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Abstract. The Hedgehog (Hh) signaling pathway regulates 
the development of many organs in mammals. recent studies 
have indicated that the activation of the Hh signaling pathway 
contributes to the growth of various adult cancers. However, 
little is known about its role in the development of pediatric 
malignancies. The present study was undertaken to examine 
the expression and functional involvement of Hh signal tran-
scription factors in pediatric tumor cells in order to determine 
their potential as therapeutic targets. We utilized real-time 
rT-Pcr to investigate the expression of Glioma-associated 
oncogene homolog 1 (Gli1) in various pediatric tumor cell 
lines, including rhabdomyosarcoma, neuroblastoma and 
hepatoblastoma. The mrna expression of Gli1 was markedly 
increased in rhabdomyosarcoma (rMS-YM, rd, rH30) cell 
lines, and moderately increased in neuroblastoma (nB19) 
and hepatoblastoma (Huh6) cell lines. The proliferation of 
these cell lines was dose dependently inhibited by Forskolin, 
a specific Hh signal inhibitor. In addition, Forskolin-induced 
growth suppression was associated with the down-regulation 
of C-Myc. Moreover, the blockade of Hh signaling with 
Forskolin enhanced cell apoptosis in a dose-dependent 
manner. These results demonstrated that Hh signal activa-
tion frequently occurs in neuroblastoma, hepatoblastoma and 
rhabdomyosarcoma cell lines. The inhibition of Hh signaling 
suppressed proliferation and increased apoptosis in these 
tumor cells. These findings suggest that the Hh signaling 
pathway plays an important role in tumorigenesis and is a 
potential molecular target of new treatment strategies for these 
pediatric malignant tumors.

Introduction

The hedgehog (Hh) signaling pathway is crucial to growth and 
differentiation in a wide variety of tissues during embryonic 

development (1,2). Vertebrate organisms possess three Hh 
proteins, namely, Sonic Hh (Shh), indiana Hh (ihh) and desert 
Hh (dhh), which all bind to the same receptor, Patched 1 
(Ptch1). Without ligand stimulation, Ptch1 inhibits the activity 
of the seven-pass transmembrane protein Smoothened (Smo), 
which results in the inactivation of Hh signaling. The Hh 
pathway is activated through Shh, which represses the negative 
modulation of the pathway executed by Ptch on Smo. upon 
Hh binding, this negative modulation is relieved and Smo 
transduces the signal to the ultimate effectors of the pathway, 
the zinc-finger transcription factors Glioma-associated onco-
gene homolog (Gli)1, Gli2 and Gli3 (3).

The Hh signaling pathway has recently been shown to be 
involved in the development of various malignant tumors. 
constitutive activation of the Hh pathway has been observed 
in several types of tumors, such as basal cell carcinoma of 
the skin (Bcc), cerebellar medulloblastoma and cancers 
of the stomach, colon, pancreas, lung and prostate (4-11). 
interestingly, it has been reported that the plant-derived 
teratogenic steroidal alkaloid cyclopamine, which inhibits 
the Hh pathway by antagonizing Smo (12,13), suppresses 
the growth of malignant tumors, including pancreatic, breast 
and gastric cancers (7,9,14,15). although these observations 
suggest that the Hh pathway may be involved in tumor devel-
opment and progression, the biological significance of Hh 
pathway activity in pediatric malignancies is not clear. only 
a few reports on rhabdomyosarcoma have been published (10). 
recently, we examined the expression of the Hh signaling 
mediators Shh, Path1 and Gli1 using immunostaining in 
various pediatric tumors, and found that the Hh signals were 
present in various pediatric malignancies (16). These find-
ings suggest that the activation of the Hh signaling pathway 
contributes to the development of various pediatric malig-
nancies. We therefore hypothesized that the inhibition of the 
Hh pathway may suppress the growth of pediatric tumors in 
which Hh signaling is activated. We subsequently investigated 
the inhibitory effects of Forskolin, an Hh pathway inhibitor, 
on pediatric tumor cell lines.

The proper function of the Hh pathway involves several 
kinases, including protein kinase a (PKa), which has been 
implicated in the modulation of several steps of Hh signal 
transduction (17). PKa has been shown to be an antagonist 
of Hh signaling in several vertebrate systems, and this 
antagonism has been ascribed to its role in regulating the 
processing of Gli-related proteins to the repressor form (18). 
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Forskolin stimulates PKa activity by increasing intracellular 
cyclic aMP; therefore, it inhibits the intercellular signaling 
of the Hh pathway. Forskolin has been shown to inhibit Shh 
signaling in several developing systems, including the meso-
blastic segment, brain, feather bud, tooth and testis (19-23). 
To address the need for broadly active downstream inhibitors 
of Hh signaling, we targeted Forskolin as an antagonist of the 
Gli family of transcriptional effectors, which constitutes the 
final stage in the Hh pathway.

in this study, we initially analyzed Hh pathway activa-
tion in various pediatric tumor cell lines, and revealed that 
the Hh pathway is constitutively activated in these cell lines. 
We subsequently investigated the effects of the Hh pathway 
inhibitor Forskolin on cell proliferation and cell death in order 
to determine whether the Hh pathway could be a therapeutic 
target for the treatment of pediatric malignant tumors.

Materials and methods

Cell lines. eight cell lines derived from human pediatric 
malignant tumors, namely, Huh6 (hepatoblastoma), Huh7 
and HepG2 (hepatocellular carcinoma), nB1 and nB19 
(neuroblastoma), rMS-YM and rd (embryonal type rhab-
domyosarcoma) and rH30 (alveolar type rhabdomyosarcoma), 
were used. caco2 (colorectal cancer) and HeK293 (primitive 
renal cell) were used as controls. The colonic cell line caco2 
was used as a negative control, since it has been reported that 
the Hh pathway is not activated in colonic carcinomas (26). 
The cell lines were provided by riken Brc (ibaraki, Japan) 
or aTcc (Va, uSa). cells were cultured in dulbecco's modi-
fied essential medium (DMEM) with 10% fetal bovine serum 
(FBS) and antibiotics.

RNA extraction and cDNA preparation. Total rna was 
extracted from the tumor cell lines using Trizol reagent 
(invitrogen co., carlsbad, ca, uSa) according to the 
manufacturer's protocol. The concentration of total rna 
was measured by NanoDrop 1000 (Thermo Scientific Co., 
Yokohama, Japan). reverse transcription of 1 µg of total rna 
was performed using oligo dT primers (invitrogen co.) and 
reverse transcriptase (Toyobo co., osaka, Japan) to create 
cDNA, which was then stored at -80˚C.

mRNA expression of target genes. The mrna expression 
of Hh signal component genes was evaluated by rT-Pcr 
using the PrimeScript rT-Pcr kit (Takara co., Shiga, Japan) 
according to the manufacturer's protocol. PCR amplifications 
of the human Hh signaling related genes Gli1, Smo, Shh, Ptch1 
and housekeeping gene Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were performed with 50 ng of cdna of 
the cell lines using the forward and reverse primers listed in 
Table I. PCR reactions were performed in 20 µl of the final 
reaction mixture for 28-35 cycles consisting of 30 sec at 58˚C 
and extension for 1 min at 72˚C. The individual cycle number 
for each gene was defined by predetermining the linear range 
of the Pcr.

Inhibition of Hh signaling using Forskolin. To test the inhibi-
tory effects of Forskolin (Sigma aldrich co., Tokyo, Japan) 
on the Hh pathway, the Hh signal-activated cell lines Huh6, 

HepG2, nB19, rMS-YM, rd and rH30 were cultured for 
24 or 48 h in medium in the presence of 50, 100, 200, 300 
or 400 mM Forskolin dissolved in dMSo. in the control 
samples, dMSo alone was added.

Expression of downstream genes. The expression of Hh 
signaling pathway downstream genes Gli1 and c-Myc were 
evaluated by real-time Pcr, performed using the aBi 
PriSM 9700 Sequence detector System (Perkin-elmer 
applied Biosystems, Foster city, ca, uSa). The primer and 
probe mixtures for Gli1, c-Myc and GAPDH were purchased 
from Perkin-elmer applied Biosystems, and the Pcr was 
performed according to the manufacturer's protocol. For 
quantification, GAPDH transcript served as the control and 
each sample was normalized to its GAPDH transcript level. 
The relative levels of mrna expression were expressed as the 
ratio to the expression levels of the control samples.

Analysis of cell proliferation and apoptosis. cell proliferation 
was assessed by a WST-1 assay (dojindo co., Kumamoto, 
Japan). The absorbency of the treated samples against a blank 
control was measured using a microplate reader (immuno 
Mini nJ-2300, nippon interMed, Tokyo, Japan) under 414 nm 
as a detection wavelength and 630 nm as a reference wave-
length.

To assess the influence of Hh inhibitor Forskolin on cell 
survival, the apoptotic features of Gli1-activated cell lines were 
evaluated. Cells were grown to confluence in 96-well plates and 
incubated with DMEM containing 0.5% FBS and Forskolin at 
a concentration of 100 µM for 48 h. apoptosis was evaluated 
using the cell death detection eliSa Kit (roche applied 
Science, Basel, Switzerland) according to the manufacturer's 
protocol. This kit is a photometric enzyme-immunoassay 
for the qualitative and quantitative in vitro determination of 
cytoplasmic histone-associated-dna-fragments (mono- and 
oligonucleosomes) after apoptotic cell death.

Comparison of the inhibitory effect of Cyclopamine and 
Forskolin. To compare the inhibitory effect of cyclopamine 
and Forskolin on cell proliferation, the Hh signal-activated 
cell lines Huh6, HepG2, nB19, rMS-YM, rd and rH30 

Table I. Gene-specific primers used for semi-quantitative 
rT-Pcr.

Primer Sequence (5'-3' orientation)

GaPdH-F TGaaaGTGcTGTcTccaTGc
GaPdH-r accTTTGGTGaGaccTGTGG
Gli1-F TGccTTGTacccTccTcccGaa
Gli1-r GcGaTcTGTGaTGGaTGaGaTTccc
Smo-F aTcTccacaGGaacTGGTTcGG
Smo-r aaaGTGGGGccTTGGGaacaTG
Shh-F cGcacGGGGacaGcTcGGaaGT
Shh-r cTGcGcGGcccTcGTaGTGc
Ptch1-F cGGcGTTcTcaaTGGGcTGGTTTT
Ptch1-r GTGGGGcTGcTGTcTcGGGTTcG
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were cultured for 48 h in medium in the presence of 5 mM 
cyclopamine or 100 mM Forskolin dissolved in dMSo. cell 
proliferation was assessed by the WST-1 assay. dMSo alone 
was added in the negative control samples.

Statistical analysis. experiments were performed at least 
three times and representative results are presented. data 
are presented as the mean with standard deviation for each 
parameter. Statistical analysis was performed using an 
unpaired Student's t-test, and a P-value of <0.05 was consid-
ered statistically significant.

Results

Expression of Hh pathway components in each cell line. To 
analyze whether Hedgehog signaling is present in pediatric 
malignancies, we initially examined the expression of the Hh 
signaling molecules Shh, Ptch1, Smo and Gli1 in 10 cell lines 
using rT-Pcr (Fig. 1a). Shh was expressed in Huh6, HepG2, 
caco2 and rMS. although various levels of Ptch1 expression 
were observed in all the cell lines, Ptch1 expression was most 
intense in nB19, rMS and rH30. The expression of Smo was 
detected in all cell lines. Gli1, the transcription factor which 

is also considered to be a downstream target of Hh signaling, 
was expressed at various levels in every cell line except caco2 
(Fig. 1B).

Inhibition of the Hh signaling pathway by Forskolin. To explore 
the potential therapeutic utility of Hh pathway blockade, 
6 cell lines with intensive Gli1 expression were cultured in the 
presence of 50-400 µM Forskolin. real-time rT-Pcr in each 
cell line demonstrated the inhibitory properties of Forskolin 
in a dose- and time-dependent manner. Gli1 mrna levels 
were significantly reduced by Forskolin from the starting 
concentration of 50 µM at 24 h, indicating strong pathway 
inhibition (Fig. 2). We also evaluated c-Myc mrna levels, since 
c-Myc is downstream of the Hh signal pathway. c-Myc mrna 
levels were significantly decreased in response to Forskolin in a 
dose- and time-dependent manner in all cell lines except nB19.

Effect of Forskolin on cell proliferation and apoptosis. cell 
proliferation was significantly suppressed by Forskolin 
administration from 24 to 96 h in nB19, rMS, rd and rH30. 
Proliferation of Huh6 was suppressed at 24 h, but recovered 
at 48 h. HepG2 proliferation was not affected by Forskolin 
(Fig. 3).

Figure 1. (a) The mrna expression of Hedgehog signaling molecules Shh, Ptch1, Smo and Gli1 in 10 cell lines using rT-Pcr. Shh was expressed in Huh6, 
HepG2, caco2 and rMS. Ptch1 expression was higher in nB19, rMS and rH30 than in other cell lines. The expression of Smo was detected in all cell lines. 
(B) relative mrna expression of Gli1 in 10 cell lines evaluated by real-time Pcr. Gli1 was expressed at various levels in all cell lines except caco2.
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Figure 2. inhibition of Gli1 (a) and cMyc (B) mrna expression by Forskolin. Six cell lines with high Gli1 expression were cultured in the presence of 
50-400 µM Forskolin. real-time rT-Pcr in each cell line revealed the inhibitory effects of Forskolin. (a) Gli1 mRNA levels were significantly reduced by 
Forskolin in a dose- and time-dependent manner. (B) c-Myc mRNA levels were significantly decreased by Forskolin in a dose- and time-dependent manner in 
all cell lines except nB19.
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Apoptic cell death significantly increased as a result of 
Forskolin administration in Huh6, nB19, rMS-YM, rd 
and rH30; however, Forskolin had no effect on apoptosis in 
HepG2 (Fig. 4).

Comparison of the inhibitory effects of Cycropermine 
and Forskolin. cell proliferation of Huh6, HepG2, nB19, 
RMS-YM, RD and RH30 was significantly reduced by 
Forskolin at 24 h in comparison to the control samples. 
Moreover, Forskolin was significantly more effective than 
cyclopamine in regard to the inhibition of cell proliferation 
(Fig. 5).

Discussion

a few reports have described the expression of Hh pathway 
components in pediatric tumors. Tosler et al analyzed Ptch1 
and Gli1 mrna expression in 43 sporadic rhabdomyomas 
and rhabdomyosarcomas and observed that Ptch1 (43/43) 
and Gli1 (41/43) were overexpressed in these tumors (10). 
Mehdi et al investigated the activation of the Hh pathway 
in glioblastoma, neuroblastoma and medulloblastoma. They 
observed the presence of Hh signaling in glioblastoma and 
medulloblastoma and to a lesser extent in neuroblastoma 
(24). eichenmuller et al reported the frequent occurrence of 
Gli1 and Ptch1 overexpression and HHiP promoter methy-
lation in early childhood hepatoblastoma (25). We recently 

Figure 3. Effect of Forskolin on cell proliferation. Cell proliferation assessed by WST-1 assay was significantly suppressed by Forskolin administration from 24 
to 96 h in nB19, rMS, rd and rH30 (P<0.05). Proliferation of Huh6 was suppressed at 24 h, but had recovered at 48 h.

Figure 4. effect of Forskolin on apoptotic cell death. apoptotic cell death as 
assessed by the Cell Death Detection ELISA Kit was significantly increased 
by the administration of Forskolin in Huh6, nB19, rMS-YM, rd and rH30; 
however, Forskolin had no effect on apoptosis in HepG2 (P<0.005).
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investigated Shh, Ptch1 and Gli1 expression using immuno-
histochemistry in various pediatric tumors and cell lines, 
including hepatoblastoma, neuroblastoma and rhabdomyo-
sarcoma. Shh and its receptor Ptch were expressed in most 
of the examined pediatric tumors, and Gli1 was expressed in 
almost 70% of the tumors (16). In the present study, all of 
the pediatric tumor cell lines showed various levels of Ptch1 
and Smo expression, and Gli1 was expressed at various levels 
in every cell line except caco2 (Fig. 1a and B). These data 
suggest that the Hh signaling pathway is broadly present and 
activated in various pediatric tumors and cell lines; further-
more, Hh signaling may be associated either with tumor 
development or maintenance. These findings also indicate 
that the Hh pathway may be a novel therapeutic target in the 
treatment of pediatric malignancies displaying an overex-
pression of the Hh pathway. other authors have proposed that 
Forskolin inhibits Hh pathway activation via direct interac-
tion with the Gli family of transcriptional effectors (26,27). 
To determine whether activated Hh signaling is essential for 
the proliferation of pediatric tumor cells, we treated the cell 
lines with Forskolin.

When pediatric tumor cells were treated with 100 µmol/l 
Forskolin, the proliferation of hepatoblastoma (Huh6), 
neuroblastoma (nB19) and rhabdomyosarcoma (rMS-YM, 
RD, RH30) cells was significantly decreased in a dose- and 
time-dependent manner (Fig. 3). These results suggest that 
the Hh pathway contributes to cell proliferation in neuroblas-
toma, hepatoblasatoma and rhabdomyosarcoma. These data 
provide evidence that blockade of the Hh pathway effectively 
suppresses tumor cell growth.

cyclopamine, a plant-derived teratogenic steroidal alka-
loid, is often used to suppress tHh signaling. it blocks Hh 
signal transduction by direct binding to Smo (30). it has been 
reported that cyclopamine suppresses the growth of adult 
malignant tumors, including pancreatic, breast and gastric 
cancers in vitro and in vivo (7,9,14,15,29-32). in this study, 
we used Forskolin as an inhibitor of Hh signaling instead 
of cyclopamine. cyclopamine inhibits the transmembrane 
protein Smo, whereas Forskolin inhibits Gli protein, the 
downstream intra-cellular signaling mediator. Therefore, 
we hypothesized that Forskolin inhibits Hh signaling more 
specifically and directly than Cyclopamine. In fact, the inhibi-

Figure 5. comparison of the inhibitory effect of cyclopamine and Forskolin on cell proliferation. cell proliferation of nB19, rMS-YM, rd and rH30 was 
significantly reduced by Forskolin at 24 h as compared with the control samples, whereas only the proliferation of NB19 was reduced by Cyclopamine. Cell 
proliferation was more effectively inhibited by Forskolin than by cyclopamine.
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tion of cell proliferation of nB19, rMS-YM, rd and rH30 
cells was more effective by Forskolin than by cyclopamine, 
as shown in Fig. 5.

Previous studies reported that the inhibition of Hh 
signaling induces apoptosis in cancer cells with activated 
Hh signaling (33-35); therefore, we investigated whether the 
inhibition of Hh signaling by Forskolin induces apoptosis 
in pediatric tumor cells. We determined that apoptotic cell 
death was significantly increased in hepatoblastoma (Huh6), 
neuroblastoma (nB19) and rhabdomyosarcoma (rMS-YM, 
rd, rH30) cells. our data clearly demonstrate that Forskolin-
induced growth inhibition of Gli1-activated pediatric tumor 
cells is mediated not only by the reduction of proliferation but 
also by the induction of apoptotic cell death.

Forskolin is reported to suppress Hh signaling by the 
inhibition of the Gli family of intracellular signal mediators. 
Three vertebrate Gli genes (Gli1, -2 and -3) have been identi-
fied (4). Gli2 and -3 have distinct, context-dependent repressor 
and activator functions, and Gli3 is cleaved into a repressor 
form in the absence of Hh signaling (11,36,37). in contrast, 
Gli1 is a strong positive activator of downstream target genes 
and is itself a transcriptional target of Hh signaling (38). 
Gli1 is considered to be a marker of Hh pathway activation 
(4,39-42). Therefore, Forskolin suppressed the Hh signaling 
pathway by controlling the elevated expression of Gli1 in the 
cell lines with high Gli1 expression.

The mechanisms of the activation of Hh signaling in 
malignant tumors remain unknown. The first evidence linking 
Hh pathway activity to human cancer was the identification 
of germ-line mutations of Ptch1 in Gorlin syndrome, a rare 
autosomal disease associated with an increased incidence of 
basal cell carcinoma (Bcc), medulloblastoma and rhabdomy-
osarcoma (2,43,44). in addition, somatic mutations of several 
components of the Hh pathway, including Ptch1 and Smo, have 
been detected in many sporadic Bccs and medulloblastomas 
(45-48). To date, no mutation of Hh pathway components has 
been reported in pediatric tumors. it is necessary to further 
analyze the mutation status of Ptch, Smo and other signaling 
molecules in pediatric malignancies in order to determine 
whether the mutations of these genes are associated with 
tumorigenesis.

although the treatment of pediatric tumors has dramati-
cally improved over the past 20 years, the prognosis of patients 
with high-risk or recurrent tumors is still poor. Therefore, the 
development of new treatment strategies is essential. Many 
factors may contribute to the poor prognosis of pediatric 
tumors; however, the lack of understanding of the molecular 
pathways involved in tumor progression has limited the devel-
opment of effective treatments. in this study, the data clearly 
demonstrated that Forskolin inhibited cell growth and induced 
apoptosis in Gli1-positive pediatric tumor cell lines, suggesting 
that Gli1 may be a key factor in the tumorigenesis of pediatric 
malignancies. Forskolin may therefore be a candidate thera-
peutic agent for Gli1-elevated malignancies. at present, there 
is no clinically available treatment that specifically targets the 
Hh signaling pathway. Further research should be conducted to 
demonstrate that Hh pathway inhibition is a useful therapeutic 
strategy in pediatric malignancies. We plan to investigate the 
tumor-suppressing effects of Forskolin in vivo using a xeno-
graft model of pediatric tumors.

References

  1. ingham PW and McMahon aP: Hedgehog signaling in animal 
development: paradigms and principles. Genes dev 15: 
3059-3087, 2001.

  2. ruiz i altaba a, Sánchez P and dahmane n: Gli and hedgehog 
in cancer: tumors, embryos and stem cells. nat rev cancer 2: 
361-372, 2002.

  3. lee J, Platt Ka, censullo P and ruiz i altaba a: Gli1 is a target 
of Sonic hedgehog that induces ventral neural tube development. 
development 124: 2537-2552, 1997.

  4. Beachy Pa, Karhadkar SS and Berman dM: Tissue repair and 
stem cell renewal in carcinogenesis. nature 432: 324-331, 2004.

  5. Watkins dn, Berman dM, Burkholder SG, Wang B, Beachy Pa 
and Baylin SB: Hedgehog signalling within airway epithelial 
progenitors and in small-cell lung cancer. nature 422: 313-317, 
2003.

  6. Berman dM, Karhadkar SS, Hallahan ar, et al: Medulloblastoma 
growth inhibition by hedgehog pathway blockade. Science 297: 
1559-1561, 2002.

  7. Berman dM, Karhadkar SS, Maitra a, et al: Widespread require-
ment for Hedgehog ligand stimulation in growth of digestive 
tract tumors. nature 425: 846-851, 2003.

  8. Karhadkar SS, Bova GS, abdallah n, et al: Hedgehog signalling 
in prostate regeneration, neoplasia and metastasis. nature 431: 
707-712, 2004.

  9. Thayer SP, di Magliano MP, Heiser PW, et al: Hedgehog is 
an early and late mediator of pancreatic cancer tumorigenesis. 
nature 425: 851-856, 2003.

10. Tostar u, Malm cJ, Meis-Kindblom JM, Kindblom lG, 
Toftgard r and unden aB: deregulation of the hedgehog signal-
ling pathway: a possible role for the PTcH and SuFu genes in 
human rhabdomyoma and rhabdomyosarcoma development. J 
Pathol 208: 17-25, 2006.

11. Sanchez P, Hernandez aM and Stecca B: inhibition of prostate 
cancer proliferation by interference with sonic hedgehog-Gli1 
signaling. Proc natl acad Sci uSa 101: 12561-12566, 2004.

12. Taipale J, chen JK, cooper MK, et al: effects of oncogenic 
mutations in Smoothened and Patched can be reversed by cyclo-
pamine. nature 406: 1005-1009, 2000.

13. Incardona JP, Gaffield W, Kapur RP, et al: The teratogenic 
veratrum alkaloid cyclopamine inhibits sonic hedgehog signal 
transduction. development 125: 3553-3562, 1998.

14. Kubo M, nakamura M, Tasaki a, et al: Hedgehog signaling 
pathway is a new therapeutic target for patients with breast 
cancer. cancer res 64: 6071-6074, 2004.

15. Ma X, chen K, Huang S, et al: Frequent activation of the 
hedgehog pathway in advanced gastric adenocarcinomas. 
carcinogenesis 26: 1698-1705, 2005.

16. oue T, Yoneda a, uehara S, Yamanaka H and Fukuzawa M: 
The increased expression of the Hedgehog signaling pathway in 
pediatric solid malignancies. J Pediatr Surg (in press).

17. Hooper Je and Scott MP: communicating with Hedgehogs. nat 
rev Mol cell Biol 6: 306-317, 2005.

18. Wang QT and Holmgren ra: nuclear import of cubitus inter-
ruptus is regulated by hedgehog via a mechanism distinct from 
ci stabilization and ci activation. development 127: 3131-3139, 
2000.

19. Fan cM, Porter Ja, chiang c, chang dT, Beachy Pa and 
Tessier-lavigne M: long-range sclerotome induction by sonic 
hedgehog: direct role of the amino-terminal cleavage product 
and modulation by the cyclic aMP signaling pathway. cell 81: 
457-465, 1995.

20. Hynes M, Porter Ja, chiang c, chang d, Tessier-lavigne M, 
Beachy Pa and rosenthal a: induction of midbrain dopaminergic 
neurons by Sonic hedgehog. neuron 15: 35-44, 1995.

21. noveen a, Jiang TX and chuong cM: caMP, an activator of 
protein kinase a, suppresses the expression of sonic hedgehog. 
Biochem Biophys res commun 219: 180-185, 1996.

22. cobourne MT, Hardcastle z and Sharpe PT: Sonic hedgehog 
regulates epithelial proliferation and cell survival in the devel-
oping tooth germ. J dent res 80: 1974-1979, 2001.

23. Yao HH and capel B: disruption of testis cords by cyclopamine 
or Forskolin reveals independent cellular pathways in testis 
organogenesis. dev Biol 246: 356-365, 2002.

24. Shahi MH, lorente a and and castresana JS: Hedgehog signal-
ling in medulloblastoma, glioblastoma and neuroblastoma. oncol 
rep 19: 681-688, 2008.



Molecular Medicine rePorTS  3:  133-139,  2010 139

25. eichenmuller M, Gruner i, Hagl B, et al: Blocking the Hedgehog 
pathway inhibits hepatoblastoma growth. Hepatology 49: 
482-490, 2009.

26. epstein dJ, Marti e, Scott MP and McMahon aP: antagonizing 
caMP-dependent protein kinase a in the dorsal cnS activates a 
conserved Sonic hedgehog signaling pathway. development 122: 
2885-2894, 1996.

27. Fan cM, Porter Ja, chiang c, chang dT, Beachy Pa and 
Tessier-lavigne M: long-range sclerotome induction by sonic 
hedgehog: direct role of the amino-terminal cleavage product 
and modulation by the cyclic aMP signaling pathway. cell 81: 
457-465, 1995.

28. Hammerschmidt M, Bitgood MJ and McMahon aP: Protein 
kinase a is a common negative regulator of Hedgehog signaling 
in the vertebrate embryo. Genes dev 10: 647-658, 1996.

29. roy M, Pear WS and aster Jc: The multifaced role of notch in 
cancer. curr opin Genet dev 17: 52-59, 2007.

30. Bray SJ: notch signalling: a simple pathway becomes complex. 
nat rev Mol cell Biol 7: 678-689, 2006.

31. Kim JH, Yoon SY, Kim cn, et al: The Bmi-1 oncoprotein is 
overexpressed in human colorectal cancer and correlates with the 
reduced p16inK4a/p14arF proteins. cancer lett 203: 217-224, 
2004.

32. dimri GP, Martinez Jl, Jacobs JJ, Keblusek P, itahana K, 
van lohuizen M, campisi J, Wazer de and Band V: The Bmi-1 
oncogene induces telomerase activity and immortalizes human 
mammary epithelial cells. cancer res 62: 4736-4745, 2002.

33. athar M, li c, Tang X, et al: inhibition of smoothened signaling 
prevents ultraviolet B-induced basal cell carcinomas through 
regulation of Fas expression and apoptosis. cancer res 64: 
7545-7552, 2004.

34. Qualtrough D, Buda A, Gaffield W, Williams AC and 
Paraskeva c: Hedgehog signalling in colorectal tumour cells: 
induction of apoptosis with cyclopamine treatment. int J cancer 
110: 831-837, 2004.

35. Williams Ja, Guicherit oM, zaharian Bi, et al: Identification of 
a small molecule inhibitor of the hedgehog signaling pathway. 
effects on basal cell carcinoma-like lesions. Proc natl acad Sci 
uSa 100: 4616-4621, 2003.

36. dahmane n, lee J, robins P, Heller P and altaba a: activation 
of the transcription factor Gli1 and the Sonic hedgehog signalling 
pathway in skin tumours. nature 389: 876-881, 1997.

37. nilsson M, unden aB, Krause d, Malmqwist u, raza K, 
zaphiropoulos PG and Toftgard r: induction of basal cell carci-
nomas and trichoepitheliomas in mice overexpressing Gli-1. 
Proc natl acad Sci uSa 97: 3438-3443, 2000.

38. Grachtchouk M, Mo r, Yu S, zhang X, Sasaki H, Hui cc and 
dlugosz aa: Basal cell carcinomas in mice overexpressing Gli2 
in skin. nat Genet 24: 216-217, 2000.

39. Kimura H, Stephen d, Joyner a and curran T: Gli1 is important 
for medulloblastoma formation in Ptc1+/- mice. oncogene 24: 
4026-4036, 2005.

40. Sheng H, Goich S, Wang a, et al: dissecting the oncogenic 
potential of Gli2: deletion of an nH(2)-terminal fragment alters 
skin tumor phenotype. cancer res 62: 5308-5316, 2002.

41. Svard J, Heby-Henricson K, Persson-lek M, et al: Genetic 
elimination of Suppressor of fused reveals an essential repressor 
function in the mammalian Hedgehog signaling pathway. dev 
cell 10: 187-197, 2006.

42. di Marcotullio l, Ferretti e, de Smaele e, et al: ren(KcTd11) 
is a suppressor of Hedgehog signaling and is deleted in human 
medulloblastoma. Proc natl acad Sci uSa 101: 10833-10838, 
2004.

43. Hahn H, Wojnowski l, zimmer aM, Hall J, Miller G and 
zimmer a: rhabdomyosarcomas and radiation hypersensitivity 
in a mouse model of Gorlin syndrome. nat Med 4: 619-622, 
1998.

44. aszterbaum M, epstein J, oro a, douglas V, leBoit Pe, 
Scott MP and epstein eH Jr: ultraviolet and ionizing radiation 
enhance the growth of Bccs and trichoblastomas in patched 
heterozygous knockout mice. nat Med 5: 1285-1291, 1999.

45. Johnson rl, rothman al, Xie J, Goodrich lV, Bare JW, 
Bonifas JM, Quinn aG, Myers rM, cox dr, epstein eH Jr and 
Scott MP: Human homolog of patched, a candidate gene for the 
basal cell nevus syndrome. Science 272: 1668-1671, 1996.

46. Hahn H, christiansen J, Wicking c, et al: a mammalian patched 
homolog is expressed in target tissues of sonic hedgehog and 
maps to a region associated with developmental abnormalities. J 
Biol chem 271: 12125-12128, 1996.

47. Gorlin rJ: nevoid basal-cell carcinoma syndrome. Medicine 66: 
98-113, 1987.

48. Toftgård r: Hedgehog signalling in cancer. cell Mol life Sci 57: 
1720-1731, 2000.


