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PTHrP Treatment Fails to Rescue Bone Defects Caused by
Hedgehog Pathway Inhibition in Young Mice
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ABSTRACT

The advent of molecular targeted therapies offers the hope of therapeutic advance in the fight against cancer. However, this hope is tempered by
recent findings that certain targeted therapies may have unique side effects. The Hedgehog (HH) pathway is a potential target for treatment of several
cancers, including basal cell carcinoma and a subset of medulloblastoma. Recent clinical trials in adults have shown responses to HH pathway inhi-
bition in both basal cell carcinoma and medulloblastoma. However, concerns have been raised about the use of HH pathway inhibitors in children
because of the role the HH pathway plays in development. Indeed, young mice treated with the HH pathway inhibitor HhAntag developed severe
bone defects, including premature differentiation of chondrocytes, thinning of cortical bone, and fusion of the growth plate. In an effort to lessen the
severity of bone defects caused by HhAntag, we treated young mice simultaneously with HhAntag and parathyroid hormone-related protein
(PTHrP), which functions downstream of Indian Hedgehog to maintain chondrocytes in a proliferative state. The results show that whereas treatment
with PTHrP causes a significant increase in trabecular bone, it does not prevent fusion of the growth plate induced by HhAntag.
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INTRODUCTION

The Hedgehog (HH) pathway regulates proliferation and
differentiation in many tissues during embryonic and postnatal
development. Deregulation of HH pathway signaling and aber-
rant pathway activity have been linked to cancer. Germline and
sporadic mutations that sustain HH pathway activity result
in basal cell carcinoma (BCC) and medulloblastoma (MB)
(Dellovade et al. 2006; Hahn et al. 1996; Johnson et al.
1996), and elevated HH pathway activity has been observed
in stromal cells from a broad range of cancers (Theunissen and
de Sauvage 2009; Yauch et al. 2008). These observations have
encouraged development of HH pathway inhibitors for the
treatment of cancer (Curran and Ng 2008; Romer and Curran
2005; Scales and de Sauvage 2009). We used a mouse model
of MB to demonstrate proof-of-concept that a Smoothened
(SMO) inhibitor was capable of eliminating spontaneous brain
tumors (Romer et al. 2004).

Medulloblastoma is the most common malignant pediatric
brain tumor, with peak incidence at seven years of age. In
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70% of cases, MBs arise in children under sixteen years of age
(Louis et al. 2007). Current treatments, involving a combina-
tion of surgery, radiation, and chemotherapy, have a rela-
tively high five-year survival rate of over 70%. However,
the success rate is significantly reduced in patients younger
than three years of age. In addition, the side effects of ther-
apy, particularly in the youngest patients, often result in sig-
nificantly impaired neurological development and reduced
quality of life. Therefore, there is a great need for new thera-
pies to ensure that survivors of MB have a full and produc-
tive life. Approximately one-third of MBs exhibit enhanced
Hedgehog pathway activity, which in half of these tumors
arises as a consequence of mutations in Patchedl (PTCH1),
a transmembrane protein that functions as a receptor for
HH (Murone et al. 1999). Patched is localized to the primary
cilium and inhibits the accumulation of the constitutively
active transmembrane protein SMO within the cilium
(Rohatgi et al. 2007). In the presence of HH ligands, PTCH1
is displaced from the cilia and SMO is able to accumulate
and activate downstream target genes including the transcrip-
tion factor GLI1. Several studies used cell-based screens to
identify small molecule inhibitors that block pathway activity
by binding to SMO. Several of these screens have been used
as lead compounds for drug development (Frank-Kamenetsky
et al. 2002; Williams et al. 2003). Each of the compounds
identified functions by binding to the same site on SMO
(Frank-Kamenetsky et al. 2002; Rominger et al. 2009).

After testing the ability of several of these inhibitors to
downregulate the HH pathway in cultured cells, we chose
HhAntag for in vivo studies (Romer et al. 2004). Using the mouse
MB model PtcI™p53”, we found that treatment with HhAntag
completely eliminated spontaneous tumors and tumor allografts
(Romer et al. 2004; Sasai et al. 2007; Sasai et al. 2006).
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Medicinal chemistry approaches improved several features
of the early compounds, including enhanced pharmacody-
namics in humans, and several of these compounds have
entered Phase I clinical trials (Robarge et al. 2009; Tremblay
et al. 2009; Wong et al. 2009). A phase I trial was initiated in
April of 2007 to test the HH pathway inhibitor GDC-0449 in
locally advanced and metastatic solid tumors. Over half of
the patients with BCC tumors showed positive responses
within four months of treatment initiation, which led to a
Phase II trial (Von Hoff et al. 2009). GDC-0449 was also
used in a single adult patient with advanced metastatic MB
(Rudin et al. 2009). Just two months after treatment initia-
tion, PET scans showed a dramatic reduction in disease.
However, the patient relapsed because the tumor had
acquired resistance because of a mutation in SMO that pre-
vented binding of GDC-0449, rendering it ineffective (Yauch
et al. 2009).

Although treatment of adult mice with the SMO inhibitor
HhAntag did not reveal any serious side effects, P10 mice
treated for as little as two days developed permanent bone
defects (Kimura et al. 2008). Three months after removing the
drug, mice exhibited reduced weight and size, abnormal bone
structures, shortened bone length, and a significant loss of pro-
liferating chondrocytes in the femur and tibia. Proliferating
chondrocytes differentiated prematurely into hypertrophic
chondrocytes, resulting in accelerated invasion of the growth
plate by osteoclasts and osteoblasts, premature trabecular bone
formation, and bone dysplasia (Kimura et al. 2008). In addi-
tion, loss of HH pathway activity inhibited growth of incisor
teeth in adult mice. These defects occurred even when a lower
dose of HhAntag (25 mg/kg) was administered that was not
sufficient to eliminate tumors (Kimura et al. 2008; Romer et
al. 2004).

Indian Hedgehog (IHH), one of the three HH ligands in ver-
tebrates, regulates the differentiation of chondrocytes and
osteoblasts during endochondrial bone development (Chung
et al. 2001; Karp et al. 2000; Maeda et al. 2007). During this
process, growth plate chondrocytes proliferate in precise col-
umns before differentiating into hypertrophic chondrocytes.
After a period of growth, the hypertrophic chondrocytes enter
apoptosis and vascularization, and bone deposition ensues
(Erlebacher et al. 1995). Indian Hedgehog delays the differen-
tiation of proliferating chondrocytes into hypertrophic chon-
drocytes in part through the activity of PTHrP (Karp et al.
2000). PTHrP is expressed in the periarticular perichondrium,
a region surrounding the cartilage that gives rise to osteoblasts
lining the surface of cortical bone. PTHrP binds to and acti-
vates the parathyroid hormone (PTH)/PTHrP receptor (PPR)
in both the proliferating and prehypertrophic zones, thus
restraining differentiation (Lanske et al. 1996; Lee et al.
1996; Vortkamp et al. 1996). In an effort to ameliorate the
effects of HhAntag on bone growth, we co-treated mice with
PTHrP. The results obtained indicate that whereas exogenous
PTHrP was able to stimulate trabecular bone growth in young
mice, it failed to prevent fusion of the growth plate caused by
HhAntag.
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MATERIALS AND METHODS
Mouse Husbandry and Dosing

Wild-type FVB pregnant female mice were obtained from
either Harlan Sprague Dawley, Inc. (Indianapolis, IN) or The
Jackson Laboratory (Bar Harbor, ME). Animals were housed
and maintained according to the regulations set forth by the
Institutional Animal Care and Use Committee (IACUC). All
procedures performed were approved by the IACUC at The
Children’s Hospital of Philadelphia. P10-old mice were treated
with 100 mg/kg HhAntag twice daily by oral gavage for four or
six days, or treated with 20, 50, or 100 pg/kg PTHrP (1-37)
twice daily by IP injection for four, six, or fourteen days.

Chemicals

HhAntag was obtained from Genentech, Inc. (South San
Francisco, CA) and is available under a material transfer
agreement  (http://www.gene.com/gene/about/collaborations/
contracts.jsp). PTHrP (H-5494: pTH-Related Protein [1-37;
human, rat]) was obtained from Bachem (King of Prussia, PA).

Histology

For Figures 1 and 3, mice were perfused with 4%
paraformaldehyde (PFA) in 1x PBS. For Figure 2, mice were
post-fixed in 10% formalin. Hind limbs were dissected and
decalcified in 14% EDTA solution for ten to fourteen days at
4°C. Limbs were embedded in paraffin and cut into 5-um
sections. Sections were stained with hematoxylin and eosin
(H&E) according to standard protocols and imaged on a Nikon
Eclipse 90i microscope using a Nikon DS-Fil camera.

Magnetic Resonance Imaging

After perfusion with 4% PFA, the right hind limbs from
untreated and HhAntag-treated mice were dissected. Magnetic
resonance images (MRI) of the excised mouse limbs were
acquired with a Bruker Avance DMX 400 9.4T vertical bore
magnet using the Paravision software. Each limb was inserted
into a short, 10-mm tube and immersed in fomblin (Fomblin Y
[8], Sigma Aldrich, St. Louis, MO). Two-dimensional gradient
echo images were acquired in the sagittal orientation, making
sure that the central slice contained the femur and the tibia. The
field of view (FOV) was 1.4 cm in the vertical direction and 1
cm in the horizontal direction, with the readout in the vertical
direction. Fourteen consecutive 0.25-mm slices were acquired
in an interleaved manner. The matrix size was 256 x 192,
yielding an in-plane resolution of 55 x 52 um. The timing was
as follows: repetition time (TR) 332 ms, echo time (Te) 4.3 ms
with a 60° flip angle. The number of excitation (NEX) was six-
teen, resulting in a thirty-four-minute scan.

Calculations and Statistical Analyses

To determine the percentage of proliferative/prehyper-
trophic chondrocytes, hypertrophic chondrocytes, and trabe-
cular bone within the PHTtP treated bones, each limb from
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two mice for each dose was sectioned. Three sections
from each limb, spaced 25 um apart, were stained and
imaged on a Nikon Eclipse 90i microscope, as described
above. Each image was printed (11 cm x 16 cm), and a
defined region was outlined (3 cm x 11 cm). The top of the
11-cm edge was placed at the start of the proliferating cells.
The 3-cm region was placed in the horizontal center of
the bone. Each region of cells was marked to separate pro-
liferative/prehypertrophic chondrocytes, hypertrophic chon-
drocytes, and trabecular bone. After demarcation, the area
for each type of cell was measured and divided by the total
area to obtain a percentage. The graphs in Figure 2 show
one of the two right hind limbs analyzed for each concentra-
tion of PTHrP tested (untreated, 20, 50, and 100 pg/kg).
Standard deviation from four limbs was obtained and
graphed (two limbs from two different animals). p Values
were determined using a Student ¢ test, with a significance
set at p < .001.

RESULTS

Postnatal HH Pathway Inhibition Causes Severe and
Irreversible Bone Defects

Previously, we found that inhibition of the HH pathway in
young mice resulted in a significant reduction in proliferating
chondrocytes, leading to growth plate closure after four days
of treatment (Kimura et al. 2008). To develop an assay in
which we could test the effects of PTHrP treatment in
HhAntag-treated mice and to better understand the severity
of the phenotype, we treated mice with 100 mg/kg HhAntag
twice daily for six days starting at P10 and analyzed bone
morphology immediately, two days and four days post-
treatment (Figure 1). Mice exposed to the antagonist failed
to thrive during the period of treatment, and they lost weight.
After cessation of treatment, the mice began to gain weight,
but they remained smaller than their untreated littermates.
Both H&E staining and MRI of the growth plate region
showed that HhAntag treatment caused a significant loss of
proliferating chondrocytes (Figure 1A-D) and premature
growth plate closure (Figure 1E-H, arrows). Trabecular bone
invaded the region formerly occupied by the proliferative/pre-
hypertrophic and hypertrophic chondrocytes (Figure 1A, arrow
and arrowhead respectively, compared to Figure 1B). The
severity of bone defects increased with longer exposure to
HhAntag. Mice treated with the antagonist for only four days
showed less severe defects than those treated for six days (data
not shown).

Administration of PTHrP in Wild-Type Postnatal Mice
Causes an Increase in Trabecular Bone

Indian hedgehog activates PTHrP, thus preventing the
differentiation of proliferating chondrocytes into hypertrophic
chondrocytes. Therefore, we hypothesized that addition of exo-
genous PTHrP during HhAntag treatment might overcome the
loss of THH, preserving a pool of proliferating chondrocytes
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that would prevent premature growth plate closure. To deter-
mine the appropriate dose required to safely elicit a response
in young mice, we treated P10 mice with 0, 20, 50, or 100
pg/kg PTHrP (1-37) twice daily for four days. At all doses
tested, there was no change in the zones of proliferating and
hypertrophic chondrocytes (Figure 2A—D). However, there was
a significant increase in the amount of trabecular bone in mice
treated with 50 or 100 pg/kg PTHrP compared to untreated
mice (Figure 2A, C, and D). These results indicate that IP injec-
tion of 50-100 pg/kg PTHrP twice daily is sufficient to alter
bone morphology in postnatal mice.

PTHrP Treatment Does Not Reduce the Defects Caused
by HhAntag Treatment

Although PTHrP treatment did not increase the zone of pro-
liferating chondrocytes, it did alter the amount of trabecular
bone formation, which shows that it did have an effect on bone
tissue (Figure 2E, G). Therefore, we chose to treat mice with
100 pg/kg PTHrP and 100 mg/kg HhAntag simultaneously to
determine whether exogenous PTHrP could overcome the loss
of proliferating chondrocytes in HhAntag-treated mice. Mice
were treated with 100 pg/kg PTHrP and 100 mg/kg HhAntag
twice daily from P10-P16. Four days after treatment, the mice
were sacrificed. Mice treated with PTHrP showed a loss of
chondrocytes and subsequent growth plate closure similar to
those treated with HhAntag alone (Figure 3B, F).

We hypothesized that providing an excess of PTHrP to bone
tissue before and after treating with HhAntag might help pro-
tect proliferating chondrocytes. Therefore, mice were treated
with 100 pg/kg of PTHrP twice daily from P6-P20. Half of
these mice were also treated with 100 mg/kg HhAntag twice
daily from P10-P16. Mice treated with PTHrP only showed
an increase in trabecular bone, consistent with our treatment
of mice from P10-P14 (Figure 3C, G). However, neither pre-
treatment nor post-treatment with PTHrP alleviated the defects
seen in HhAntag-treated mice (Figure 3D, H). These results
indicate that exogenous PTHrP cannot compensate for the loss
of IHH in developing bone.

Discussion

The well-known toxicities of most cancer chemotherapeu-
tics has led to the development of alternative approaches that
target the specific signaling pathways altered in tumor cells.
It was hoped that these molecular-targeted therapies, because of
their high degree of selectivity, would exhibit much reduced toxi-
city. However, in many cases these agents block signaling path-
ways that are particularly active in critical developmental
processes. The HH pathway plays a major role during
embryogenesis by establishing proper body patterning and
regulating the development of many organs (McMahon et al.
2003). It has been suggested to play a broad role in cancer, either
in tumor cells or through effects on stromal cells (Dellovade et al.
2006; Hahn et al. 1996; Johnson et al. 1996; Theunissen and de
Sauvage 2009; Yauch et al. 2008). In the case of MB, a subset
of tumors is caused by activation of the HH pathway and there
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Ficure 1.—HhAntag treatment causes severe and irreversible bone defects. Wild-type mice were treated with 100 mg/kg HhAntag twice daily for
six days starting at P10. Hematoxylin and eosin images (A—D) and magnetic resonance images (E-H) of the right tibia of untreated (A, E), six days
treatment with no rest period (B, F), six days treatment with two days rest (C, G), and six days treatment with four days rest (D, H). Arrow in
A represents proliferating and prehypertrophic chondrocytes. Arrowhead in A represents hypertrophic chondrocytes. Arrows in (E-H) represent
the growth plate region of the tibia. Scale bars in A-D represent 500 um. Scale bars in E-H represent 5 mm.
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FIGURE 2.—Administration of PTHrP alters bone morphology. Tibia from P14 wild-type mice, untreated (A), or treated with 20 pg/kg PTHrP
(B), 50 pg/kg PTHrP (C), or 100 pg/kg PTHrP (D) from P10 to P14, twice daily. Arrow in A shows proliferating and prehypertrophic chondro-
cytes. Arrowhead in A shows hypertrophic chondrocytes. Asterisk in A shows trabecular bone. Scale bars in A-D represent 500 pm. The percent-
age of proliferative/prehypertrophic chondrocytes (E), hypertrophic chondrocytes (F), and trabecular bone (G) within a defined region of the right
and left tibias were calculated. The graphs show a representative from each dose category. Standard deviation was calculated from the average of
four limbs from two mice for each dose category. p value was determined by Student ¢ test; *p < .001.
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FiGure 3.—PTHrP treatment does not reduce the bone defects caused by HhAntag treatment. Tibia from wild-type P20-old mice, untreated (A, E),
treated with 100 pg/kg PTHrP and 100 mg/kg HhAntag twice daily from P10 to P16 and sacrificed four days later (B, F), treated with 100 pg/kg
PTHrP alone from P6 to P20 (C, G), and treated with 100 ng/kg PTHrP from P6 to P20 and 100 mg/kg HhAntag from P10 to P16 and sacrificed

four days later (D, H). (E-H) Higher resolution image of the growth plate region shown in A-D, respectively. Scale bars in A-D represent 500 pum.
Scale bars in E-H represent 100 um.
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is great interest in the therapeutic potential of SMO inhibitors.
However, concerns have been raised about treating young chil-
dren with SMO antagonists, since postnatal bone growth depends
on IHH. Here we show that the bone defects caused by HhAntag
increase in severity with prolonged exposure. In an effort to pro-
tect developing bone from the effects of HH pathway inhibition,
we treated young mice with PTHrP, hoping to prevent a complete
loss of proliferating chondrocytes and therefore lessen the sever-
ity of bone defects in mice with reduced HH pathway activity.
Unfortunately, addition of PTHrP did not alleviate these defects.
Instead of protecting proliferating chondrocytes and delaying
chondrocyte differentiation, PTHrP treatment led to an increase
in trabecular bone. This increase in trabecular bone supports the
conclusions of previous studies, suggesting that PTHrP functions
as an anabolic agent (Stewart et al. 2000; Xue et al. 2005).
Furthermore, supplying PTHrP before and after HH pathway
inhibition did not prevent the loss of proliferating chondrocytes
and growth plate fusion. One caveat to this conclusion is that
we cannot be sure that enough active PTHrP actually penetrated
into the growth plate. To address the role of PTHrP directly in the
growth plate, it would be necessary to target expression of the hor-
mone to proliferating chondrocytes during bone development
using a transgenic approach. Doing so would allow us to assess
the effect of autocrine signaling on chondrocyte proliferation dur-
ing treatment with HhAntag. However, this step is beyond the
scope of the present study and it would not address the problem
of how to alleviate the effects of SMO inhibitors on bone devel-
opment in young children.

Although disappointing, these results are consistent with
recent genetic analyses of a constitutively active PPR in /hh
mutant mice (Maeda et al. 2009). In that study, a conditional
Ihh knockout mouse was generated that expressed a constitu-
tively active PPR specifically in chondrocytes (Maeda et al.
2009). The authors showed that expression of the PPR was able
to transiently maintain a growth plate. However, by P14, the
growth plate was completely absent. In addition, expression
of PPR was not able to prevent the loss of proliferating chon-
drocytes observed in kA mutants. These results support the
suggestion that Thh plays several PTHrP-independent roles in
the regulation of chondrocyte differentiation (Kobayashi
et al. 2005; Mak et al. 2008).

Endochondrial bone development requires the convergence
and interaction of multiple signaling pathways, including the
HH, Wnt, BMP, and FGF pathways (Adams et al. 2007; Day
et al. 2005; Minina et al. 2001; Ornitz and Marie 2002). The
complexity of this process poses a great challenge for the use
of SMO inhibitors in children. Altering one component to com-
pensate for another is not straightforward and would likely dis-
rupt normal bone development. Therefore, it is likely that the
use of SMO inhibitors in the youngest MB patients will be very
problematic.

ACKNOWLEDGMENTS

We thank Dr. Suzanne Wehrli for assistance with MRI and
members of the Curran lab for comments on the manuscript.

ToxicoLoGic PATHOLOGY

REFERENCES

Adams, S. L., Cohen, A. J.,, and Lassova, L. (2007). Integration of signaling
pathways regulating chondrocyte differentiation during endochondral
bone formation. J Cell Physiol 213, 635-41.

Chung, U. I, Schipani, E., McMahon, A. P., and Kronenberg, H. M. (2001).
Indian hedgehog couples chondrogenesis to osteogenesis in endochondral
bone development. J Clin Invest 107, 295-304.

Curran, T., and Ng, J. M. (2008). Cancer: Hedgehog’s other great trick. Nature
455, 293-94.

Day, T. F., Guo, X., Garrett-Beal, L., and Yang, Y. (2005). Wnt/beta-catenin
signaling in mesenchymal progenitors controls osteoblast and chon-
drocyte differentiation during vertebrate skeletogenesis. Dev Cell 8,
739-50.

Dellovade, T., Romer, J. T., Curran, T., and Rubin, L. L. (2006). The
hedgehog pathway and neurological disorders. Annu Rev Neurosci
29, 539-63.

Ecke, 1., Rosenberger, A., Obenauer, S., Dullin, C., Aberger, F., Kimmina, S.,
Schweyer, S., and Hahn, H. (2008). Cyclopamine treatment of full-blown
Hh/Ptch-associated RMS partially inhibits Hh/Ptch signaling, but not
tumor growth. Mol Carcinog 47, 361-72.

Erlebacher, A., Filvaroff, E. H., Gitelman, S. E., and Derynck, R. (1995).
Toward a molecular understanding of skeletal development. Cell 80,
371-78.

Frank-Kamenetsky, M., Zhang, X. M., Bottega, S., Guicherit, O., Wichterle,
H., Dudek, H., Bumcrot, D., Wang, F. Y., Jones, S., Shulok, J., Rubin,
L. L., and Porter, J. A. (2002). Small-molecule modulators of Hedgehog
signaling: Identification and characterization of Smoothened agonists and
antagonists. J Biol 1, 10.

Hahn, H., Wicking, C., Zaphiropoulous, P. G., Gailani, M. R., Shanley, S.,
Chidambaram, A., Vorechovsky, 1., Holmberg, E., Unden, A. B., Gillies,
S., Negus, K., Smyth, I, Pressman, C., Leffell, D. J., Gerrard, B., Goldstein,
A. M., Dean, M., Toftgard, R., Chenevix-Trench, G., Wainwright, B., and
Bale, A. E. (1996). Mutations of the human homolog of Drosophila patched
in the nevoid basal cell carcinoma syndrome. Cell 85, 841-51.

Johnson, R. L., Rothman, A. L., Xie, J., Goodrich, L. V., Bare, J. W., Bonifas,
J. M., Quinn, A. G., Myers, R. M., Cox, D. R., Epstein, E. H., Jr., and
Scott, M. P. (1996). Human homolog of patched, a candidate gene for the
basal cell nevus syndrome. Science 272, 1668-71.

Karp, S. J., Schipani, E., St-Jacques, B., Hunzelman, J., Kronenberg, H., and
McMahon, A. P. (2000). Indian hedgehog coordinates endochondral bone
growth and morphogenesis via parathyroid hormone related-protein-
dependent and -independent pathways. Development 127, 543-48.

Kimura, H., Ng, J. M., and Curran, T. (2008). Transient inhibition of the
Hedgehog pathway in young mice causes permanent defects in bone
structure. Cancer Cell 13, 249-60.

Kobayashi, T., Soegiarto, D. W., Yang, Y., Lanske, B., Schipani, E.,
McMahon, A. P., and Kronenberg, H. M. (2005). Indian hedgehog
stimulates periarticular chondrocyte differentiation to regulate growth
plate length independently of PTHrP. J Clin Invest 115, 1734-42.

Lanske, B., Karaplis, A. C., Lee, K., Luz, A., Vortkamp, A., Pirro, A.,
Karperien, M., Defize, L. H., Ho, C., Mulligan, R. C., Abou-Samra, A.
B., Juppner, H., Segre, G. V., and Kronenberg, H. M. (1996). PTH/PTHrP
receptor in early development and Indian hedgehog-regulated bone
growth. Science 273, 663—66.

Lee, K., Lanske, B., Karaplis, A. C., Deeds, J. D., Kohno, H., Nissenson, R. A.,
Kronenberg, H. M., and Segre, G. V. (1996). Parathyroid hormone-
related peptide delays terminal differentiation of chondrocytes during
endochondral bone development. Endocrinology 137, 5109-18.

Louis, D. N., Ohgaki, H., Wiestler, O. D., Cavenee, W. K., Burger, P. C.,
Jouvet, A., Scheithauer, B. W., and Kleihues, P. (2007). The 2007 WHO
classification of tumours of the central nervous system. Acta Neuropathol
114, 97-109.

Maeda, Y., Nakamura, E., Nguyen, M. T., Suva, L. J., Swain, F. L., Razzaque,
M. S., Mackem, S., and Lanske, B. (2007). Indian Hedgehog produced by
postnatal chondrocytes is essential for maintaining a growth plate and tra-
becular bone. Proc Natl Acad Sci U S A 104, 6382-87.

Downloaded from tpx.sagepub.com by guest on March 13, 2015


http://tpx.sagepub.com/

Vol. 39, No. 3, 2011

Maeda, Y., Schipani, E., Densmore, M. J., and Lanske, B. (2009). Partial rescue
of postnatal growth plate abnormalities in Ihh mutants by expression of a
constitutively active PTH/PTHrP receptor. Bone 46, 472-78.

Mak, K. K., Kronenberg, H. M., Chuang, P. T., Mackem, S., and Yang, Y.
(2008). Indian hedgehog signals independently of PTHrP to promote
chondrocyte hypertrophy. Development 135, 1947-56.

McMahon, A. P., Ingham, P. W., and Tabin, C. J. (2003). Developmental roles and
clinical significance of hedgehog signalling. Curr Top Dev Biol 53, 1-114.

Minina, E., Wenzel, H. M., Kreschel, C., Karp, S., Gaffield, W., McMahon, A.
P., and Vortkamp, A. (2001). BMP and Ihh/PTHrP signaling interact to
coordinate chondrocyte proliferation and differentiation. Development
128, 4523-34.

Murone, M., Rosenthal, A., and de Sauvage, F. J. (1999). Sonic hedgehog sig-
naling by the patched-smoothened receptor complex. Curr Biol 9, 76—84.

Ornitz, D. M., and Marie, P. J. (2002). FGF signaling pathways in endochon-
dral and intramembranous bone development and human genetic disease.
Genes Dev 16, 1446-65.

Robarge, K. D., Brunton, S. A., Castanedo, G. M., Cui, Y., Dina, M. S.,
Goldsmith, R., Gould, S. E., Guichert, O., Gunzner, J. L., Halladay, J., Jia,
W., Khojasteh, C., Koehler, M. F., Kotkow, K., La, H., Lalonde, R. L., Lau,
K., Lee, L., Marshall, D., Marsters, J. C., Jr., Murray, L. J., Qian, C., Rubin,
L. L., Salphati, L., Stanley, M. S., Stibbard, J. H., Sutherlin, D. P.,
Ubhayaker, S., Wang, S., Wong, S., and Xie, M. (2009). GDC-0449-a potent
inhibitor of the hedgehog pathway. Bioorg Med Chem Lett 19, 5576-81.

Rohatgi, R., Milenkovic, L., and Scott, M. P. (2007). Patched1 regulates hedge-
hog signaling at the primary cilium. Science 317, 372-76.

Romer, J., and Curran, T. (2005). Targeting medulloblastoma: Small-molecule
inhibitors of the Sonic Hedgehog pathway as potential cancer therapeu-
tics. Cancer Res 65, 4975-78.

Romer, J. T., Kimura, H., Magdaleno, S., Sasai, K., Fuller, C., Baines, H.,
Connelly, M., Stewart, C. F., Gould, S., Rubin, L. L., and Curran, T.
(2004). Suppression of the Shh pathway using a small molecule inhibitor
eliminates medulloblastoma in Ptc1(-+/-)p53(-/-) mice. Cancer Cell 6,
229-40.

Rominger, C. M., Bee, W. L., Copeland, R. A., Davenport, E. A., Gilmartin, A.,
Gontarek, R., Hornberger, K. R., Kallal, L. A., Lai, Z., Lawrie, K., Lu, Q.,
McMillan, L., Truong, M., Tummino, P. J., Turunen, B., Will, M.,
Zuercher, W. J., and Rominger, D. H. (2009). Evidence for allosteric
interactions of antagonist binding to the smoothened receptor. J Pharma-
col Exp Ther 329, 995-1005.

Rudin, C. M., Hann, C. L., Laterra, J., Yauch, R. L., Callahan, C. A., Fu, L.,
Holcomb, T., Stinson, J., Gould, S. E., Coleman, B., LoRusso, P. M.,
Von Hoff, D. D., de Sauvage, F. J., and Low, J. A. (2009). Treatment
of medulloblastoma with hedgehog pathway inhibitor GDC-0449. N Engl
J Med 361, 1173-78.

Sasai, K., Romer, J. T., Kimura, H., Eberhart, D. E., Rice, D. S., and
Curran, T. (2007). Medulloblastomas derived from Cxcr6 mutant
mice respond to treatment with a smoothened inhibitor. Cancer Res
67, 3871-77.

Sasai, K., Romer, J. T., Lee, Y., Finkelstein, D., Fuller, C., McKinnon, P. J.,
and Curran, T. (2006). Shh pathway activity is down-regulated in

PTHRP TREATMENT IN HH-INHIBITED MICE 485

cultured medulloblastoma cells: implications for preclinical studies. Can-
cer Res 66, 4215-22.

Scales, S. J., and de Sauvage, F. J. (2009). Mechanisms of Hedgehog pathway
activation in cancer and implications for therapy. Trends Pharmacol Sci
30, 303-12.

Stewart, A. F., Cain, R. L., Burr, D. B., Jacob, D., Turner, C. H., and Hock, J. M.
(2000). Six-month daily administration of parathyroid hormone and
parathyroid hormone-related protein peptides to adult ovariectomized rats
markedly enhances bone mass and biomechanical properties: A compari-
son of human parathyroid hormone 1-34, parathyroid hormone-related
protein 1-36, and SDZ-parathyroid hormone 893. J Bone Miner Res 15,
1517-25.

Theunissen, J. W., and de Sauvage, F. J. (2009). Paracrine Hedgehog signaling
in cancer. Cancer Res 69, 6007—10.

Tremblay, M. R., Nesler, M., Weatherhead, R., and Castro, A. C. (2009).
Recent patents for Hedgehog pathway inhibitors for the treatment of
malignancy. Exp Opin Ther Pat 19, 1039-56.

Von Hoff, D. D., LoRusso, P. M., Rudin, C. M., Reddy, J. C., Yauch, R. L.,
Tibes, R., Weiss, G. J., Borad, M. J., Hann, C. L., Brahmer, J. R., Mackey,
H.M., Lum, B. L., Darbonne, W. C., Marsters, J. C., Jr., de Sauvage, F.J.,
and Low, J. A. (2009). Inhibition of the hedgehog pathway in advanced
basal-cell carcinoma. N Engl J Med 361, 1164-72.

Vortkamp, A., Lee, K., Lanske, B., Segre, G. V., Kronenberg, H. M., and
Tabin, C. J. (1996). Regulation of rate of cartilage differentiation by
Indian hedgehog and PTH-related protein. Science 273, 613-22.

Williams, J. A., Guicherit, O. M., Zaharian, B. 1., Xu, Y., Chai, L., Wichterle,
H., Kon, C., Gatchalian, C., Porter, J. A., Rubin, L. L., and Wang, F. Y.
(2003). Identification of a small molecule inhibitor of the hedgehog sig-
naling pathway: Effects on basal cell carcinoma-like lesions. Proc Natl
Acad Sci U § 4 100, 4616-21.

Wong, H., Chen, J. Z., Chou, B., Halladay, J. S., Kenny, J. R., La, H., Marsters,
J. C., IJr, Plise, E., Rudewicz, P. J., Robarge, K., Shin, Y., Wong, S.,
Zhang, C., and Khojasteh, S. C. (2009). Preclinical assessment of the
absorption, distribution, metabolism and excretion of GDC-0449
(2-chloro-N-(4-chloro-3-(pyridin-2-yl)phenyl)-4-(methylsulfonyl)benza-
mide), an orally bioavailable systemic Hedgehog signalling pathway
inhibitor. Xenobiotica 39, 850-61.

Xue, Y., Zhang, Z., Karaplis, A. C., Hendy, G. N., Goltzman, D., and Miao, D.
(2005). Exogenous PTH-related protein and PTH improve mineral and
skeletal status in 25-hydroxyvitamin D-lalpha-hydroxylase and PTH
double knockout mice. J Bone Miner Res 20, 1766-77.

Yauch, R. L., Dijkgraaf, G. J., Alicke, B., Januario, T., Ahn, C. P.,
Holcomb, T., Pujara, K., Stinson, J., Callahan, C. A., Tang, T., Bazan,
J. F., Kan, Z., Seshagiri, S., Hann, C. L., Gould, S. E., Low, J. A,
Rudin, C. M., and de Sauvage, F. J. (2009). Smoothened mutation
confers resistance to a Hedgehog pathway inhibitor in medulloblas-
toma. Science 326, 572-74.

Yauch, R. L., Gould, S. E., Scales, S. J., Tang, T., Tian, H., Ahn, C. P.,
Marshall, D., Fu, L., Januario, T., Kallop, D., Nannini-Pepe, M., Kotkow,
K., Marsters, J. C., Rubin, L. L., and de Sauvage, F. J. (2008). A paracrine
requirement for hedgehog signalling in cancer. Nature 455, 406-10.

For reprints and permissions queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav.

Downloaded from tpx.sagepub.com by guest on March 13, 2015


http://tpx.sagepub.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


