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With improved survival rates for most child-
hood malignancies, it has become increasingly
apparent that some children grow poorly, long
after chemotherapy is stopped. However, there
have been very few studies that have examined
the mechanisms by which chemotherapy af-
fects growth. In general, any such reports sug-
gest that the effects of chemotherapy on growth
are independent of the hypothalamic—pituitary
axis, but act directly on the cartilage growth
plate to reduce longitudinal bone growth. New
knowledge about the mechanisms of chemo-
therapy actions on longitudinal bone growth is
timely; in particular because the trend in
paediatric oncology is for further intensifica-
tion of treatment, as a result of the successful
use of intensive chemotherapy. This review
provides an overview of the cellular mecha-
nisms that contribute to linear growth; based
on my own studies and the limited data
available from the literature, it also considers
how cytotoxic chemotherapy might disrupt the
normal growth process.

Growth in children treated for childhood
cancers

Several groups of investigators have examined
the effects of chemotherapy on the growth pat-
terns of children treated for various cancers
and have documented a decrease in skeletal
growth rate during treatment with chemo-
therapy. However, the pattern of growth after
completion of treatment has been a point of
some controversy. Some investigators reported
a permanent deficit,'” whereas others reported
catch up growth, with only minimal loss in final
height.** Examination of the chemotherapy
protocols used in these studies suggested that
the dissimilar growth patterns observed were
caused by the variable intensity of the chemo-
therapy regimens used. For example, in an
Australian study by Kirk and colleagues’ there
was no catch up growth and the long term
adverse effects on growth were more severe
than in children treated for acute lympho-
blastic leukaemia (ALL) with UK schedules.®
There is no doubt that the chemotherapy pro-
tocol used by Kirk er a/ was more intense, both
in dose and duration, than the UK schedule. In
addition, there is some evidence to suggest
that, together with the dose and intensity of
treatment, the scheduling of the chemotherapy
drugs is a determining factor for the long term
growth potential. For example, in children

treated for ALL, final height equalled predicted
adult height if continuation treatment con-
sisted of only oral methotrexate and
6-mercaptopurine.” Furthermore, in 22 chil-
dren enrolled in the Medical Research Council
funded randomised trial of childhood ALL
treatment in the UK, post steroid recovery of
osteoblast activity, in terms of alkaline phos-
phatase and procollagen type I C-terminal
propeptide, was impaired by high dose sys-
temic methotrexate.'” However, no detailed
information exists to indicate which phases of
chemotherapy contribute most to the growth
deficit and by what mechanisms. Chemo-
therapy in association with craniospinal irra-
diation is associated with a greater degree of
growth failure than is craniospinal irradiation
alone," "> and although radiation induced
growth hormone deficiency (GHD) can be
treated with growth hormone replacement
treatment, most patients fail to reach their
midparental height.””" One explanation for
this is that chemotherapy has an additional
effect on growth, although it is difficult to
determine exactly how large this effect might
be. As far as the mechanism of growth failure is
concerned, children treated with chemo-
therapy alone show no disturbance of growth
hormone secretion,”” "> which suggests that
these agents have a direct effect on the skeleton
itself. In support of this, poor growth in
children with osteosarcoma treated with com-
bination chemotherapy followed by surgery is
accompanied by disruption of the columnar
arrangement of chondrocytes within the
growth plate, as well as a reduction in the
number of proliferative cells in each column.'

Regulation of postnatal longitudinal bone
growth

Longitudinal bone growth is achieved by the
complex, multistep process known as endo-
chondral ossification, whereby the cartilagi-
nous template of the axial and appendicular
skeleton is replaced by bone."” This process is
initiated when chondrocytes at the epiphyseal
growth plate are stimulated to proliferate and
then proceed through stages of maturation and
hypertrophy. In the region of cellular hypertro-
phy, the surrounding matrix and vascular tissue
undergo calcification. The hypertrophic
chondrocytes degenerate and give way to
invading osteoblasts, and bone and bone mar-
row subsequently replace the calcified cartilage
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at the metaphysis. In a recent elegant study,"®
rabbit distal ulnar growth plates were excised,
inverted, and re-implanted in their original
beds. Longitudinal bone growth then occurred
at the epiphyseal, not at the metaphyseal,
surface of the growth plate, indicating that spa-
tial polarity within the growth plate was main-
tained by intrinsic mechanisms rather than
external signals.

Endochondral ossification is an important
determinant of both the rate and extent of lon-
gitudinal bone growth, with the two main con-
tributing variables being the rate of new cell
production and the average height of the
hypertrophic cells.” This growth plate activity
is in turn subject to regulation by a number of
factors, which might be of genetic, endocrine,
paracrine, or autocrine origin, and it is the
complex interactive effects of these substances
on chondrocytes in vivo that determine the
final growth response. Moreover, identical
stimuli act differentially on chondrocytes
according to the zone of chondrogenic matura-
tion within the growth plate (reserve, prolifera-
tive, or hypertrophic), thus adding to the versa-
tility and complexity of the system as a whole.
These stimuli include various hormones such
as growth hormone,” thyroid hormones (T,),”
and parathyroid hormone/parathyroid hor-
mone related peptide (PTH/PTHrP), as well as
several growth factors and cytokines, such as
insulin-like growth factor I (IGF-I), basic
fibroblast like growth factor, and transforming
growth factor B.” More recently, Indian
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hedgehog (Ihh), which is a member of a
conserved family of secreted proteins that have
key roles in embryonic patterning in many
organisms, has been identified in growth plates
from a number of species. These studies have
demonstrated convincingly that Ihh and
PTHrP target PTH/PTHrP receptor (PTHR/
PTHrPR) expressing growth plate chondro-
cytes in a negative feedback loop to regulate the
coordinated progression of chondrocyte matu-
ration and hypertrophy (fig 1).” ** Although in
most instances the precise mechanism of action
of these regulatory peptides remains incom-
pletely understood, it is generally accepted that
the two main stimulatory peptides contributing
to longitudinal bone growth are growth hor-
mone and IGF-1.* According to the dual
effector theory of growth hormone action,”
growth hormone acts not only directly on
chondrocyte progenitor cells of the growth
plate to promote their differentiation, but also
indirectly to increase the responsiveness of the
proliferative cells undergoing clonal expansion
from the stimulatory effects of IGF-1.*

In vitro models of chondrogenesis

Over the past 15 years, important advances in
our understanding of the mechanisms of chon-
drogenesis and thus longitudinal bone growth
have been made using defined in vitro culture
systems, which manipulate the maturational
characteristics of isolated chondrocytes. In
particular, the group led by Isaksson developed
an in vitro agarose suspension culture system,
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Figure 1  Schematic representation of the epiphyseal growth plate and adjacent bone. The actions of the major systemic
hormones on growth plate chondrocyte maturation are shown on the right hand side and the effects of chemotherapeutic
agents are indicated on the left of the diagram. Reserve zone chondrocytes differentiate to proliferating cells by a process that
is stimulated by growth hormone (GH).” Proliferating cells undergo a process of clonal expansion, which is stimulated by
insulin-like growth factor I (IGF-1) and probably inhibited by thyroid hormone (T,), and begin to express the parathyroid
hormone/parathyroid hormone related protein receptor (PTHR/PTHrPR) before commitment to hypertrophy. Terminal
differentiation towards the hypertrophic phenotype is induced by T, and committed cells synthesise and secrete Indian
hedgehog (Ihh). Ihh acts on perichondrial cells to stimulate the synthesis and release of PTHrP. PTHrP acts on
uncommitted proliferating cells that express PTHrPR to inhibit cell proliferation, thereby delaying cell maturation and
reducing Ihh synthesis to complete a feedback loop.” Both glucocorticoids and DNA damaging agents target reserve cells
and proliferating chondrocytes. Whereas these effects are cytotoxic for the former, resulting in a loss of a proportion of the
cells from these rwo zones, glucocorticoids reduce chondrocyte proliferation by maintaining a pool of slowly cycling or resting
growth plate chondrocytes. These may re-enter the cell cycle and fulfil all or part of their chondrogenic potential when the

glucocorticoids have been removed.
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which not only allows chondrocytes to be stud-
ied in isolation, but also provides a model of
chondrogenesis, such that morphological dif-
ferences can be analysed with time as the cells
progress towards hypertrophy.”” ** In the origi-
nal description of this system, Lindahl and
colleagues® showed that the formation of either
small or large size colonies depended on
whether the cells had originated from the pro-
liferative or stem cell layers of the growth plate,
respectively. Confirmation that these colonies
arose from cells of differing chondrogenic
status was provided by the stimulation of the
cells at different stages of maturation by growth
hormone and IGF-I,”® consistent with the
known in vivo effects of these peptides. We have
continued to use this model and demonstrated,
by staining for markers of a hypertrophic phe-
notype such as alkaline phosphatase activity
and proteoglycan synthesis, the eventual termi-
nal differentiation of the cells within these
colonies.”

Effects of cytotoxic drugs on growth plate
chondrocytes in vitro and the

implications for longitudinal bone growth
The first detailed in vitro experiments were
performed by Morris,” who examined the
effects of seven different cytotoxic drugs on
IGF-1 stimulated »S-sulphate and ’H-
thymidine uptake in a porcine costal cartilage
bioassay. These studies indicated that cytotoxic
chemotherapy might have a direct effect on the
response of chondrocytes to changes in the
growth hormone-IGF-I axis. Growth distur-
bances result when there is a disruption of the
normal cellular activity of growth plate
chondrocytes and/or the cells of bone. In the
growth plate this might manifest as either a
reduction in cell number, and hence growth
plate width, or the loss of the functional integ-
rity of the cellular matrix. In Kniest dysplasia,
the impaired production of collagen type II
results in the formation of imperfect collagen
fibrils,” leading to the disruption of the organ-
isation of chondrocytes, and thus their closely
related proliferation and biosynthesis. In the
treatment of proliferating neoplastic cells,
cytotoxic chemotherapy disrupts normal cell
division, damages genetic material, and hence
affects dividing cells. Despite the suggestion by
some that epiphyseal chondrocytes are hy-
poxic, the growth plate is supplied by the
epiphyseal artery, which passes through the
reserve zone, and branches of which end in the
proliferating zone.” Consequently, one would
expect chemotherapeutic agents to have a
direct effect on chondrocytes from both the
proliferative and reserve (which, although they
have a long generation time, do undergo one to
two cell doublings) zones of the growth plate.
Using in vitro monolayer and agarose suspen-
sion culture systems of isolated rat tibial
growth plate chondrocytes, we demonstrated
for the first time direct effects of a variety of
chemotherapeutic drugs commonly used in the
treatment of childhood malignancies on the
proliferative capacity of these cells.”” Despite
differing toxicities of the DNA damaging
agents cisplatin, etoposide, carboplatin, and
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actinomycin D in these assay systems, all drugs
targeted the proliferating chondrocyte popula-
tions, causing cell loss. This then left a
relatively quiescent partially matured popula-
tion of chondrocytes, incapable of much
further cell division and unresponsive to the
stimulatory effects of growth hormone and/or
IGF-I. In contrast, the purine salvage
pathway inhibitors 6-mercaptopurine and
6-thioguanine had little adverse effect on
proliferating or quiescent chondrocytes, but
acted instead to slow their proliferation,
whereas the antimetabolite methotrexate had
no effect on chondrocyte proliferation and dif-
ferentiation in any of our assay systems. The
latter observation was surprising, given that
methotrexate is extremely effective at reducing
tumour cell growth in a range of paediatric
cancers. However, in vitro studies treating
human articular cartilage and human bone
derived osteoblasts with lower doses of metho-
trexate, equivalent to those offered to patients
with rheumatoid arthritis, also demonstrated
the absence of major adverse effects on articu-
lar cartilage, as well as an inhibition of osteo-
blast proliferation, but not differentiation, with
this drug.*

In addition to the above chemotherapeutic
drugs, glucocorticoids are now frequently used
in the treatment of childhood cancers, either
directly as part of the chemotherapy protocol—
for example, in lymphomas and ALL, or as
anti-emetics during chemotherapy.” It has long
been established that the chronic use of
steroids reduces linear growth® ’’; however,
relatively small oral doses of daily exogenous
glucocorticoids are also capable of slowing
growth in some children and this is variably
counterbalanced by growth hormone treat-
ment.”® The growth suppressing effects of these
agents are multifactorial, including a direct
suppressive effect on matrix production and
synthesis of local growth factors. Although a
detailed discussion of these mechanisms is
beyond the scope of this review, it should be
mentioned that the inhibitory effects of gluco-
corticoids on bone growth have long been
thought to be caused, at least in part, by
antagonism of growth hormone action. A time
and dose dependent downregulation of growth
hormone receptor mRNA expression and
binding capacity after dexamethasone treat-
ment of growth plate chondrocytes, together
with a reduction in the local production of
IGF-I, has been demonstrated recently.”” In
addition, in the mouse, growth hormone
administration can decrease or even prevent
some of the damage to growing bones inflicted
by high dose glucocorticoid treatment, such as
reduced growth plate width, mineral bone con-
tent and acid, and alkaline phosphatase
activity.” In contrast to the actions of the cyto-
toxic drugs, we found that the glucocorticoids,
prednisolone, and dexamethasone act merely
to slow or delay the growth of chondrocytes by
maintaining a resting or slowly cycling popula-
tion of immature cells, which remain commit-
ted to chondrogenesis.”” After the removal
of the glucocorticoids these cells would
then re-enter the chondrogenic pathway and
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undergo maturation (proliferation and hyper-
trophy), fulfilling all or at least part of their
chondrogenic potential, consistent with the in
vivo phenomenon of catch up growth. In
support of this, we have since demonstrated
that chondrocytes pretreated with the gluco-
corticoids are not only able to undergo clonal
expansion and maturation when subcultured in
suspension without the glucocorticoids, but
also that their growth rate is enhanced by
growth hormone and more significantly by
IGF-1.* Similarly, in an in vivo study, dexam-
ethasone was shown to slow proximal tibial
growth rate, when infused for four weeks in 6
week old rabbits, compared with the contralat-
eral vehicle treated limb." After dexametha-
sone treatment was stopped, local catch up
growth was observed in the affected growth
plate only, suggesting a mechanism intrinsic to
the growth plate.

Based on our data we have proposed a model
in which cytotoxic drugs irreversibly deplete
chondrocyte cell numbers, whereas glucocorti-
coids have a profound but transient effect on
chondrocyte proliferative capacity. However, it
is also possible that, although glucocorticoid
effects are transient, they might occur during
important periods of rapid growth and/or be
important in the timing of growth plate closure
and so affect the overall growth a bone
achieves. Furthermore, as already mentioned,
the two main variables contributing to the rate
of longitudinal bone growth are the rate of new
cell production and the average height of the
hypertrophic cells. Thus, suppression of the
proliferation of non-stem daughter cells by
glucocorticoids might reduce the numbers of
hypertrophic chondrocytes arising from each
stem cell division. A decrease in clone size for
each stem cell division might then lead to irre-
versible loss of linear growth.

This work has highlighted a poorly studied
area and, although our observations localise
some of the effects of chemotherapy to the
growth plate, many questions regarding the
issue of chemotherapy induced growth impair-
ment remain unanswered. Histological and cell
kinetic studies using in vivo models of longitu-
dinal bone growth are now essential to provide
further evidence to support our data and
proposed model, as well as increasing our
understanding of the cellular mechanisms
involved.

In conclusion, although we have direct
evidence that chemotherapeutic agents affect
the proliferative capacity of growth plate
chondrocytes in vitro we do not know how this
will translate into final achievable height. The
implications for understanding growth retarda-
tion and the phenomenon of catch up growth
associated with chemotherapy and/or glucocor-
ticoid treatment are still not clear, and with
progressively more intensive chemotherapy
regimens, normal tissue growth is likely to be
increasingly affected. These studies emphasise
the need not only to understand the mecha-
nisms by which these agents damage normal
chondrocytes but also to determine how the
growth potential might be maintained during
treatment for childhood malignancy.
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