood vessels enter the milieu, bringing with them
osteoblasts, osteoclasts, and bone marrow components.
Osteoclasts remove this calcified collagen matrix, allow-
ing the ingrowth of blood vessels and the introduction of
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osteoblasts.® An important mediator of this process is vas-
cular endothelial growth factor (VEGF), which regulates
osteoblast differentiation. The production of VEGF is stimu-
lated by oestrogen in both males and females, and is up-
regulatedin puberty. VEGF serves to promote angiogenesis,
allowing the entry of osteoblasts and osteoclasts, which
then form mature trabecular bone. VEGF could also be
important in physeal closure regulation.*

Vitamin D is involved in the differentiation of chondro-
cytes, and the metabolites of vitamin D are produced
locally in the growth plate, where they function to
decrease the proliferation of chondrocytes through PTHrP
and Ihh. Vitamin D is well-recognized for its role in the
deposition of calcium in bones; however, its effect on the
growth plate is not well understood. Its mechanism of
action may involve Ihh and PTHrP.22

A class of proteins known as bone morphogenetic
proteins (BMPs) aid in the growth and differentiation of
chondrocytes and are in turn themselves produced by
chondrocytes in a positive feedback loop with Ihh. Accor-
ding to research conducted using rat models of bone
growth, BMPs appear to have a significant signalling role
in the differentiation of chondrocytes.¢

The Wnt signalling pathway is also important in chon-
drocyte development, stimulating their evolution into
hypertrophic chondrocytes while inhibiting the transfor-
mation of progenitor cells into chondrocytes in favour of
osteoblasts.’”® The Notch signalling pathway is situated
downstream from Ihh, BMP, and PTHrP pathways, and
acts to inhibit the differentiation of chondrocytes. Overex-
pression of Notch signalling results in the stunted growth
of long bones.?

Important in the regulation of chondrocyte growth and
differentiation is the fibroblast growth factor (FGF) group
of signalling proteins. This pathway inhibits the prolifera-
tion of chondrocytes, thereby limiting the longitudinal
growth of bones.'2'7 There have been nearly two dozen
subtypes of FGF described, with FGF18 being involved in
chondrocyte maturation.?3

Retinoic acid signalling

Retinoic acid (RA), a derivative of vitamin A, is also impor-
tant in growth plate regulation. When RA binds to its
receptors, it directly regulates gene transcription, block-
ing the transcription of certain genes that inhibit cartilage
growth and cartilage differentiation. RA is thought to reg-
ulate the directional growth of limbs within the limb
buds.?* RA is involved in both stimulating?> and repress-
ing?¢ actions, making its analysis challenging. It does
appear to be important in limb bud development and
growth plate homeostasis, controlling other signalling
pathways including FGF, Wnt, BMP, and sonic hedgehog
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protein (Shh). Excessive RA, such as in pharmacologic
treatment with retinoids, can result in skeletal abnormalities
as well.27

mTOR signalling

The mammalian target of rapamycin (mTOR) pathway
is a critical regulator of cellular metabolism and cartilage
growth. mTOR is involved in the growth and homeostasis
of metabolic systems throughout the body. The mTOR
system comprises several intracellular and extracellular
signals and is activated by a variety of extrinsic humoral fac-
tors such as the epidermal growth factor, IGF, glucose, and
oxygen. mTOR s controlled by adenosine monophosphate-
activated protein kinase (AMPK) when cellular nutrients are
scarce. Genetic mutations that result in the absence or defi-
ciency of mTOR are associated with impaired embryonic
skeletal growth and mutations.?® Many of these mutations
are lethal, underscoring the importance of mTOR signalling
in multiple tissue types. In the growth plate, mTOR signal-
ling coordinates chondrocyte proliferation and hypertro-
phy, and the absence of mTOR signalling results in the
shortening or absence of the limb bud, chondrodysplasia,
and dwarfism.

Insulin-like growth factor (IGF) signalling

Insulin-like growth factor is involved in endochondral
ossification. Its two ligands (IGF1 and IGF2) bind to two
receptors (IGFR1 and IGFR2), thereby stimulating the pro-
duction of peptides and signals that control the growth
and survival of chondrocytes by signalling the mTOR
pathway.'* These ligands and the peptides regulated by
them act as both intracellular signalling peptides and
extracellular hormones. Absence of IGF leads to skeletal
abnormalities and dwarfism. IGF appears to be involved in
controlling the proliferation, hypertrophy, survival, and
maturation of chondrocytes. In humans, homozygous
deletions of IGF1 result in severe growth retardation with
severe osteopenia.?’ Other mutations have resulted in
microcephaly, deafness, and mental retardation.

The circadian clock

The ossification of the growth plate appears to be affected
by the circadian clock. This endogenous time-keeping
system regulates gene expression and physiology on a
24-hour cycle. Circadian rhythms control positive and
negative feedback loops throughout the body, stimulated
by external factors such as sun exposure. These factors
trigger the transcription of various regulatory peptides,
including those controlling skeletal growth and homeo-
stasis. For example, Col2al and Col10al are expressed
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Table 1. Stages of endochondral ossification and relevant signalling peptides

Stage Events

Signalling peptides

Resting Home to stem-like cells

Production of collagen types I, IX, and XI and the proteoglycan

aggrecan

Proliferation Cells undergo rapid mitosis

Marked increase in production of type Il collagen, aggrecan,

perlecan

Hypertrophic Chondrocytes cease dividing
Cells increase in size

Production of non-fibrillar collagen type X

Remodelling of surrounding ECM, possibly from pressure exerted
by expanding chondrocytes and hyaluronan-aggrecan complexes

Mineralization of ECM
Cells express MMPs
Chondrocytes begin secreting VEGF

Calcification Chondrocytes stop producing collagen type X
Terminal differentiation of chondrocytes by unknown process:
apoptosis, autophagy, transdifferentiation, hypoxia
Ossification Invasion by blood vessels

Invasion by osteoclasts, osteoblasts, hematopoietic components

Production of lamellar bone

Ihh stimulates chondrocytes to produce PTHrP causing
chondrocytes to divide

Vitamin D receptors expressed

BMP antagonists expressed

Stimulated by GH through the action of IGF

Ihh maintains chondrocytes in proliferative phase via PTHrP
Chondrocytes produce more lhh

BMP agonists expressed which promote mitosis

FGF expressed to control proliferation

Stimulated by Wnt signalling and p-catenin
Down-regulated by Notch signals

Down-regulated by oestrogen

Stimulated by mTOR signalling

Triiodothyronine stimulates transition from proliferative to
hypertrophic

Vitamin D enhances hypertrophy

Chondrocytes produce more lhh which promotes their
transition from proliferative to hypertrophic

PTHrP signalling falls off

BMP antagonists (Smadé6/7) expressed which stop mitosis
Inhibited by FGF

Stimulated by B-catenin and canonical Wnt signals
Inhibited by Notch, stimulated by mTOR

Regulated by RUNX2

Production of VEGF

Mineralization of cartilage

VEGF stimulates angiogenesis
Osteoblasts, osteoclasts under systemic control by calcitonin,
PTH, thyroid hormone, oestrogen

Note. BMP, bone morphogenic protein; ECM, extracellular matrix; FGF, fibroblast growth factor; GH, growth hormone; IGF, insulin-like growth factor ; Ihh, Indian
hedgehog; MMPs, matrix metalloproteinases; mTOR, mammalian target of rapamycin; PTH, parathyroid hormone; PTHrP, parathyroid hormone receptor protein;
RUNX2, runt-related transcription factor 2; VEGF, vascular endothelial growth factor; Wnt, wingless/Int-1

with a diurnal rhythm.3° Evidence is mounting that there
is a cartilage-specific circadian clock that controls processes
within the growth plate.3' Endogenous hormone cycles
related to the circadian clock, such as the hypophyseal-
pituitary-adrenal axis, catecholamines, and glucocorticoids,
all exert positive and negative influences on osteoblasts.3?
Similarly, PTH is well known to show diurnal variations,
and experimental studies with bioluminescence showed
that PTH directly influenced physeal cartilage growth
cycles.33 These findings add weight to the age-old advice
of mothers to their children to get their sleep if they want
to grow up big and tall.

Novel transcriptional co-factors

All of these signalling pathways affect a final common path-
way of a multi-faceted transcriptions network. The tran-
scription factors Sox9, RUNX2 and Osterix appear to
respond to the above signalling pathways and in turn con-
trol the transcription of co-factors that control growth plate
formation. Other peptides that control these transcriptional
factors include B-catenin, core binding factor subunit beta
(CBFB), c-Jun activation domain-binding protein-1 (JAB1),
and yes-associated protein 1 (YAP1). Together, these fac-
tors and co-factors regulate chondrocyte growth and mat-
uration, subsequently controlling the growth of the bone.

Specific examples of these co-factors include the constitu-
tive photomorphogenesis 9 (COP9) signalosome and YAP1.

A summary of the stages of endochondral ossification
as well as the relevant signalling peptides at each stage is
shown in Table 1.

Hormones and the physis

In addition to local growth factors and signalling com-
pounds, systemic hormones act on the growth plate, pro-
viding overarching control of the process of growth.
Oestrogen causes maturation of the growth plate, acceler-
ating skeletal maturation and the accumulation of miner-
als into the cartilage. Oestrogen also promotes the closure
of the physis, stopping the axial growth of the bone.
Decreases in total oestrogen or oestrogen receptor sensi-
tivity results in longer bones and tall stature.3

Growth hormone is produced by the anterior pituitary
and is released in a pulsatile manner into the bloodstream.
Most of the growth hormone is secreted during sleep,
especially during the REM phase. Growth hormone affects
multiple tissues in the body, increasing the growth and
differentiation of chondrocytes as well as the deposition of
calcium in bones. Growth hormone supplementation has
been advocated in constitutionally short stature and is not
allowed in athletes because of its anabolic steroid effects.’>
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Adolescence is characterized by rapid bone growth in
normal children. There are a multitude of hormonal changes
that occur during this crucial time in humans, including
increases in growth hormone, testosterone, and oestrogen
among others. Growth hormone is thought to represent
the major factor driving rapid increases in growth of the
epiphysis,3*and testosterone and other androgens increase
the longitudinal growth of bones. This effect appears to
work through oestrogen receptors. Higher testosterone lev-
els in humans are associated with taller stature.?

While growth hormone, oestrogen, and testosterone all
impact growth, their mechanisms of action are not clear. It
has been proposed that the hormones stimulate the pro-
duction of some of the signalling peptides described
above, whereas other evidence suggests that the hor-
mones may directly stimulate the receptors of the signal-
ling peptides.¢ Pharmacological manipulation of hormones
can have significant effects on prepubertal growth.

Growth plate closure

As puberty nears its end, the growth plate undergoes a
process of senescence. There is a gradual decrease in the
height of the growth plate starting with the proliferative
and hypertrophic zones. The size of the chondrocytes in
the hypertrophic zone decreases as they produce less ECM.
This seems to be associated with endocrine and apocrine
changes rather than changes to the chondrocytes them-
selves. Once senescence reaches a certain point, the
growth plate fuses, leaving behind a visible ‘scar’.6¢ Another
possible explanation for senescence is a decrease in the
proliferative capacity of the stem cells in the resting zone.

The process of growth plate senescence intensifies in
response to oestrogen. This hormone increases the rate of
transformation from the resting state to the proliferative
phase, essentially exhausting the supply of these cells.3>
The final step leading to the loss of active chondrocytes
is a matter of significant scientific controversy but may
involve apoptosis, autophagy, transdifferentiation into
osteoblasts, or hypoxia.

Disorders of the growth plate

Given the complexity of the physiology of the normal
growth plate, it is not surprising that over 300 congenital
abnormalities of skeletal growth have been defined.3¢
Hereditary multiple osteochondromas (HMO) and achon-
droplasia are two common disorders caused by distur-
bances in regulatory growth plate pathways that are
understood at the molecular level. HMO, also known as
hereditary multiple exostoses, is caused by autosomal dom-
inant mutations in the exostosin-1 and -2 (Ext-1 and Ext-2)
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genes. These genes are responsible for encoding glycosyl-
transferases for heparan sulphate (HS) synthesis.37,38
Abnormalities in HS have been suggested to effect chon-
drogenesis with respect to several aspects, such as signal-
ling HS-dependent proteins, including Indian Hedgehog
(Ihh), parathyroid hormone-related protein (PTHrP), bone
morphogenetic protein (BMP), and wingless/Int-1 (Wnt),
disturbances in the hh/PTHrP pathway or downstream of
the fibroblast growth factor (FGF)/BMP pathway. All these
effects result in defects in chondrocyte differentiation and
eventually lead to exostoses formation along the border of
the growth plates.39:40

Achondroplasia is an autosomal dominant disorder
characterized by small stature (dwarfism), rhizomelic
shortening of the long bones, thoracolumbar kyphosis,
craniofacial disorders, including macrocephaly and prom-
inent forehead, and hypermobile knees and hips.4!

Achondroplasia has been linked to mutations in gene
expressing fibroblast growth factor receptor (FGFR3).42
Overexpression of FGFR3 signalling inhibits another impor-
tant physiological regulator of chondrocyte differentiation,
Ihh, and this process involves an increase in downstream
regulation of chondrogenesis by promoting apoptosis,
causing a decrease in chondrocyte proliferation, and sup-
pression of chondrocyte hypertrophy, resulting in dwarf-
ism with a decrease in bone elongation. These mutations
may also lead to other chondrodysplasic syndromes, such
as thanatophoric dysplasia (TD), severe achondroplasia
with developmental delay and acanthosis nigricans
(SADDAN), and hypochondroplasia.

Some of the other well-defined disorders are listed in
Table 2.

Systemic causes of growth plate disorders

Some medications and diseases have been implicated as
the cause of short stature in children. Stimulant medica-
tions for attention deficit hyperactivity disorder, glucocor-
ticoids for the treatment of asthma and severe dermatitis,
and certain antibiotics have been cited as causes of revers-
ible stunting of growth, although those patients typically
display ‘catch-up growth’ once the medication is discon-
tinued. In a 1979 study,*? children on neurostimulants
showed decreases in the ECM of the growth plate. Subse-
quent studies have, however, refuted these assertions.
The study led by Derfoul demonstrated that corticoster-
oids were necessary for the differentiation from mesen-
chymal stem cells to chondrocytes,** whereas Silvestrini
et al found that corticosteroid administration increased
apoptosis in the terminal differentiation of chondrocytes
in the zone of calcification and impaired the transition
of chondrocytes from the resting zone to the zone of



THE GROWTH PLATE: A PHYSIOLOGIC OVERVIEW

Table 2. Representative disorders of the growth plate

Syndrome

Defect

Zone involved

Manifestations

Campomelic dysplasia
Achondroplasia
Spondyloepiphyseal dysplasia (SED)
Achondrogenesis type Il
Hypochondrogenesis

Kniest dysplasia

Stickler syndrome
Pseudoachondroplasia

Multiple epiphyseal dysplasia (MED)
(Fairbank’s disease)

Brachydactyly type Al

Acrocapitofemoral dysplasia

Cleidocranial dysplasia (CCD)

SOX9 gene defect

Fibroblast growth factor receptor defect
COL2AT gene, produces type Il collagen
COL2AT gene, produces type Il collagen
COL2AT gene, produces type Il collagen

COL2AT gene, produces type Il collagen
Mutations in the COLT1AT, COLT1A2,
COL2AT genes, produce type Il and XI
collagen

Mutation in the gene encoding cartilage
oligomeric matrix protein (COMP)
Mutation in genes encoding COL9AT,
COL9A2, COL9A3, COMP, MATN3
Numerous subtypes; mutation in Ihh
gene

Mutation in Ihh gene

Mutation in RUNX2 gene

Proliferative
Proliferative
Proliferative
Proliferative
Proliferative
Proliferative
Proliferative
Prehypertrophic
Prehypertrophic
Prehypertrophic
Prehypertrophic

Hypertrophic

95% mortality in neonatal period; scoliosis, kyphosis,
short limbs

Dwarfism

Dwarfism, short trunk and neck, severe near-sightedness
Long bones do not ossify; generally fatal before puberty
Similar to achondrogenesis type Il; spinal deformities
less severe

Dwarfism; kyphoscoliosis, arthritis, blindness

Mild to severe, short stature, atypical facies, arthritis

Growth retardation starting age 2—3; short limbs; gait
abnormalities

Fatigue, waddling gait, very small ossification centres,
short stature

Short fingers; some have absent ulna

Short stature of variable degrees with short limbs,
brachydactyly, narrow thorax
Growth retardation before, defective growth of skull

bones; complete or partial absence of clavicles, thumbs

Note. Ihh, Indian hedgehog.

proliferation, slowing growth.#> Ciprofloxacin has also
been shown to cause growth retardation in children,*¢
although its effects may not be clinically significant.#” Dia-
betes,*® hypothyroidism,*® and renal failure’> have been
investigated as acquired causes of growth retardation that
impact growth through their effects on systemic hor-
mones, ECM, and chondrocytes.

Chemotherapy and radiation therapy have both been
implicated in causing growth abnormalities. Anti-cancer
drugs that exert inhibitory effects on angiogenesis may
interfere with the ossification of bone, a step that requires
the invasion of blood vessels into the calcified ECM.3°
Radiotherapy that includes the growth plate can cause
growth abnormalities in that limb by damaging the stem
cells and chondrocytes.>'

Trauma to the growth plate has long been known to
possibly interfere with growth at that site. In addition to
the obvious explanation of avascular necrosis in poorly
healed Salter fractures, fractures through the growth plate
initiate a cascade of inflammation with the release of
destructive cytokines. These cytokines and macrophages
damage the evolving chondrocytes, impairing their ability
to produce ECM and upsetting the normal orderly archi-
tecture of the growth plate.>? Orthopaedic care provided
in a timely fashion can limit that damage, but growth
abnormalities are common after growth plate injuries and
may even result in nonunions.>3

Conclusions

Axial elongation of long bones via endochondral ossifi-
cation is a highly complex and structured process that
is tightly controlled by systemic hormones, local growth

factors, signalling cytokines, and cellular differentiation.
The most important regulator of this process is the chon-
drocyte as it transitions through differentiation, growth,
and ultimately apoptosis while recruiting blood vessel
growth and the influx of osteoblasts and osteoclasts. The
end product is lamellar bone, laid down within the tem-
plate established by the cartilage of the growth plate.
Numerous genetic defects, diseases, therapeutics, and
trauma have been shown to interfere with growth. Impro-
ved knowledge of normal growth plate physiology could
help clinicians identify treatable disorders and promote
normal stature and growth. Future research should further
clarify the signalling mechanisms controlling growth plate
physiology in an effort to identify and intervene in con-
genital growth retardation at an earlier stage.
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