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Hedgehog signaling is suggested to be a major oncogenic pathway
in medulloblastoma, which arises from aberrant development of
cerebellar granule progenitors. Allelic loss of chromosome 17p has
also been described as the most frequent genetic defect in this
human neoplasia. This observation raises the question of a possible
interplay between 17p deletion and the Hedgehog tumorigenic
pathway. Here, we identify the human orthologue of mouse
RENKCTD11, previously reported to be expressed in differentiating
and low proliferating neuroblasts. Human RENKCTD11 maps to
17p13.2 and displays allelic deletion as well as significantly
reduced expression in medulloblastoma. RENKCTD11 inhibits me-
dulloblastoma cell proliferation and colony formation in vitro and
suppresses xenograft tumor growth in vivo. RENKCTD11 seems to
inhibit medulloblastoma growth by negatively regulating the
Hedgehog pathway because it antagonizes the Gli-mediated trans-
activation of Hedgehog target genes, by affecting Gli1 nuclear
transfer, and its growth inhibitory activity is impaired by Gli1
inactivation. Therefore, we identify RENKCTD11 as a suppressor of
Hedgehog signaling and suggest that its inactivation might lead
to a deregulation of the tumor-promoting Hedgehog pathway in
medulloblastoma.
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Medulloblastoma (MB), an aggressive neuroectodermal tu-
mor, is the most common childhood brain malignancy,

caused by a number of genetic and epigenetic changes affecting the
development of cerebellar granule progenitors (1–3).

Allelic deletion on chromosome 17p11.2-pter occurs in up to
50% of MB, with a loss of heterozygosity (LOH) sometimes
restricted to a common region at 17p13.2–13.3 (3, 4) that might
cause the deletion of one or more genes involved in a tumor
suppressor pathway still unidentified.

Deregulation of the Sonic Hedgehog (Shh)-Gli signaling occurs
in MB. Shh belongs to the Hedgehog (Hh) family of secreted
glycoproteins that trigger the Smoothened (Smo) receptor by
relieving the coreceptor Patched (Ptch)-mediated repression. This
signal enables downstream Gli transcription factors to regulate
expression of target genes involved in the control of developmental
processes (i.e., embryonal patterning, cell survival, and growth and
tumorigenesis) (5). Germ-line and somatic mutations in compo-
nents of the Hh pathway [Ptch, Smo and the Gli-repressor Su(Fu)],
which lead to activation of ligand-independent signals, have been
reported in MB and are suggested to be responsible for tumori-
genesis (2, 3, 5). Cerebellar Purkinje cell-secreted Shh promotes the
proliferation of granule progenitors (1, 6, 7), indicating that un-
controlled activation of Hh pathway may sustain the development
of MB. This hypothesis is confirmed by the development of MB in
Ptc�/� mice (8) and by the inhibition of the growth of virtually all
MB by cyclopamine, an antagonist of Smo (9, 10). However,
mutations of components of Hh pathway occur only in a subset of
tumors, indicating additional genetic or epigenetic events that

deregulate this pathway. Notably, none of the Hh pathway genes are
located in the 17p region frequently deleted in MB.

We have identified RENKCTD11 as a murine gene involved in
neural progenitor cell proliferation and differentiation (11). REN
expression is developmentally regulated and restricted to differen-
tiating rather than proliferating neuroblasts of the embryo cortical
ventricular zone. Consistently, REN induces growth arrest and
differentiation of neural progenitors (11).

Here, we describe the human homologue of murine REN,
mapping to chromosome 17p13.2. REN allelic deletion occurs in
39% sporadic human MB, and its expression is down-regulated in
both diploid and, to a higher extent, hemizygous tumors. REN
inhibits the growth of MB cells in vitro and in vivo by antagonizing
the Gli-mediated transactivation of Hh target genes. Therefore, we
indicate REN as a suppressor of the Shh-Gli pathway, suggesting
that its haploinsufficiency in MB might lead to a deregulation of the
tumor-promoting Hh signaling, thus representing a potential target
for therapeutical intervention.

Methods
Tissue Samples and Cell Cultures. Eighteen specimens of human
primary MB (3 desmoplastic and 15 classic histotypes, according to
World Health Organization criteria) (12), normal cerebellar, or
unaffected peritumoral tissues and 10 glioblastomas were collected
during neurosurgery with Institutional Review Board approval,
together with blood samples from patients or healthy volunteers,
snap frozen in liquid nitrogen, and stored at �80°C. D341, D283,
MHHMed3, MEBMed8S, and MHHMed1 cells or Daoy and
HEK293 cells were cultured in 20% or 10% heat-inactivated
FCS�Hepes�glutamine MEM medium whereas PFSK, SK-N-BE,
and SK-N-AS were cultured in 10% FCS�RPMI medium 1640.
Cells were transfected with Lipofectamine Plus or Lipofectamine
2000 (Invitrogen). Luciferase activity was assayed with a Dual
luciferase assay system (Promega) 24 h after transfection with 0.5
�g of total plasmid DNA per well (including 0.05 �g of luciferase
reporter and Renilla-expressing vector pRL-TK, Promega).

DNA and RNA Methods. Full-length human REN cDNA (accession
no. AY646650) was obtained by RACE and PCR cloning (Fig. 6,
which is published as supporting information on the PNAS web
site). To obtain expression vectors, REN was myc-tagged and
cloned into pCXN2 (11) or pCDNA3.1 (Invitrogen) or pEGFPN1
(Clontech). �POZ-REN or �POZS-REN or �C-REN mutant
expression vectors were constructed by deleting amino acids 18–80
or 51–80 or 196–232, respectively, and inserting into pCDNA3.1.
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Allelic REN dosage and mRNA expression were obtained by
real time quantitative PCR (Q-PCR) and RT-Q-PCR respectively
(Table 1, which is published as supporting information on the PNAS
web site).

Cell Proliferation and Colony Assays. Cell-cycle analysis was carried
out on pEGFP or GFP-REN-transfected Daoy cells, fixed after 24 h
in 1% paraformaldehyde, stained with 40 �g�ml propidium iodide,
and analyzed by flow cytometry in a linear scale by using a FACScan
cytometer (Becton Dickinson). BrdUrd incorporation (3- to 24-h
pulse) was performed 24 h after transfection (11). For colony assay,
1.4 � 106 Daoy cells were seeded in 10-cm dishes, transfected with
pcDNA or pcDNA-RENmyc or pcDNA-�P��-RENmyc, grown
in G418-supplemented medium (600 �g�ml, Sigma) for 2 weeks,
and scored for single colonies.

Lentivirus Production and Transduction of Target Cells. Myc-REN
was inserted into pWPT vector by replacing GFP, to generate
pWPT-REN. Subconfluent 293T cells were cotransfected, by cal-
cium phosphate precipitation, with 20 �g of pWPT-REN or
pWPT-GFP, 15 �g of pCMV-DR8.91, and 5 �g of pHCMV-
VSVG, to produce REN- and GFP-recombinant lentiviruses (13).
After 16 h, medium was changed, and recombinant lentiviruses
were harvested 24 h later. Virus titers in supernatants were deter-
mined on 293T cells as described (14). D283 cells (1 � 105) were
transduced with 1 � 106 recombinant lentivirus-transducing units
plus 8 �g�ml Polybrene and 5 days later were harvested and used
for xenograft studies.

Xenograft Studies. Six-week-old female athymic BALB�c nu�nu
mice (Charles River Breeding Laboratories) were injected s.c. in the
flank, with 2 � 106 pWPT-REN or pWPT lentivirus-transduced
D283 cells in MEM�Matrigel (Becton Dickinson) (15). After 25
days, the tumors were measured [by using the formula (d1 � d2 �
d3)�2, for volume evaluation], fixed in 10% formalin, and paraffin-
embedded, and 3-�m sections were stained with hematoxylin�eosin
or with anti-Gli1 and anti-Ptch1 antibodies (sc6152 and sc6149,
Santa Cruz Biotechnology). For ultrastructural analysis, tumors
were fixed in 2.5% glutaraldehyde in PBS (pH 7.4) and processed
for transmission electron microscopy on a Philips CM10.

Immunostaining and Western Blot Analysis. Western blotting and
immunofluorescence were performed as described (11). Antibod-
ies were as follows: anti-GFP (sc-8334) and horseradish peroxidase
(HRP)-conjugated anti-mouse IgG (Santa Cruz Biotechnology)
and anti-Myc tag [06-549 (Upstate Biotechnology, Lake Placid,
NY) and 9E10 (Sigma)]; anti-HA [11MMS-101 P (Babco Covance,
Richmond, CA)], Texas red-conjugated anti-rabbit (TI-1000, Vec-
tor Laboratories), Alexa Fluor 350-conjugated anti-mouse (A-
21049, Molecular Probes).

Results
Allelic Deletion and Decreased Expression of REN in Human MB. The
human orthologue of murine REN has been isolated by RACE (Fig.
6) and mapped, as a single-exon locus, to chromosome 17p13.2
(genomic contig NT010718, synthenic to REN bearing mouse
chromosome 11) (Fig. 1A). REN amino acid sequence is 91%
homologue to the murine orthologue (Fig. 7, which is published as
supporting information on the PNAS web site).

Human REN �2.9-kb mRNA levels were higher in the cere-
bellum than in the whole brain and significantly lower in MB
cells, the neoplastic counterparts of cerebellar cells (Fig. 1B),
suggesting that REN might be specifically affected in this tumor.

Because 17p13.2 is frequently deleted in MB, we analyzed 18
primary MB and 6 MB cell lines for REN ploidy. Q-PCR and loss
of heterozygosity of D17S960 microsatellite analysis revealed a
deletion of one REN allele in 7 of 18 primary tumor samples
(39%) and in 4 of 6 MB cell lines examined, compared with

diploidy detected in genomic DNA of paired blood cells, in
healthy volunteers and in most unrelated brain tumors (glioblas-
toma) (Fig. 1 C and D and data not shown).

REN hemizygosity is expected to result in impaired function.
Indeed, although the retained allele is unaffected by somatic
mutations (as evaluated by DNA sequencing), REN transcript levels
were 5-fold lower in hemizygous MB cell lines and primary tumors,

Fig. 1. REN is haploinsufficient in medulloblastoma. (A) Schematic repre-
sentation of human REN locus. (B) Northern blot of REN transcripts in human
adult whole brain and cerebellum and D341 MB cells. (C) Q-PCR of REN allele
copy number (mean � SD) in primary human MB (n, number of cases tested;
B, blood) and REN hemizygous (D341, D283, Med3, and Med8S) and diploid
(Daoy and Med1) MB cell lines. The assay for Math1, on 4q22, shows the
preservation of tumor diploidy. (D) Loss of heterozygosity analysis of D17S960
microsatellite in a representative REN hemizygous patient (T, tumor specimen;
B, paired blood), showing allelic loss (arrow). (E) Expression of REN mRNA in
normal cerebellum (N) [(n 	 5, from normal tissue, peritumoral; Clontech or
Ambion (Austin, TX)], primary MB (diploid, n 	 7; hemizygous, n 	 9), and MB
cell lines was assayed by RT-Q-PCR, normalized with GAPDH expression (mean
arbitrary units � SD). P 
 0.01 (hemizygous MB vs. normal cerebellum and vs.
diploid MB). P 
 0.02 (diploid MB vs. normal cerebellum) (by Mann–Whitney
test).
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compared with normal cerebellar tissue (Fig. 1E). Interestingly,
�50% decrease of REN mRNA levels was also observed in REN�/�

primary tumor samples and cell lines (Fig. 1E), suggesting that, in
addition to allelic loss, MB display a down-regulated REN expres-
sion occurring by mechanisms that need to be further elucidated.

These results indicate that a haploinsufficient condition due to
the loss of 17p13 might be sustained by REN transcript levels below
a threshold critical for gene function. Haploinsufficiency, due to
allelic deletion, has been reported as a likely mechanism for

tumorigenesis, when this defect affects genes displaying tumor
suppressor functions. Such a mechanism also applies to MB because
deletion of a single Ptc allele is sufficient to promote the develop-
ment of cerebellar tumors in Ptc�/� mice (16). These observations
prompted us to investigate a possible inhibitory role of REN in MB
cell growth.

REN Inhibits in Vitro Cell Growth and in Vivo Tumorigenicity of MB
Cells. The expression of murine REN is restricted to neuroblasts
progressing toward terminal differentiation (11). Accordingly, reti-

Fig. 2. REN suppresses in vitro growth
and in vivo tumorigenicity of MB cells. (A)
All-trans retinoic acid (1 �M) (Sigma) in-
creases REN mRNA levels (assayed by RT-Q-
PCR) in D283 cells. (B and C) BrdUrd-
incorporating cells (mean � SD from three
experiments) 24 h after transfection with
pEGFP or Myc-tagged REN (WT) or its dele-
tion mutants (�POZ and �C). (D) Colony-
forming assay of Daoy cells transfected
with empty pcDNA (CTR) or myc-tagged
REN (WT) or �POZ-REN (�POZ) vectors [av-
erage (� SD) percentages of colonies, from
two triplicate experiments]. (Lower) West-
ern blot analysis of cell lysates 24 h after
transfection, probed with anti-myc anti-
body. (E and F) Representative flank xeno-
grafts (bar 	 10 mm in E Upper), Western
blot of myc-tagged REN (stained with anti-
myc antibody, E Lower), average volumes
and mitotic rates (� SD) (F). Mitotic figures
were counted in 20 randomly selected
�600 high-powered microscopic fields
(HPFs) containing the same number of cells
in tumors produced by pWPT-REN and
pWPT-GFP lentivirus-transduced D283 cells
in athymic nude mice. *, P 
 0.01 vs. GFP, by
Mann–Whitney test. (G) Hematoxylin�
eosin-stained sections show the reduced
cellularity of REN tumor mass with abundant stromal component separating cell clusters (GIV and GV), compared with the compact cell mass of GFP tumors (GI)
invading muscle tissue (arrows, GII). (Magnification, �20 and �10.) Electron microscopy of REN tumors showing apoptotic (arrowhead) and vacuolated (arrows)
cells (GVI) compared with GFP xenografts (GIII). (Magnification, �2,950.)

Fig. 3. REN is an antagonist of the Hedge-
hog pathway. (A and B) Cells were cotrans-
fected with pCMVHA-Gli1 (32) or WT REN-
expressing vectors alone (A and B) or in
combinations (Gli1�REN ratios, 1:0.125 to 1:1)
(A), or mutant (�POZ, �C) (B) or empty vec-
tors (A and B), together with the 3�Gli-BS-luc
reporter. Luciferase activity is normalized to
the 100% maximum activity driven by the
inducer. (C) REN inhibits the activation of
Gli-RE-luc (containing 12 repeated Gli con-
sensus sequences in a TK minimal promoter
vector) and Ptc-luc reporters (19) induced by
Gli1 or Gli2 (pCDNAHIS-hGli2) (18) in D283
cells, whereas it does not effect the unrelated
MMTV-luc promoter [pGL3-MMTV, contain-
ing the MMTV LTR, activated by cotrans-
fected pSG5AR androgen receptor vector
and 10�7 M dihydrotestosterone (DHT) treat-
ment]. Gli3 vector (18) is inactive on GliRE-luc.
(D) REN suppresses the Gli1-induced activa-
tion of endogenous Ptch1, IGF2, and cyclinD2
target genes. RNA from HEK293 cells 24 h
after transfection with the indicated plas-
mids was analyzed by RT-Q-PCR (fold increase
with respect to empty vector-transfected
cells).
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noic acid (RA), which inhibits MB D283 cell growth (15), also
enhanced the expression of murine REN, which in turn inhibited the
proliferation of neural progenitors (11). These observations suggest
that REN belongs to a growth inhibitory pathway that might also
occur in MB cells. Indeed, the RA-induced growth inhibition of
D283 cells correlated with increased expression of REN triggered
by this drug (Fig. 2A).

To investigate whether REN did control the growth of MB cells,
we performed BrdUrd labeling of D283, Daoy, and D341 MB cells
transfected with either REN or GFP expression vectors. A signif-
icant inhibition of BrdUrd incorporation was observed in REN-
expressing MB cells and in other human neuroectodermal-derived
tumor cell lines (i.e., PFSK, SK-N-BE, and SK-N-AS cells), com-
pared with GFP-transfected controls (Fig. 2B). Accordingly, REN
inhibited cell-cycle progression, as indicated by a 2-fold reduction
in the percentage of Daoy cells in S-G2�M phase and a correspond-
ing increase of G1 cells induced by transfection of GFP-tagged REN
(S-G2�M, 13 � 1%; G1, 87 � 2%; n 	 3) with respect to GFP
vectors (S-G2�M, 25 � 1%; G1, 75 � 2%) (data not shown).
Importantly, REN overexpression in D283 or Daoy cells did not
increase the percentage of terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) positive apoptotic
cells (data not shown).

Deletion of REN N terminus BTB�POZ domain (�POZ),
known to be involved in protein–protein interactions (17), abro-
gated almost completely its ability to block BrdUrd cell uptake
whereas deletion of the C terminus (�C) was much less effective
(Fig. 2C), suggesting that the POZ region is responsible for the
growth suppression function.

The colony-forming ability was also significantly suppressed in
WT-REN-expressing Daoy cells but not in �POZ-expressing cells
(Fig. 2D), further suggesting that this domain is critical for REN
control of cell proliferation.

Finally, to assess the ability of REN to inhibit MB tumorigenicity,
D283 cells were infected with a REN-expressing lentiviral vector
and injected s.c. in athymic nude mice. REN-expressing flank
xenograft tumors grew to a significantly lower size (38 � 7% in
volume) compared with GFP-expressing tumors analyzed after 25
days (Fig. 2E). Histological evidence that REN inhibits tumor
growth in vivo was a low mitotic rate in REN tumors (Fig. 2F) and
a reduced tumor mass with scattered cell clusters in an abundant
stromal component (Fig. 2 GIV and GV), compared with GFP-
tumors (Fig. 2GI), which behaved in a more aggressive way,
invading surrounding host tissue (Fig. 2GII). Ultrastructural anal-
ysis [Fig. 2 GIII (GFP) and GVI (REN)] showed the presence of
large areas of disorganized extracellular matrix, mostly at the
periphery of REN tumors. In these areas, vacuolated and dying
tumor cells, erythrocytes, fibrinoid degeneration, and hyalinosis
were observed, suggesting that REN expression somehow impairs
microenvironmental tumor�host tissue interactions.

Together, these findings clearly indicate that REN is able to
inhibit the growth of human MB cells in vitro and in vivo, thus
confirming its possible involvement in the antagonism of some
specific tumor-promoting pathway.

REN Is an Antagonist of the Hh Pathway. Activation of the Hh
pathway has been described as a feature of MB, playing a critical
role as a cell growth enhancer and a regulator of cerebellar cell
development (1, 6, 7). Therefore, REN tumor suppression property
might be due to the ability to down-regulate Hh signaling. To clarify
this issue, we first tested the effect of transfected REN on Gli-
dependent transcription. Gli1-induced activation of 3�Gli-BS-luc
luciferase reporter (driven by a promoter containing Gli-binding
sites of the HNF3� enhancer) (18), was significantly antagonized by
REN (Fig. 3A). The POZ domain of REN, responsible for its
growth inhibitory activity, is also critical to suppress Gli-dependent
gene transcription, as indicated by lack of activity in mutants
carrying deletion of either the entire BTB�POZ motif (�POZ)

(Fig. 3B) or a subdomain (�POZS; data not shown) whereas �C
mutant was still effective (Fig. 3B). REN also specifically antago-
nized other Gli-target gene promoters, such as a synthetic promoter
consisting of 12 repeated Gli consensus sequence (GliRE-luc) (19)
(Fig. 3C) or human Ptch1, IGF2, and cyclin D2 (5, 20–22), acting on
ectopic promoter-driven luciferase reporter (Ptc-luc) and endoge-
nous gene expression (Fig. 3 C and D). Moreover, the antagonistic
ability of REN extended to Gli2, the other downstream transcrip-
tional effector of the Hh pathway (Fig. 3C). Conversely, REN
cooperated with Gli3 in the abrogation of Gli1 transcriptional
activity because Gli3 was devoid of agonistic activity and behaved
as a repressor of Gli1-induced transcription (Fig. 3C and Fig. 8,
which is published as supporting information on the PNAS web
site), confirming previous reports (23).

Together these findings strongly support that REN antago-
nizes Gli1 function.

REN Regulates the Nuclear and Cytoplasmic Localization of Gli1. Gli1
has cytoplasmic or nuclear localization, depending on cell context
(19, 23, 24) A major mechanism controlling the activity of Gli1 is
represented by the regulation of its cytoplasmic-nuclear shuttling
(19, 24). Dyrk1 kinase has been shown to enhance the transcrip-
tional activity by transferring Gli1 into the nucleus (25). To inves-

Fig. 4. REN regulates the nuclear and cytoplasmic localization of Gli1. (A)
Daoy cells were transfected with GFP-tagged Gli1 alone [AI; blue indicates
4�,6-diamidino-2-phenylindole (DAPI) nuclear staining] or in combination
with hemagglutinin (HA)-tagged Dyrk1 (32) (AII, AIII, and AIV; blue) or REN
(AVI; red) encoding vectors and analyzed by immunofluorescence microscopy
by using mouse anti-HA. Transfection with REN alone is represented in AV. (B)
REN antagonizes Dyrk1-induced Gli1 nuclear transfer. Immunofluorescence
staining of Daoy cells cotransfected with GFP-tagged Gli1 (green) and HA-
tagged Dyrk1 (blue) in combination with myc-REN or with myc-�POZ-REN
(red) encoding vectors. Merging of REN�Dyrk (BI and BIV), Gli�Dyrk (BII and
BV) and Gli�REN�Dyrk (BIII and BVI) indicates colocalization of Gli1 and REN
(yellow). (C) Percentages (mean � SD of six experiments) of cells showing Gli1
cytoplasmic staining (filled box) or nuclear alone (open box) localization after
transfection with the indicated plasmids. At least 150 cells were scored for
each coverslip. (D) REN antagonizes the transcriptional activity of Gli1 on
3�Gli-BS-luciferase reporter enhanced by cotransfected Dyrk1 in Daoy cells.
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tigate whether REN may affect the nuclear-cytoplasmic shuttling of
Gli1, we determined the subcellular localization of transfected
GFP-tagged Gli1, induced to translocate into the nucleus by
overexpressed Dyrk1, in the presence or in the absence of coex-
pressed REN, in Daoy cells. According to previous reports (19, 24),
transfected Gli1 is mostly cytoplasmic (Fig. 4AI). When coex-
pressed with Dyrk1, Gli1 fully translocates into the nucleus (ref. 24
and Fig. 4 AII, AIII, and AIV). When REN was cotransfected with
Dyrk1, a significant amount of Gli1 was retained in the cytoplasm
(Fig. 4 BI, BII, BIII, and C). Interestingly, the inactive POZ-domain
mutant of REN (Fig. 3B) did not modify the nuclear localization of
Gli1 induced by Dyrk1 (Fig. 4 BIV, BV, BVI, and C).

Although REN is mostly cytoplasmic under basal conditions
(Fig. 4AV) and colocalizes with cotransfected Gli1 in the cytoplasm
(Fig. 4AVI), we were unable to coimmunoprecipitate REN and
Gli1 (data not shown), suggesting that REN acts upon Gli function
by means of an indirect mechanism.

These findings suggest that REN has the property to retain Gli1
in the cytoplasm, under conditions otherwise triggering its nuclear
transfer (i.e., Dyrk1 overexpression). According to previous obser-
vations (19, 24, 25), the reduced nucleus to cytoplasm ratio of Gli1
induced by REN is consistent with its reduced transcriptional
activity. Indeed, Fig. 4D shows that Dyrk1 strongly enhanced

Gli-luc activity that was instead significantly antagonized by coex-
pressed REN.

REN Inhibits MB Growth by Negatively Regulating Gli1. Ectopic
overexpression of Gli1 induces neural cell hyperplasia (9), including
cerebellar granule progenitors (22). Accordingly, exogenous over-
expression of Gli1 transcription factor overcomes the inhibition of
murine and human MB cell growth induced by cyclopamine, a
specific antagonist of the Smo membrane receptor, thus restoring
high levels of MB cell proliferation (10).

A role for Gli1 in MB proliferation is specifically indicated by
either silencing Gli1 by Gli1 siRNA (Fig. 5 A–C) or antagonizing
its function by overexpression of a dominant negative Gli1
mutant [N407, deleted of the C terminus (19)] (Fig. 5 D and E).
A reduction of Gli1 mRNA levels (Fig. 5A) and an inhibition of
Gli1 transcriptional activity (Fig. 5B) by Gli1 siRNA results in
decreased D283 cell proliferation, as evaluated by BrdUrd
incorporation assay (Fig. 5C). Similarly, a growth arrest of D283
cells was obtained by inhibition of Gli1 transcriptional function
through overexpression of N407 Gli1 mutant (Fig. 5 D and E).

Because we observed in all MB cell lines investigated a consti-
tutive Gli transcriptional activity, which was inhibitable by REN
(Fig. 9, which is published as supporting information on the PNAS

Fig. 5. REN inhibits MB growth by negatively
regulating Gli1. (A) D283 cells were transfected
with either control siRNA (no. 1022079, Qiagen,
Valencia, CA) or Gli1 siRNA (no. 1022368, Qia-
gen) by using RNAi Fect agent (Qiagen), as sug-
gested by the manufacturer. siRNA-transfected
cells were assayed for Gli1 mRNA levels by RT-
Q-PCR 72 h after transfection. (B) Then 0.5 �g of
either Gli-RE-luc reporter or the same control
reporter vector devoid of Gli consensus se-
quence (�Gli-RE-luc) was transfected into D283
cells alone or with control siRNA or Gli1 siRNA,
and luciferase activity was measured after 72 h.
(C) BrdUrd-incorporating cells (mean � SD from
three experiments) performed 72 h after trans-
fection with control siRNA or Gli1 siRNA alone
or in combination with REN vector in the pres-
ence of 20% (�) or 0.2% (�) FCS. (D) Gli-RE-luc
or �Gli-RE-luc were transfected into D283 cells
along with empty vector or Gli1 or dominant
negative Gli1N407 (N407) (mean � SD from
three experiments). (E) BrdUrd incorporating
cells (mean � SD from three experiments) 24 h
after transfection with GFP, REN, or Gli1N407 as
indicated. (F) Immunohistochemistry of D283
cell xenografts shows mostly nuclear staining of
Gli1 in GFP-infected tumors (FI and FIII) and a
reduced Gli1 staining mostly localized in the
cytoplasm in REN-infected tumors (FII and FIV).
A decreased cytoplasmic staining of Ptch1 was
also observed in REN-infected (FVI) compared
with GFP-infected xenografts (FV). (G) RT-Q-
PCR of mRNA expression of the indicated genes
in REN tumor xenografts compared with GFP-
infected tumors assigned the value 1. Results
are expressed in arbitrary units as relative quan-
tification normalized with endogenous control
(�-actin and GAPDH).
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web site), our results suggest that REN led to decreased MB growth
by inhibiting Gli1 function. Indeed, we observed that, once the
function of endogenous Gli1 is suppressed by Gli1 siRNA (Fig. 5 A
and B) or N407 (Fig. 5D), REN overexpression does not further
inhibit cell growth, the latter being susceptible to be further reduced
by serum withdrawal (Fig. 5 C and E). These findings suggest that
Gli1 is required for REN-dependent growth suppressor activity.

Because impaired Gli1 nuclear transfer reduced transcriptional
activity (Fig. 4), we decided to verify whether Gli1 inhibition by
REN was related to reduced growth of MB in vivo, by analyzing the
effects of REN on Gli1 subcellular localization in D283 cell
xenografts

Fig. 5F shows that 74 � 8% of GFP-infected tumors cells are Gli�
and most Gli1 immunohistochemical staining is observed in the
nucleus (Fig. 5 FI and FIII). In contrast, REN-infected tumors
display 36 � 5% of Gli� cells with a reduced Gli1 staining mostly
localized in the cytoplasm (Fig. 5 FII and FIV).

Reduced Gli transcriptional activity due to Gli1 cytoplasmic
relocalization in REN-infected tumor xenografts results in de-
creased MB tumorigenicity. Indeed, REN-expressing tumors dis-
play a reduction of both growth and expression of cell proliferation-
related genes, which are direct targets of Gli1 (cyclin D2, IGF2,
N-myc) (20, 21, 22) (Fig. 5G). A decrease of both Ptch1 (Fig. 5 FV,
FVI, and G) and Gli1 (Fig. 5G) was also observed in REN-infected
xenografts whereas Gli2 or Gli3 expression was unchanged or
slightly reduced, respectively (Fig. 5G).

Together, these data strongly indicate that REN-induced sup-
pression of Gli activity can inhibit MB growth.

Discussion
Our findings unveil a mechanism of regulation of the Hh pathway
by identifying REN as a negative regulator of Gli function. REN is
haploinsufficient in several human MB, as a consequence of allelic
deletion, in association with down-regulated expression. We there-
fore suggest that the tumor-associated loss of this Hh antagonist
may be responsible for the abrogation of a tumor suppression
pathway: indeed, REN is provided with a number of tumor
inhibitory properties because its overexpression results in inhibition
of proliferation in vitro and impairment of tumorigenicity in vivo.
Notably, some of these activities seem to be, at least in part,
mediated by its antagonism on Hh signaling because we have shown
that REN inhibits the expression of Gli-target genes relevant for
cell-cycle progression, such as cyclin D2, N-myc, and IGF2, known

to be up-regulated in MB (26, 27). To this regard, IGF2 has been
reported to be required for MB tumorigenesis (28). Furthermore,
REN growth inhibitory activity is impaired in Gli1 function-
deficient MB cells. Therefore, our findings suggest an additional
way to hit the Hh pathway in MB, besides the previously described
genetic defects targeting individual components of the signaling
cascade [i.e., Ptch1, Ptch2, Su(Fu), Smo] (2).

This scenario would allow us to reconsider the role of 17p loss,
frequently observed in MB. Allelic loss of p53, a putative 17p
oncosuppressor in MB, has been reported to cooperate with
targeted activation of Hh signaling for murine MB development
(29). Therefore, although REN and p53 are not or very rarely
mutated in this neoplasia, their hemizygosity-dependent haploin-
sufficiency might contribute to tumorigenesis, when occurring
together with additional defects in distinct pathways. On the other
hand, MB-associated activation of Hh signaling occurs more fre-
quently than expected because virtually all human MB tested
respond to Hh inhibitors in vitro (9, 10) whereas only �25% of cases
carry mutations in individual components of the pathway (2, 3, 5).
Furthermore, murine tumors generated by Hh-unrelated genetic
defects (loss of PARP-1, p53, DNA Ligase 4, Ink4, and Kip1) all
result in up-regulation of Gli, by still unknown mechanisms (27, 30).
Therefore, Hh signaling seems to be primarily affected and does
behave as a master oncogenic pathway in experimental MB, as
recently highlighted (5, 31). We suggest that haploinsufficiency of
the 17p-associated Hh antagonist REN might sustain the uncon-
trolled functional activation of Shh�Gli signaling. These observa-
tions might reconcile distinct MB pathogenetic hits in a model in
which 17p deletion integrates multiple haploinsufficiency genetic
conditions, until they reach a threshold necessary to disclose
cooperation with the Hh pathway.
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