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The Genetics of Childhood Disease and Development: A Series of
Review Articles

The following article is the third in this series. It describes the genetic and molecular factors controlling the development of long
bones. It focuses on Indian Hedgehog-parathyroid hormone related protein regulation of normal chondrocyte development and

how aberrations in this pathway lead to tumor formation.
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ABSTRACT

There are many crucial genes and signaling pathways in the
proper development of an organism. Pathologies may arise from a
deregulation of these pathways. The Indian Hedgehog—PTH-related
protein (Ihh-PTHrP) pathway is vital in the proper development of
endochondral bones, such as the long bones. The IThh-PTHrP path-
way regulates the rate at which chondrocytes within the growth plate
proliferate and differentiate. Thus, this pathway allows for the
longitudinal growth of bones. However, a disruption in this pathway
may lead to enchondromas and osteochondromas, which are both
childhood cartilaginous neoplasms. Recently, our lab identified a
mutant receptor for PTHrP in enchondroma samples. Mice express-
ing this mutant receptor and mice with increased Ihh activity
develop conditions similar to human enchondromatosis. Linkage
analysis shows an association between EXT genes and osteochon-
dromas in hereditary multiple exostoses syndrome. Studies in Dro-
sophila and mice suggest EXT gene products play a role in the
diffusion of hedgehog proteins. A mutation in EXT genes may result

The coordinated control of genes and signaling pathways
allows for the growth, movement, and death of cells, resulting
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in an abnormal Thh diffusion pattern leading to an osteochondroma.
There are agents that inhibit Hedgehog signaling. These agents may
be useful in the treatment of enchondromas and osteochondromas.
This review will discuss the discovery of the Ihh-PTHrP pathway
and its involvement in neoplasia, and will suggest possible novel
therapeutic agents in the treatment of these cartilaginous neoplasms.
(Pediatr Res 53: 539-543, 2003)
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in the proper development of an organism. Later in life, cells in
pathologic processes may use these same pathways, disrupting
homeostasis (1). Understanding the deregulation of these path-
ways in pathologic processes will not only advance our under-
standing of pathophysiology, but may also suggest novel ther-
apeutic approaches (1). Recent studies have elucidated
pathways important in regulating endochondral bone growth
and how deregulation of these pathways leads to the develop-
ment of cartilaginous neoplasia. In this review, we will dem-
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onstrate how developmental signaling pathways are active in
cartilaginous neoplastic processes, and suggest how the devel-
opment of novel therapeutic approaches may arise from this
knowledge.

SKELETAL FORMATION

Bone formation is a well-organized and highly regulated
process. During embryogenesis, mesenchymal cells migrate to
areas destined to become bone. The mesenchymal cells differ-
entiate into skeletal elements by directly forming bone (in-
tramembranous ossification) or by forming a cartilaginous
model, which then induces bone formation (endochondral os-
sification) (2). Chondrogenesis, a precursor to ossification,
occurs in many different bones, including the vertebral column
and long bones (3).

Long bones begin as cartilage miniatures of their adult
counterparts. Through endochondral ossification, there is a
conversion of cartilage into bone. The primary ossification site
occurs at the center of the bone shaft (diaphysis). The ossifi-
cation event radiates from the center out toward the ends of the
shaft (epiphysis). A secondary site of ossification arises at
either end of the bone. Ossification of the cartilage proceeds
away from these secondary sites, resulting in cartilage being
sandwiched between the secondary and primary ossification
sites (Fig. 1). This region of cartilage, the growth plate, is
responsible for longitudinal bone growth (2).

The growth plate is a tightly regulated area of chondrocyte
differentiation and maturation. Within the growth plate, chon-
drocytes differentiate, progressing through the resting, prolif-
eration, prehypertrophic, and hypertrophic stages, eventually
undergoing programmed cell death. During the resting phase,
the chondrocytes arrange themselves in small clusters. These
clusters of cells enter the proliferation stage by undergoing
successive mitotic divisions to form the characteristic columns
of chondrocytes associated with the growth plate. Chondro-
cytes that cease dividing begin to hypertrophy and may un-
dergo apoptosis (3). Upon chondrocyte degeneration, osteo-
blasts and capillaries from the diaphysis begin to invade the
cartilage matrix, producing the new bone (3). This ultimately
leads to growth of endochondral bones (Fig. 2).

Vortkamp and her colleagues (4) demonstrated the involve-
ment of Thh and PTHrP in regulating the differentiation of
growth plate chondrocytes. In particular, they showed that cells
in the prehypertrophic stage produce Ihh, a secreted signaling
molecule, and that increasing levels of Thh slow the rate of
differentiation of chondrocytes. An examination of the expres-
sion of Gli and Patched (downstream targets of Ihh), suggests
that Thh affects the perichondrium, the connective tissue sur-
rounding the growth plate (4), where expression of PTHrP
occurs (5). Furthermore, there is acceleration in the transition
from proliferative to hypertrophic phase in mutant mice lack-
ing PTHrP (6, 7). Addition of extra hedgehog (Hh) increases
PTHrP levels in the perichondrium, however, addition of Hh
does not reduce the increased rate of differentiation in mice
lacking PTHrP (4). Overall, these results suggest that PTHrP is
the mediator of Ihh signaling.
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Figure 1. Cartilage neoplasms. The divisions of the bone are the epiphysis,
physis (growth plate), metaphysis, and diaphysis. The perichondrium, a layer
of connective tissue, envelops the growth plate. Each cartilage neoplasm forms
in a specific area of the bone. Chondroblastomas show a preference for the
epiphysis. Endochondromas are on the metaphyseal side. Osteochondromas,
typically manifest as outgrowths from the metaphysis.

This and other studies have led to the development of a
model where Thh and PTHrP are involved in a feedback loop
controlling chondrocyte differentiation and proliferation in the
growth plate (Fig. 2). Chondrocytes at the prehypertrophic and
hypertrophic boundary express Ihh (4, 8). IThh may stimulate
growth plate chondrocytes to proliferate (9) and induce peri-
chondrial cells enveloping the growth plate to increase the
expression of PTHrP (8, 10). The expression of PTHrP, in turn,
signals to the PTHrP-receptor expressing cells (mainly prolif-
erating and prehypertrophic cells), slowing the differentiation
into hypertrophic cells (11). Chondrocytes that eventually enter
hypertrophic differentiation will express Ihh (8). However,
because increased PTHrP production results in an overall
decrease of differentiation into hypertrophy, there is a general
decrease in Thh. There is also evidence that PTHrP directly
down-regulates Thh (12). Thus, the balance of Thh expression
versus PTHrP expression controls the rate of chondrocyte
differentiation, laying the foundation for normal longitudinal
bone development.

These studies show that the Thh-PTHrP pathway plays an
important role in regulating the rate of maturation of the
normal growth plate. Furthermore, the critical importance of
this pathway becomes increasingly clear when one examines
the consequences that result from a deregulation of the Ihh-
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Figure 2.
differentiation. As chondrocytes begin to hypertrophy, they express Ihh. Ihh
stimulates chondrocyte proliferation. In addition, Thh also stimulates perichon-
drial cells to express PTHrP. PTHrP inhibits Thh expression and prevents
proliferative cells from differentiating. Thus, the Ihh-PTHrP pathway works to
regulate the differentiation and proliferation of chondrocytes within the growth
plate.

PTHrP pathway. For example, a disruption in this pathway can
lead to enchondromas and osteochondromas, benign cartilagi-
nous tumors of bone.

ENCHONDROMAS

Enchondromas are common benign cartilaginous neoplasms
in children. These tumors arise on the metaphyseal side of the
growth plate in bones that undergo endochondral ossification
(Fig. 1). Enchondromas can occur as solitary lesions, or as
multiple lesions in enchondromatosis (13). Although there is a
broad spectrum of clinical manifestations of enchondromato-
sis, they are often categorized into two syndromes: Ollier and
Maffucci. Multiple enchondromas, resulting in a short, angu-
lated limb characterize Ollier disease (14). Maffucci syndrome
also consists of multiple enchondromas, but is associated with
vascular malformations. An enchondroma may be completely
asymptomatic and the discovery may be an incidental finding
on a radiograph. Enchondromas may cause pain, skeletal de-
formity, bony weakness leading to pathologic fracture, and
malignant change to chondrosarcoma (13, 15). Clinical data
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show a high risk of malignant transformation to chondrosar-
coma in multiple enchondroma syndromes. The actual inci-
dence is unknown. However, some studies report close to
100% malignant transformation in Maffucci syndrome (16).
Enchondromas may disappear with time after skeletal maturity,
possibly because of gradual completion of endochondral
ossification.

For the majority of these tumors, observation is usually a
sufficient therapeutic modality. However, further treatments
are exclusively surgical, consisting of curettage of the tumors
with bone grafts for reconstruction (14), fixation of pathologic
fractures (16), and osteotomy for limb realignment and length-
ening (17) may also be necessary.

Enchondromas are composed of cells cytologically similar
to growth plate chondrocytes, possibly representing foci of
incomplete endochondral ossification (18). The cytological
similarity between enchondromas and growth plate chondro-
cytes prompted our lab to investigate the IThh-PTHrP pathway
in these tumors. We found that enchondromas express key
components of this pathway and that the down-regulation of
Ihh by PTHrP was lost in these tumor samples (19). An
investigation of enchondroma samples resulted in the finding
of a mutant PTHrP receptor (PTHR1) in two unrelated males.
It appears that this mutant receptor localizes to the membrane
at a lesser extent than the wild-type receptor. However, this
mutation seems to constitutively activate the PTHrP pathway.
Increase in PTHrP signaling leads to a decrease in chondrocyte
differentiation, thus leading to the formation of enchondromas
(19).

Transgenic mice expressing the mutant PTHR1 develop
tumors similar to human enchondromatosis. The bones of these
mice have cartilage islands in the metaphyses. These islands
contain proliferating cells and occasional binucleate lacunae
arranged in lobular patterns in a hyaline cartilage matrix. In
addition, columns of cartilage commonly connect the cartilage
islands to the adjoining growth plate (19).

Because we found that regulation of Thh by PTHrP is lost in
enchondromas, we generated transgenic mice overexpressing
the Hedgehog (Hh) transcriptional regulator, Gli2. The Gli
family of transcription factors is responsible for transducing
the Hh signal to the cell nucleus, and Gli2 is the key activating
transcription factor. These mice develop ectopic cartilage is-
lands similar to those of the mutant PTHR1 mice (19). Thus,
the Thh signaling pathway as a whole seems to play a crucial
role in the formation of enchondromatosis (19).

OSTEOCHONDROMAS

Osteochondromas manifest as outgrowths of bone and car-
tilage from the metaphyseal region of long bones (Fig. 1). The
lesions have a cartilage cap that develops during the individ-
ual’s growing years (20). In a sense, osteochondromas behave
like displaced epiphyseal cartilage that grows at an angle from
the normal bone (15, 21). Osteochondromas can occur as
solitary lesions or as multiple lesions, as seen in hereditary
multiple exostoses (HME) syndrome (21, 22). These lesions
are usually not painful. However, vascular complications and
functional hindrance of the surrounding soft tissue and nerves
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may occur. There may be growth disturbances of the bones in
individuals with multiple lesions (14). There is also the possi-
bility of a malignant transformation. Although the absolute
incidence is unknown, it is thought to be lower than Ollier
disease or Maffucci syndrome (14, 16).

Because there is an obvious inheritance pattern for HME, the
search for possible candidate loci gained interest (20). Buhler
and Malik (23) noted that a subset of individuals with Langer-
Giedion syndrome also have multiple exostoses. A large germ-
line deletion in a region of chromosome § causes this syn-
drome. Thus, the gene responsible for HME is located in this
deleted region. Cook et al. (24) investigated 11 families with
HME. Using genomic markers, this group of researchers was
able to link HME to a gene in chromosome 8§ in the q24.1
region, denoted EXT1. However, because only 70% of HME
links to this region, there may be additional loci. Linkage
analysis on affected and unaffected individuals within large
pedigrees isolated a second EXT gene on chromosome 11,
EXT2 (25). Currently, there are investigations into other EXT
and EXT-like genes (26-28).

Evidence is accumulating on the functional role of the EXT
genes. Tout-velu (Ttv), the Drosophila homologue of EXT (26,
29), is involved in heparin sulfate (HS) biosynthesis (30, 31).
Analysis of Drosophila that lack Ttv function indicates that
this protein plays a role in the short-range diffusion of Hh (29).
Therefore, Ttv is important in turning on downstream targets of
Hh.

Studies of the EXT1 and EXT2 proteins support a similar
role in mammals. In the growth plate, the enhancement of Thh
diffusion by EXT gene products may allow Thh to exhibit its
effects on the proliferating and perichondral chondrocytes. /n
situ hybridization studies in wild-type mice show EXTI and
EXT2 expression in proliferative and prehypertrophic chon-
drocytes, but not in hypertrophic chondrocytes (32). In addi-
tion, Thh is unable to associate with the surface of target cells
in mice embryos lacking the EXT1, suggesting that HS expres-
sion is essential for Thh binding (31).

The role for EXT in normal bone formation may help
explain the etiology of HME. Mutations in the EXT genes
could lead to a defect in HS biosynthesis. This may result in a
localized disruption of the negative feedback loop that regu-
lates chondrocyte proliferation and differentiation by causing a
change in the diffusion pattern of Thh. A change in the Thh
diffusion could potentially result in premature differentiation of
nearby growth plate chondrocytes. This may alter the direction
of growth of the chondrocytes and ultimately result in the
development of an exostosis or osteochondroma (33). How-
ever, further investigations are required to clarify the mecha-
nism behind the formation of an exostosis.

CLINICAL SIGNIFICANCE

Developmental pathways may be ideal targets for novel
pharmacological agents, such as cyclopamine, a drug derived
from the plant Veratrum californicum. This plant, when in-
gested during pregnancy by Ewes, results in the birth of lambs
with holoprosencephaly (34). Later studies identified that the
teratogenic effect of cyclopamine results from the drug’s abil-

REVIEW ARTICLE

ity to block hedgehog signaling (35). Because this agent affects
the developing fetus and not the mature sheep ingesting the
plant, the drug has potential to inhibit hedgehog signaling in
mature animals with minimal side effects. As a result, cyclo-
pamine and other hedgehog-inhibiting agents may have a role
in treating cartilage neoplasia. Thus, understanding the role of
developmental signaling pathways may assist in elucidating
novel treatments for pathologic conditions.

REFERENCES

—_

. Sachs L 1993 Regulators of normal development and tumor suppression. Int J Dev
Biol 37:51-59
2. Burkitt HG, Young B, Heath JW 1999 Wheater’s Functional Histology: A Text and
Colour Atlas. Churchill Livingstone, London, pp 181-186
3. Erlebacher A, Filvaroff EH, Gitelman SE, Derynck R 1995 Toward a molecular
understanding of skeletal development. Cell 80:371-378
4. Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin CJ 1996
Regulation of rate of cartilage differentiation by Indian hedgehog and PTH-related
protein. Science 273:613—622
5. Suva LJ, Winslow GA, Wettenhall RE, Hammonds RG, Moseley JM, Diefenbach-
Jagger H, Rodda CP, Kemp BE, Rodriguez H, Chen EY, Hudson PJ, Martin TJ,
Wood WI 1987 A parathyroid hormone-related protein implicated in malignant
hypercalcemia: cloning and expression. Science 237:893—-896
6. Amizuka N, Warshawsky H, Henderson JE, Goltzman D, Karaplis AC 1994
Parathyroid hormone-related peptide-depleted mice show abnormal epiphyseal
cartilage development and altered endochondral bone formation. J Cell Biol
126:1611-1623
7. Karaplis AC, Luz A, Glowacki J, Bronson RT, Tybulewicz VL, Kronenberg HM,
Mulligan RC 1994 Lethal skeletal dysplasia from targeted disruption of the parathy-
roid hormone-related peptide gene. Genes Dev 8:277-289
8. Chung UI, Schipani E, McMahon AP, Kronenberg HM 2001 Indian hedgehog
couples chondrogenesis to osteogenesis in endochondral bone development. J Clin
Invest 107:295-304
9. St-Jacques B, Hammerschmidt M, McMahon AP 1999 Indian hedgehog signaling
regulates proliferation and differentiation of chondrocytes and is essential for bone
formation. Genes Dev 13:2072-2086
10. Lanske B, Karaplis AC, Lee K, Luz A, Vortkamp A, Pirro A, Karperien M, Defize
LH, Ho C, Mulligan RC, Abou-Samra AB, Juppner H, Segre GV, Kronenberg HM
1996 PTH/PTHrP receptor in early development and Indian hedgehog-regulated bone
growth. Science 273:663—666
11. Chung Ul, Lanske B, Lee K, Li E, Kronenberg H 1998 The parathyroid hormone/
parathyroid hormone-related peptide receptor coordinates endochondral bone devel-
opment by directly controlling chondrocyte differentiation. Proc Natl Acad Sci U S A
95:13030-13035
12. Yoshida E, Noshiro M, Kawamoto T, Tsutsumi S, Kuruta Y, Kato Y 2001 Direct
inhibition of Indian hedgehog expression by parathyroid hormone (PTH)/PTH-related
peptide and up-regulation by retinoic acid in growth plate chondrocyte cultures. Exp
Cell Res 265:64-72
13. Levesque J, Marx R, Bell RS, Wunder JS, Kandel R, White L 1998 A Clinical Guide
to Primary Bone Tumors. Williams & Wilkins, Philadelphia, pp 98-107
14. Salter RB 1983 Textbook of Disorders and Injuries of the Musculoskeletal System.
Williams & Wilkins, Baltimore, pp 333-335
15. Huvos AG 1991 Bone tumors: diagnosis, treatment, and prognosis. WB Saunders,
Philadelphia, pp 264294
16. Schwartz HS, Zimmerman NB, Simon MA, Wroble RR, Millar EA, Bonfiglio M 1987
The malignant potential of enchondromatosis. J Bone Joint Surg Am 69:269-274
17. Haddad FS, Harper GD, Hill RA 1997 Intraoperative arthrography and the Ilizarov
technique. Role in the correction of paediatric deformity and leg lengthening. J Bone
Joint Surg Br 79:731-733
18. Brien EW, Mirra JM, Kerr R 1997 Benign and malignant cartilage tumors of bone and
joint: their anatomic and theoretical basis with an emphasis on radiology, pathology
and clinical biology. I. The intramedullary cartilage tumors. Skeletal Radiol 26:325—
353
19. Hopyan S, Gokgoz N, Poon R, Gensure RC, Yu C, Cole WG, Bell RS, Juppner H,
Andrulis IL, Wunder JS, Alman BA 2002 A mutant PTH/PTHrP type I receptor in
enchondromatosis. Nat Genet 30:306-310
20. Solomon L 1963 Hereditary multiple exostosis. J Bone Joint Surg 45B:292-304
21. Bovee JV, Cleton-Jansen AM, Wuyts W, Caethoven G, Taminiau AH, Bakker E, Van
Hul W, Cornelisse CJ, Hogendoorn PC 1999 EXT-mutation analysis and loss of
heterozygosity in sporadic and hereditary osteochondromas and secondary chondro-
sarcomas. Am J Hum Genet 65:689—698
22. Schmale GA, Conrad III EU, Raskind WH 1994 The natural history of hereditary
multiple exostoses. J Bone Joint Surg Am 76:986-992
23. Buhler EM, Malik NJ 1984 The tricho-rhino-phalangeal syndrome(s): chromo-
some 8 long arm deletion: is there a shortest region of overlap between reported
cases? TRP I and TRP II syndromes: are they separate entities? Am J Med Genet
19:113-119
24. Cook A, Raskind W, Blanton SH, Pauli RM, Gregg RG, Francomano CA, Puffen-
berger E, Conrad EU, Schmale G, Schellenberg G, Wijsman E, Hecht JT, Wells D,



25.

26.

27.

28.

29.

REVIEW ARTICLE

Wagner MJ 1993 Genetic heterogeneity in families with hereditary multiple exosto-
ses. Am J Hum Genet 53:71-79

Hecht JT, Hogue D, Strong LC, Hansen MF, Blanton SH, Wagner M 1995 Hereditary
multiple exostosis and chondrosarcoma: linkage to chromosome II and loss of
heterozygosity for EXT-linked markers on chromosomes I and 8. Am J Hum Genet
56:1125-1131

Le Merrer M, Legeai-Mallet L, Jeannin PM, Horsthemke B, Schinzel A, Plauchu H,
Toutain A, Achard F, Munnich A, Maroteaux P 1994 A gene for hereditary multiple
exostoses maps to chromosome 19p. Hum Mol Genet 3:717-722

Saito T, Seki N, Yamauchi M, Tsuji S, Hayashi A, Kozuma S, Hori T 1998 Structure,
chromosomal location, and expression profile of EXTR1 and EXTR2, new members
of the multiple exostoses gene family. Biochem Biophys Res Commun 243:61-66
Wise CA, Clines GA, Massa H, Trask BJ, Lovett M 1997 Identification and
localization of the gene for EXTL, a third member of the multiple exostoses gene
family. Genome Res 7:10-16

Bellaiche Y, The I, Perrimon N 1998 Tout-velu is a Drosophila homologue of the
putative tumour suppressor EXT-1 and is needed for Hh diffusion. Nature 394:85-88

30.

31.

32.

33.

34.

3s.

543

McCormick C, Duncan G, Goutsos KT, Tufaro F 2000 The putative tumor suppres-
sors EXT1 and EXT2 form a stable complex that accumulates in the Golgi apparatus
and catalyzes the synthesis of heparan sulfate. Proc Natl Acad Sci U S A 97:668—-673
Lin X, Wei G, Shi Z, Dryer L, Esko JD, Wells DE, Matzuk MM 2000 Disruption of
gastrulation and heparan sulfate biosynthesis in EXT1-deficient mice. Dev Biol
224:299-311

Stickens D, Brown D, Evans GA 2000 EXT genes are differentially expressed in bone
and cartilage during mouse embryogenesis. Dev Dyn 218:452—-464

Duncan G, McCormick C, Tufaro F 2001 The link between heparan sulfate and
hereditary bone disease: finding a function for the EXT family of putative tumor
suppressor proteins. J Clin Invest 108:511-516

Keeler RF, Binns W 1968 Teratogenic compounds of Veratrum californicum (Du-
rand). V. Comparison of cyclopian effects of steroidal alkaloids from the plant and
structurally related compounds from other sources. Teratology 1:5-10

Cooper MK, Porter JA, Young KE, Beachy PA 1998 Teratogen-mediated inhibition
of target tissue response to Shh signaling. Science 280:1603—-1607



	Developmental Pathways in Musculoskeletal Neoplasia: Involvement of the Indian Hedgehog-Parathyroid Hormone-Related Protein Pathway
	SKELETAL FORMATION
	ENCHONDROMAS
	OSTEOCHONDROMAS
	CLINICAL SIGNIFICANCE
	Note
	References


