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The Hedgehog (Hh) signaling pathway has an important role during embryogenesis and in adult life, regulating proliferation,
angiogenesis, matrix remodeling and stfem-cell renewal. Deregulation of the Hh pathway is involved in tumor development, since
mutations in several components of this pathway were found in patients with basal cell carcinoma, medulloblastoma and other
tfumors; however, the role of Hh in meningiomas has not been studied yet. Meningiomas represent 30% of primary cranial tumors,
are mostly benign and prevail in the second half of life. Novel therapies for meningiomas such as targeted molecular agents could
use Hh pathway components. To provide information concerning molecular alterations, by use of real-time RT-PCR, we studied ex-
pression af the mRNA level of 32 Hh pathway and target genes in 36 meningioma specimens of different grades. mRNA levels of
16 genes, involved mainly in Hh pathway activation and cell proliferation, increased in meningiomas in comparison with normal
fissue, whereas those of 7 genes, mainly related to Hh pathway repression, decreased. The most significant changes occurred in
signal fransduction (SMO) and GLKranscription factor genes, and the target FOXM1 mRNA attained the highest values; their over-
expression was found in aggressive and in benign tumors. Some proliferation-related genes (SPPI, IGF2) were overexpressed in
higher meningioma grades. A correlation in expression between genes with a similar function was also found. Our results show a
marked activation of the Hh pathway in meningiomas, which may be important for their biological and clinical characterization
and would be useful for gene therapy.
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INTRODUCTION

The study of genetic alterations in-
volved in tumorigenesis is important for
molecular characterization of tumors and
offers useful targets for therapy. The
Hedgehog (Hh) signaling pathway is
closely related to processes such as cell
proliferation, differentiation, angiogene-
sis, cellular matrix remodeling and stem-
cell homeostasis, all of which are in-
volved in tumorigenesis and metastasis
(1). Deregulation of this pathway was
found in different tumors such as basal
cell carcinoma, medulloblastoma, rhab-
domyoma, rhabdomyosarcoma and

other tumors (2—4), but there have been
no reports on meningiomas so far.

The Hedgehog pathway plays a funda-
mental role in multiple developmental
processes as well as in adult tissues and
is conserved across the animal kingdom
from insects to vertebrates (1,5,6). Hh lig-
ands have evolved from one in
Drosophila melanogaster to three in ver-
tebrates: Sonic hedgehog (SHH), the
most widely expressed in mammalian
tissues; Indian hedgehog (IHH), specific
for bone development; and Desert
hedgehog (DHH), restricted to gonads
(1). Hh proteins are synthesized, palmi-
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toylated by a palmitoylacyltransferase
specific for SHH (HHAT), cholesterol-
modified and released by means of the
transmembrane protein Dispached
(DISP) (5-7). They act at short or long
distance, and their gradient determines
the development and differentiation of
cells (7,8).

The Hh signaling function is accom-
plished through the process of ligand
binding to the receptor Patched (PTCH),
transduction of the signal mediated by
the transmembrane protein Smoothened
(SMO) and activation of specific tran-
scription factors regulating the Hh target
gene expression. The PTCH receptor is
suppressed in response to ligand bind-
ing, something unusual for a signal re-
ceptor, whereas SMO is activated (1,5-7).
Other proteins that modulate the Hh
function are Hh interacting protein
(HHIP), involved in a negative feedback;



the growth arrest specific 1 (GASI), regu-
lating the range and level of signaling;
and Rab23, a small G-protein having a
major role in the subcellular localization
of Hh pathway components (1,9,10).
Activation of SMO initiates a signal
transduction cascade involving several
intermediate proteins such as the Ki-
nesin family (Kif7, Kif27) that interact
with microtubules and other proteins; a
Fused homolog, the serine-threonine ki-
nase 36 (STK36) not essential for mam-
mals; the Suppressor of fused (SUFU) a
strong inhibitor of the transcription
factors GLI in mammals (related to
Drosophila’s Kriippel-like zinc finger pro-
teins named GLI after glioblastoma);
and a B-transducin-repeat-containing
E3 ligase (BTRC), which binds the phos-
phorylated GLI2 and GLI3 for their pro-
cessing into a repressor (GLI3) or to
ubiquitine-proteosome-mediated degra-
dation (GLI2) (1,5,6,11). The relative lev-
els of GLI transcription factors GLI1/
GLI2 (activators) and GLI3 (repressor)
determine which target genes are ex-
pressed; another member, GLI4, and
GLI-similar 1 and 2 (GLIS1/GLIS2) are
additional transcription factors (7,12-15).
Several genes are regulated by the
Hh signal: (a) MTSS1 (metastasis sup-
pressor 1)—a regulator of actin fila-
ments assembly—which is expressed in
embryonic tissues including the devel-
oping central nervous system and
downregulated or missing in metastatic
cancer cell lines (16); (b) the Forkhead
family of transcription factors, which
are associated with cell growth and pro-
liferation, such as FOXE1, FOXA2 and
FOXM1 (a regulator of cell-cycle gene-
expression), and all have been found in
human cancers (17-19); (c) SPP1 (osteo-
pontin) and OSF (periostin)—secreted
extracellular matrix-associated proteins—
which have a crucial role in cell adhe-
sion, prevention of apoptosis, invasion
and migration (20,21); (d) IGF2 (insulin-
like growth factor 2) and CCND2, a cy-
clin required for cell cycle G, /S transi-
tion, both of which are overexpressed in
tumors (22,23); (e) PTHR1, a parathy-
roid hormone receptor, which is over-

expressed in osteosarcoma and bone
metastases of other tumors (24).

Activation of the Hh pathway, there-
fore, stimulates several processes related
to cancer such as cell-cycle machinery,
expression of angiogenic and antiapo-
ptotic factors and stem-cell renewal,
which may involve transformation into
cancer stem cells (6,20,21,23).

The most common mutations that acti-
vate the Hh pathway occur in (a) PTCH
or SUFU, causing the loss of their func-
tion; (b) SMO, activating it; or (c) GLI1,
amplified in 15% of glioblastomas. The
nevoid basal cell carcinoma syndrome
(NBCC) caused by PTCH mutations is
associated with development of tumors
such as basal cell carcinoma, medul-
loblastoma and meningioma (1,2).

Specific inhibitors of Hh signaling
will provide an effective therapy for a
wide range of malignancies. The most
common ways to target this pathway
are (a) modulating SMO by its antago-
nists, the plant alkaloid cyclopamine or
the derived synthetic compounds,
which have been used in a phase 1
clinical trial (25-29); (b) using SHH-
neutralizing antibodies (30); and (c) in-
hibiting GLI1 with a small interfering
RNA (siRNA) (31).

Meningiomas represent 30% of primary
cranial tumors (Central Brain Tumor Reg-
istry of the United States [CBTRUS]) pre-
vailing in the second half of life. They are
mostly sporadic and often considered be-
nign; however, three malignancy grades
are recognized by WHO: grade I or be-
nign (MQI); grade II or atypical (MGII),
associated with a high rate of recurrence;
and grade III or anaplastic (MGIII), highly
aggressive with a short survival time.

Emerging therapies for meningiomas
are also being developed, and the com-
ponents of the Hh pathway are candi-
dates for targeting. Herein we investi-
gated the expression of a large panel of
components and related molecules in-
volved in the Hh pathway. Using the
real-time quantitative RT-PCR, we quan-
tified the expression of 32 genes at the
mRNA level in 36 meningioma speci-
mens of different grades and attempted
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to determine a link between gene expres-
sion and pathological parameters.

MATERIALS AND METHODS

Patients and Samples

Samples of 36 meningiomas were ob-
tained by surgical excision from patients
with sporadic tumors at the Neuro-
surgery departments of Brussels (26 pa-
tients) and Buenos Aires (10 patients)
from 2003 to 2005. They included 23 MGI
tumor samples with a similar number of
meningothelial and transitional menin-
giomas, nine MGII and four MGIII. Spec-
imens of adjacent normal meningeal tis-
sue from five patients and of normal
cerebellum from one patient were used
as sources of normal RNA. Immediately
after surgery, tumors and normal tissue
samples were stored in liquid nitrogen.
The patients were 21 women and 15 men
with a mean age of 63 (range 41-80)
years. This study received ethical ap-
proval from the Ethical Committee of
“Hospital de Clinicas Jose de San Mar-
tin.” The patients had given a written
consent to use their biopsy samples for
this study.

RNA Extraction and cDNA Synthesis
Total RNA was extracted from menin-
gioma specimens using the acid-phenol
guanidinium method. Frozen tissues
were triturated in liquid nitrogen in a
mortar, and the powder was homoge-
nized in the extraction solution, vortexed
and treated with chloroform on ice. Iso-
propanol was added to the upper phase,
and the precipitated total RNA was
washed, dissolved in sterile water, quan-
tified by UV absorbance at 260 and
280 nm and assessed qualitatively by gel
electrophoresis to check the presence of
18S and 28S RNA bands. RNA was re-
verse transcribed to cDNA as previously
reported (32) .

Real-Time Quantitative PCR

The theoretical bases and PCR reac-
tion conditions have been described (32).
Briefly, quantitative values were ob-
tained from the threshold cycle number
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Table 1. Oligonucleotide primer sequences used

Gene Primer forward Primer reverse

IHH 5 AGG CCG GCTTIG ACT GGG TGT ATT 3’ 5 GCG GCC GAGTGCTCG GACTT 3’
SHH 5 CCG GCTTCG ACTGGG TGTACTA 3’ 5 CGC CACCGAGITCICTGCTIT 3

DHH 5 CCG GCTTCG ACTGGG TCTACTAC 3’ 5 GAC CGC CAG TGA GTT ATC AGC TIT 3’
HHAT 5 CCTGGATGCTGG CCTAIGTCTT & 5 GCTCCTGCTGCT GCATCT GTT 3’

DISP1 5 ACTTCT CTG ATC CATTGC TGG GIT &' 5 GAC CAATCT CTG GCCTATTGC TGT 3’
DISP2 5 TGT GCA GCA CCATGT GGT CA J' 5 AGC AAT CAG CTG GGA ATA GCT CTT &
PTCHI1 5 CCC CTG TAC GAA GTG GAC ACT CTC 3’ 5 AAG GAA GAT CAC CACTAC CTTGGCT 3’
PTCH2 5 GAT GGG GCC ATCTCC ACATT 3’ 5 CGC CGC AAAGAAGTACCTTACA 3
SMO 5 GCTACTTCCTCATCC GAG GAGTCA &' 5 GGC GCAGCATGGTCTCGTTY

HHIP 5 GGG CGC CTIG GAG AAT AAG ATATIT 3’ 5'GTIGGAGAGCAAAGTGCACATITGA 3
GAS] 5 CGT CATTGA GGA CAT GCT GGC TAT 3' 5 TICTCC TTIG ACC GAC TCG CAG AT 3’
RAB23 5 GAA AGT AGT AGC CGA AGT GGG AGAT 3 5 AGT GCCTCA GCTTCCTCATICTT &
KIF7 5 GTC CCA GTG CGA GATGAA CCT & 5 CGG AGC GTC ACCACCTIGTY

KIF27 5 AGCTIG CCTGAG TCCTGTTGA GATTA 3’ 5 GCTTCT CGC AAATIC ACCACCTIA %
STK36 5 ACC CCAGATTGT GAACGA GCATY3 5 CATTGT CAC TGT CTG GCT CCT CAT &
SUFU 5 GCT GCT GAC AGA GGA CCC ACA & 5 GTG CAG ACA CCAACG ATCTGG A 3’
BTRC 5 GTC TAC GGA CCCTIG TG AGC AT & 5 GGG CAG CTG GAT CATTIA GGA AGT &
GLIT 5 CCA ACT CCA CAG GCATAC AGG AT 3’ 5 CAC AGATIC AGG CTCACG CTTC &
GLI2 5" AAG TCA CTC AAG GATTCC TGC TCA 3’ 5 GTTTIC CAG GAT GGA GCC ACTT ¥
GLI3 5 CGC GACTGA ACC CCATICTAC 3’ 5 GIGTIG TTIG GAC TGT GTG CCATT 3’
GLi4 5 CCATGG GCATCAACATCGG CT 3 5 TCCTCTACGTCTTGG AGATCC AGG T &
GLIS2 5 GTG TCG CTG GGC CAA GTG TAA 3’ 5 CGG GCTTGA CATGGTAATCGTT 3
GLIST 5 CCCAGC CCACAAGGTTACCA Y 5 CAT CCG GTA GCA GTC GCC ATA 3’
MTSS1 5 CTIG CGG CCA GTG ATT GAA GAA & 5 GGG CAG TIT GTG AGG GTC CAT &
FOXET 5 GCG CTG GGA GCCTGCTAC AA 3 5 TGG CGG ACA CGAACC GATCTIATY
FOXA2 5 TGG GAG CCGG TGA AGATGG AA 3’ 5 GAG GAG TAG CCCTCG GGCTCT 3
FOXM1 5 GGG AGA CCT GTG CAG ATG GTG A & 5 TCG AAG CCA CTG GAT GTT GGAT &
SPP] 5 TCG CAG ACCTGA CATCCAGTIACC ¥ 5 CCATIC AACTCCTCG CTTTCC AT &
OSF 5 GTC CTA ATT CCT GATTCT GCC AAA 3’ 5 GGG CCACAAGATCCGTGAAZ

IGF2 5 CGA CCGTGCTIC CGG ACAAC 3 5 AGGC CGCTGG GTG GACTGC T 3’
CCND2 5 GCT GTC TCT CTG ATC CGC AAG CAT 3’ 5 GGC AAA CTTAAAGIC GGTGGC A 3’
PTHR1 5 ACA ACA GGA CGT GGG CCAACTAC & 5 CGG TCA AAC ACCTCC CGTTCA 3’
MKI67 5 ATT GAA CCT GCG GAA GAG CTG A & 5 GGA GCG CAG GGATATTCC CITA

at which the increase in the signal asso-
ciated with the exponential growth of
PCR product begins to be detected. The
amount of RNA added to reaction mix
was determined by normalization of
each sample to an endogenous RNA
control (TBP [TATA box-binding pro-
tein]). The results, presented as N-fold
differences in target gene expression
relative to the TBP gene and termed

N target, were determined as N target =
pACt tumor "o hore the ACt value of the
sample was determined by subtracting
the average Ct value of the target gene
from the average Ct value of the TBP
gene. The Ntarget values of the tumor
samples were subsequently normalized
such that the mean of the normal tissue
sample Ntarget value was 1.

Primers for TBP and target genes were
chosen with the assistance of the oligo
4.0 program. Searches in dbEST, htgs
and nr databases confirmed the total
gene specificity of the nucleotide se-
quences chosen as primers and the ab-
sence of single nucleotide polymor-
phisms. The primer pairs were selected
to be unique relative to the sequences of
closely related family member genes or
the corresponding retropseudogenes. To
avoid amplification of contaminating ge-
nomic DNA, one of the two primers was
placed at the junction between two
exons. For each primer pair, we per-
formed no-template control and no-RT
control (RT-negative) assays, which pro-
duced negligible signals that were usu-
ally greater than 40 in Ct values, sug-

gesting that primer-dimer formation and
genomic DNA contamination effects
were negligible. Table 1 lists the nu-
cleotide sequences of the primers.

Experiments were performed with du-
plication for each data point. Positive con-
trols for all genes were obtained by per-
forming an RNA pool control, which was
prepared by mixing identical amounts of
RNA from various human normal and
tumor tissues. PCR amplification was per-
formed in an ABI Prism 7700 Sequence
detection system using the SYBR® Green
PCR Core Reagent kit (Perkin-Elmer Ap-
plied Biosystems, Oak Brook, IL).

Statistical Analyses
Because the mRNA levels did not fit a
Gaussian distribution, they were charac-
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Figure 1. mRNA levels of 32 Hedgehog pathway genes, target genes and the proliferation marker MKI67 in different meningioma grades
(MGI, MGII and MGIII). Median standardized mRNA levels in meningiomas were determined relative to the median mRNA level in normal
meninges, which has an assigned value of 1 and is indicated by a horizontal line. Statistically significant differences in mRNA levels be-
tween meningiomas and normal fissue are denoted by asterisk. The tests used and P values are as in Table 2.

terized in each group by their median
values and ranges. Comparisons be-
tween the medians of target gene mRNA
levels and histopathological parameters
were checked by the nonparametric
Kruskal-Wallis test. To evaluate the sig-
nificance of multiple analyses, pair con-
frontations between the means of group
ranges were performed by Conover’s
method (33).

The relationships between mRNA
levels of the various target genes were
performed by the nonparametric Spear-
man rank correlation test. Differences
between two populations were judged
significant at confidence level greater
than 95% (P < 0.05).

RESULTS

Hedgehog Pathway mRNA Levels in
Meningiomas

Figure 1 shows the median mRNA lev-
els of 32 Hedgehog pathway and target
genes as well as of the proliferation
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marker MKI67 in various grades of
meningiomas compared with normal tis-
sue. mRNA levels of 16 genes, mainly in-
volved in Hh pathway activation and
cell proliferation, were increased (overex-
pressed) in meningiomas, whereas
mRNA levels of seven genes, mainly re-
lated to Hh pathway repression, were
decreased (underexpressed). The 9 re-
maining genes (SHH, IHH, DISP2,
PTCH2, KIF27, RAB23, GLI3, GLI4 and
FOXET) did not show quantifiable
changes in mRNA levels between normal
and tumor tissues.

Increased mRNA levels (overex-
pressed genes). The following 11 genes
showed a significant increase in mMRNA
levels in all or some grades of menin-
giomas compared with normal tissue: (a)
HHAT and DISP1, involved in Hh ligand
formation and release from producing
cells, were overexpressed in 50% to 89%
and 25% to 78% of meningiomas regard-
less their grade, respectively; (b) SMO,
which initiates a signal transduction cas-

cade, showed an mRNA level increase in
56% to 100% of meningiomas; (c) KIF7, a
signaling intermediate proposed as cos2
protein homolog in mammals, was over-
expressed in 56% to 100% of all the
grades of meningiomas, gradually in-
creasing from MGI to MGIIJ; (d) GLI1,
GLI2 and GLIS2 transcription factors
were overexpressed in 39% to 75%, 52%
to 100% and 26% to 100% of all the
grades of meningiomas, respectively,
with the highest mRNA values in MGIII
and the lowest in MGI; (e) FOXM1
mRNA, a GLI target, proliferation-spe-
cific transcription factor, increased in
22% to 89% of tumors, showing the high-
est levels in comparison with those of
other genes; (f) SPP1, IGF2 and CCND2,
the other GLI-target genes encoding an
extracellular matrix-associated protein, a
growth factor and a cyclin, respectively,
were overexpressed in 13% to 75%, 26%
to 89% and 35% to 75% of meningiomas
regardless of the grade, respectively;
SPP1 and IGF2 mRNA levels increased
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Figure 2. mRNA levels of PTCHI, SMO, GLI2 and FOXMI.The figure shows standardized mRNA levels of each gene in six individual normal
meninges (N), 23 grade | meningiomas (MGI), 9 grade Il meningiomas (MGIl) and 4 grade Il meningiomas (MGII). Median values are in-
dicated for normal meninges and each tumor group by horizontal bars. P values for the three tumor grades versus normal tissue are as in

Table 2.

mostly in MGII and MGIII, the more ag-
gressive tumors.

A nonsignificant increase in median
mRNA level of five additional genes was
found; however, they showed values
higher than normal in a considerable
amount of meningiomas: 22%-75%
(GAS1, STK36, BTRC, FOXA2 and OSF).

Decreased mRNA levels (underex-
pressed genes). A significant decrease
in the mRNA level of the following
genes was found in meningiomas in
comparison with normal tissue: (a)
DHH, a gonad-specific Hh ligand, was
underexpressed in 50% to 71% of
meningiomas regardless of grade; (b)
PTCH1, a Hh ligand receptor that re-
presses the Hh pathway, was underex-
pressed in 11% to 43% of tumors; (c)
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PTHRI, a parathyroid receptor partici-
pating, coupled with Hh ligand IHH, in
the regulation of chondrocyte differenti-
ation, showed reduced mRNA levels in
22% to 35% of meningiomas regardless
of grade.

A nonsignificant decrease in the me-
dian mRNA level of four additional
genes (HHIP, SUFU, MTSS1 and GLIS1)
was found in meningiomas; some of
them, such as the negative Hh pathway
regulators HHIP and SUFU, showed val-
ues lower than normal in 13%-50% of
tumors.

Figure 2 shows an example of the
mRNA levels of PTCH1, SMO, GLI2
and FOXM]1 genes in each of the six
normal tissues (N), 23 MGI, 9 MGII
and 4 MGIIL.

| MOL MED 16(7-8)262-270, JULY-AUGUST 2010

Comparison of the Hedgehog
Pathway and Related mRNA Levels
with the Grades of Meningiomas

mRNA levels of 9 of 23 Hh pathway
genes and 5 of 9 Hh-inducible genes, re-
lated to cell proliferation/invasion, dif-
fered significantly as regards total or
each grade of meningiomas and normal
tissue (Table 2), although the changes
were not always statistically significant
for the MGIII group, probably owing to
the small sample size. It should be
noted that the PTCHI mRNA level de-
creased only in MGI compared with
normal tissue, whereas SPP1 and IGF2
mRNA levels increased in the interme-
diate grade (MGII) or in MGII and
MGIII, respectively, but not in the be-
nign MGI grade.
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Table 2. Hedgehog pathway mRNA levels and fumor grades, changes in expression and P values (Kruskal-Wallis test).

MGI-MGlII MGl versus MGII versus MGIII versus MGI versus MGI versus MGI versus

Gene versus normal normal normal normal MGl MGl MGII-MGIII
DHH D (0.0018) D (0.0005) D (0.007) NS NS NS NS
HHAT | (0.0160) 1 (0.015) | (0.028) NS NS NS NS
DISP1 | (0.006) | (0.0006) | (0.004) NS NS NS NS

PTCHI1 NS D (0.0089) NS NS D (0.018) D (0.011) D (0.0011)
SMO | (0.0001) | (0.0003) | (0.0004) | (0.0095) NS NS NS
KIF7 | (0.0008) | (0.002) [(0.012) | (0.0095) NS NS NS

MGl versus MGl versus MGII-MGIII

MGl MGl versus MGl

GLI 1 (0.019) NS (0.06) NS NS NS NS | (0.0508)

GLI2 | (0.0003) | (0.026) [ (0.018) | (0.0095) NS | (0.014) NS (0.068)

GLIS2 | (0.0024) | (0.0083) NS | (0.0095) NS NS NS

FOXM1 | (0.0007) | (0.0098) | (0.0008) NS | (0.0002) NS 1 (0.0073)

SPP1 1 (0.047) NS [(0.012) NS | (0.0057) NS 1 (0.0027)

IGF2 1 (0.0014) NS | (0.0004) | (0.0095) [ (0.0013) 1 (0.029) 1 (0.0037)
CCND2 1 (0.022) NS NS NS NS NS NS
PTHR1 D (0.011) D (0.0026) D (0.025) NS NS NS NS

I and D indicate expression levels that are increased and decreased in the first group versus other groups, respectively. P values in
parentheses; NS, not significant. Comparison of mRNA levels with the grades of meningiomas were as follows: MGl versus MGII, MGl versus
MGIII and MGl versus MGII-MGIII for the first six genes and MGII versus MGI, MGl versus MGl and MGII-MGIII versus MGl for the next eight

genes.

A significant difference in mRNA lev-
els between various grades of menin-
giomas was found for (a) GLI2, GLIS2
and IGF2, higher in malign tumors
(MGIII) than in MGI or MGII grades; (b)
FOXM1, SPP1 and IGF2, increased in the
intermediate grade (MGII) compared
with MGI; (c) PTCH1, decreased in MGI
in comparison with MGII and MGIII
(Table 2).

Relationship between mRNA Values of
Hh Pathway and Related Genes in
Meningiomas

Table 3 lists the more relevant correla-
tions (P < 0.01) between mRNA levels of
Hh pathway genes as well as between
them and those of their target genes in
meningiomas. The most significant val-
ues were found for the following genes:
(a) DISPT mRNA levels, encoding the Hh
ligand-secretion receptors, correlated
with those of a membrane protein GAS1
(r = 0.65), both increased in meningiomas
thus supporting the actual increase of
GAST mRNA despite its nonsignificance;
(b) Hh ligand receptors PTCH1/2 mRNA
levels, reduced in meningiomas, corre-

lated with those of RAB23 (r = 0.54) a reg-
ulator of GLI2/GLI3 activities, as well as
with those of GLI1/GLIS2 (r = 0.68, 0.53)
which increased in meningiomas, data
that have no logical explanation and
might reflect the importance of relative
activators and repressors levels; (¢) SMO
expression correlated with that of a high
number of Hh pathway and target genes
such as GAS1 (r = 0.57), KIF7 (r = 0.73);
the transcription factors GLI2 / GLIS2,
which showed the highest correlations,
r=0.85 and 0.75, respectively; and a tar-
get gene, the growth factor IGF2 (r = 0.52)
in full agreement with the role of SMO as
a first transducer of the Hh cascade; (d)
KIF7 mRNA levels correlated with those
of other positive Hh pathway regulators
such as SMO and STK36 (r = 0.66) and
more closely with those of transcription
factors GLI2/GLIS2 (r = 0.76 and 0.78, re-
spectively); (e) SUFU mRNA levels corre-
lated with those of BTRC (r = 0.54), both
Hh pathway repressors in mammals; (f)
the expression of transcription factors
GLI2 and GLIS2 showed a correlation be-
tween them (r = 0.70) and with other pos-
itive Hh pathway regulators in menin-
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giomas such as GASI and STK36 (r =
0.56, 0.64), more strongly with KIF7 (r =
0.76, 0.78) and SMO (r = 0.85, 0.75) as
stated before and with the GLI2 target
IGF2 (r = 0.52): (g) MTSS1 mRNA levels
correlated with those of PTHRI (r = 0.57),
in full agreement with the underexpres-
sion of both genes in meningiomas but
not with the expression of PTHRI in
other tumors (sarcomas and bone metas-
tases); (h) IGF2 mRNA levels correlated
mainly with those of SMO and GLI2 as
stated before, consistent with the associa-
tion of the Hh pathway activation and
cell proliferation, and with those of
FOXM1 (r = 0.58) and CCND2 (r = 0.66),
as expected from the close association be-
tween progression to DNA replication
and cell proliferation.

DISCUSSION

The altered expression of 16 Hh path-
way genes and their targets in menin-
giomas is in full agreement with their
function as activators or inhibitors.
HHAT, DISP1, SMO, STK36 and GLI1/2
involved in Hh pathway activation
were overexpressed, five of them with a
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was found in low-grade tumors (MGI)
in comparison with normal tissue:
HHAT, DISP1, SMO, KIF7, GLI2, GLIS2
and FOXM1 mRNA levels increased in
MG]I, and those of PTCH1, the tumor
suppressor, decreased (Table 2). Thus,
these genes could have a relevant role
in the initial steps of tumorigenesis.
Moreover, PTCHI mRNA levels de-
creased only in low-grade menin-
giomas, suggesting that this change is
not significant for progression to a
more malignant state, which would be
attained by other genes overexpressed
in MGII and MGIIIL.

A significant increase in mRNA levels
of GLI1, FOXM1, SPP1 and IGF2 was
found in the more invasive tumors
(MGII + MGIII or MGIII) compared
with lower meningiomas grades. There-
fore, these genes could be the markers
for invasiveness and aggressiveness.
The significant changes in expression of
these genes, as well as that of PTCH1,
between MGI and MGII/MGIII suggest
different biological functions involved
in the development of the three types of
meningiomas. Moreover, the benign
MGI tumors (95% of total menin-
giomas) showed a lower number of
genes with an altered expression than
the atypical (4.7%-7.2%) and anaplastic
(1%-2.8%) tumors, both of them pre-
senting similar alterations: an increased
expression of genes involved in cell
proliferation and invasiveness (FOXM1,
SPP1 and IGF2).

A wide variation in the increased
mRNA levels of several genes (HHAT,
SMO, KIF7, GLI1, GLI2, FOXM1, SPP1
and IGF2) occurred between menin-
giomas and normal tissue, suggesting a
strong upregulation of these genes in
meningiomas. The number of MGIII tu-
mors was low and the differences among
them resulted in no statistical signifi-
cance in the expression of many genes.
However, several relevant Hh pathway
genes—such as SMO, GLI2, GLIS 2 and
the target growth factor IGF2—showed a
significant increase in MGIII versus nor-
mal and versus MGI (only GLI2 and
IGF2).

Hh Pathway Members with Similar
Function Show a Correlation in Their
Expression

A positive correlation between the
SMO and GLI family expression is in full
agreement with the activating action of
SMO on the transcription of these fac-
tors. The closest association of SMO with
GLI2/GLIS2 suggests that they have the
most relevant function in the Hh path-
way of meningiomas. This is supported
by the fact that GLIS2 was found mainly
in neural tissues (36). mRNA levels of
GLI family members correlated between
them and with those of other regulating
factors, showing the closest associations
for GLI2. These results support a relevant
role of GLI2 in meningiomas.

The KIF7 expression correlates with
that of many Hh pathway-activating
genes; moreover, its strong correlation
with GLI2/GLIS2 transcription factors
suggests an important role for KIF7 in
the Hh pathway of meningiomas. Simi-
larly, the expression of GASI correlates
with Hh pathway-activating genes, al-
though not as strongly as KIF7, support-
ing its positive role in this pathway in
meningiomas. Hh pathway members
with an activating role such as SMO, GLI
family and KIF7 also correlate in their ex-
pression with that of the growth factor
IGF2, in full agreement with the associa-
tion between Hh pathway activation and
cell proliferation.

In conclusion, our results show, to our
knowledge for the first time, an activa-
tion of the Hh pathway in meningiomas.
The positive Hh pathway regulators such
as HHAT, DISP, SMO, KIF7, GLI1/GLI2
and GLIS2 are overexpressed in all
meningioma grades, including benign
tumors, whereas Hh target genes, in-
volved in cell proliferation and invasive-
ness—such as IGF2 and SPP1—are over-
expressed in meningioma grades II and
III but not in grade I. FOXM1, the GLI
target gene, shows the most marked rise
in mRNA levels, 90- to 100-fold above
normal values in meningioma grades II
and III and a 17-fold increase in benign
tumors. Our results should be a signifi-
cant step toward an advance in the bio-
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logical and clinical characterization of
meningiomas. They may also be useful
to consider the Hh pathway and related
genes as targets for gene therapy.
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