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Abstract

The sonic hedgehog (Shh) pathway is activated in f30% of
human medulloblastoma resulting in increased expression of
downstream target genes. In about half of these cases, this has
been shown to be a consequence of mutations in regulatory
genes within the pathway, including Ptc1, Smo, and Sufu .
However, for some tumors, no mutations have been detected in
known pathway genes. This suggests that either mutations in
other genes promote tumorigenesis or that epigenetic alter-
ations increase pathway activity in these tumors. Here, we
report that 3% to 4% of mice lacking either one or both
functional copies of Cxcr6 develop medulloblastoma.
Although CXCR6 is not known to be involved in Shh signaling,
tumors derived from Cxcr6 mutant mice expressed Shh path-
way target genes including Gli1, Gli2, Ptc2 , and Sfrp1 , indi-
cating elevated pathway activity. Interestingly, the level of Ptc1
expression was decreased in tumor cells although two normal
copies of Ptc1 were retained. This implies that reduced CXCR6
function leads to suppression of Ptc1 thereby increasing
Smoothened function and promoting tumorigenesis. We used
a direct transplant model to test the sensitivity of medullo-
blastoma arising in Cxcr6 mutant mice to a small-molecule
inhibitor of Smoothened (HhAntag). We found that trans-
planted tumors were dramatically inhibited in mice treated for
only 4 days with HhAntag. These findings suggest that HhAntag
may be effective against tumors lacking mutations in known
Shh pathway genes. [Cancer Res 2007;67(8):3871–7]

Introduction

Medulloblastoma, a primitive neuroectodermal tumor that arises
in the cerebellum, is the most common malignant brain tumor of
childhood. Current therapy is associated with long-term deleteri-
ous side effects particularly in young children (1, 2), and therefore it
is important to develop alternative therapeutic strategies. Small-
molecule inhibitors that target cell signaling pathways aberrantly
activated in medulloblastoma could be very useful in the future
management of this disease. The sonic hedgehog (Shh) pathway
provides a unique opportunity for intervention because it is
activated in f30% of human medulloblastoma, based on gene
expression signatures (3, 4). Using the Ptc1+/�p53�/� mouse model

of medulloblastoma (5), we conducted a proof-of-principle
preclinical study of a small molecule (HhAntag) that binds to
and inhibits Smoothened (6–8) thereby down-regulating the Shh
pathway (9). Remarkably, HhAntag eliminated spontaneous
medulloblastoma in these mice after only 2 weeks of oral dosing
(9). Similarly, HhAntag was very effective at reversing the growth of
transplantable mouse medulloblastoma (10). In contrast, we found
that it did not affect growth of medulloblastoma cell lines because
the Shh pathway is down-regulated when tumor cells are placed in
culture (9, 10).
Mutations in patched-1 (PTCH1) occur in f10% of sporadic

human medulloblastoma (11–14). Other components of the Shh
pathway, including suppressor of fused (SUFU ; ref. 15) and SMO
(16), which also result in pathway activation, have been
described. However, half of the tumors in which the Shh pathway
is activated fail to show any mutations in the known pathway
members (4). This indicates that there are either mutations in
unknown genes that regulate Shh signaling, directly or indirectly,
or that epigenetic mechanisms contribute to tumorigenesis. In
addition, mutation of several genes involved in cell cycle control
and DNA repair in mice promotes medulloblastoma formation,
and in some of these cases, it seems that tumors lose one or
both copies of Ptc1 , resulting in increased Shh pathway activity
(3, 17–23). Thus, the Shh pathway can be activated in tumors in
a number of ways.
Here, we characterize Cxcr6 mutant mice, which were generated

as a part of the Lexicon Genome5000 program using the pKOS
gene-targeting system (24), and we report that heterozygous or
homozygous mutation of Cxcr6 causes a low (3–4%) incidence of
medulloblastoma. CXCR6 (also named BONZO, STRL33, or
TYMSTR) is a chemokine receptor that was identified as the
principal coreceptor for several strains of human and simian
immunodeficiency viruses (25–27). Its normal biological function is
unclear and gene ablation studies indicated no obvious phenotypes
(28). Although the tumors arising in Cxcr6 mutant mice express
several Shh pathway signature genes, both normal copies of Ptc1
are present. However, the expression level of Ptc1 is low, indicating
the possibility of epigenetic suppression in these tumors. We found
that directly transplanted medulloblastoma cells derived from
Cxcr6 mutant mice responded to treatment with HhAntag. This
implies that altered CXCR6 function led to suppression of Ptc1
expression, which in turn increased Shh pathway activity, thus
promoting medulloblastoma formation.

Experimental Procedures

Generation of Cxcr6 mutant mice. Mutant mice were
generated by Lexicon Genetics, Inc. (The Woodlands, TX). A
targeting vector, designed to delete exon 2, was constructed using
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the Lambda KOS system previously described by Wattler et. al. (24).
Briefly, the targeted embryonic stem cell clone (derived from the
129/SvEvBrd strain), containing a LacZ-Neo cassette in place of
exon 2 of the Cxcr6 gene (Fig. 1A), was microinjected into host
blastocysts. The resulting chimeric mice were bred with C57BL/6J
albino mice to achieve germ line transmission of the Cxcr6
mutation. The mice used in this study were of mixed genetic
background (129/SvEvBrd and C57BL/6J). All mouse studies were
carried out according to protocols approved by the institutional
Animal Care and Use Committees at Lexicon Genetics and St. Jude
Children’s Research Hospital.

Genotyping of mice. Genomic DNA samples (10Ag) isolated from
targeted embryonic stem cells were digested with HindIII or EcoRV
and analyzed by Southern blotting. Probes for Southern blotting were
generated by genomic PCR. Primer sequences used in this experiment
included 5¶-CCTCTGCTGCAAACCTATTC-3¶ and 5¶-AAACCGTG-
TGCCCAGAACG-3¶ for probe-I and 5¶-TATAGGCAGCTTGGTAC-
TATC-3¶ and 5¶-ACTGTGGTCAGCAGCCGAG-3¶ for probe-II. Routine
genotyping of mice was done by PCR using three primers (F1,
5¶-CTGTCAGTACCACAGTGAGG-3¶; R1, 5¶-AACCGTCATGACCTT-
GATTTC-3¶; and F2, 5¶-GCAGCGCATCGCCTTCTATC-3¶), which
resulted in 765-bp (F1/R1) and 389-bp (F2/R1) products from the
wild-type and targeted alleles, respectively.

Histologic analysis and immunohistochemistry. Mice were
perfused with 4% paraformaldehyde and then the brains were
removed, postfixed, embedded in paraffin, and sectioned in the
sagittal plane, as previously described (9). Paraffin sections were
stained with H&E using standard histologic protocols and
processed for immunohistochemistry with antibodies specific for

glial fibrillary acidic protein (Shandon Immunon, Waltham, MA)
and synaptophysin (Dako, Copenhagen, Denmark).

Allograft propagation and HhAntag treatment. Six-week-old
female athymic nude mice (CD1 nu/nu; Charles River Breeding
Laboratory, Wilmington, MA) were injected s.c. in the flank with
suspended tumor cells (3 � 106) derived from a Cxcr6+/� mouse.
Tumor sizes were measured and tumor volumes were calculated as
previously described (10). Cohorts of mice bearing allografts with
volumes in the 200 to 400 mm3 range were treated with vehicle
alone (n = 2) or with 100 mg kg�1 HhAntag (n = 4) twice a day for
4 days by oral gavage. Four hours after the last dose, mice were
euthanized and allografts were harvested. HhAntag was obtained
from Curis (Boston, MA) and Genentech (South San Francisco, CA).

Cell culture. Medulloblastoma cells derived from a Cxcr6+/�

mouse were cultured as previously described (29), and total RNA
was isolated after three passages.

Northern blotting and in situ hybridization. Gene expression
was evaluated by Northern blotting (30) and in situ hybridiza-
tion (9, 31) as previously described. Antisense RNA probes for
Cxcr4 (corresponding to Ala102-Leu273 of mouse CXCR4) and Fyco1
(corresponding to Met1211-Pro1437 of mouse Fyco1) were synthe-
sized with the Strip-EZ RNA kit (Ambion, Austin, TX). Other probes
were previously described (9, 10, 30).

Reverse transcription-PCR. Expression of Cxcr6 and lacZ
mRNA was analyzed by reverse transcription-PCR (RT-PCR) using
a Superscript One-Step RT-PCR kit (Invitrogen, Carlsbad, CA).
Primer sequences used in this experiment included 5¶-ATGTT-
TGCCCCAACAGATG-3¶ and 5¶-CTAGAGTTGGAACATACTGGTGG-
3¶ for mouse Cxcr6 and 5¶-ATGGAAGATCCCGTCGTTTTAC-3¶ and

Figure 1. Targeted disruption of the Cxcr6 locus and the establishment of a mutant mouse strain. A, top, wild-type allele of the Cxcr6 gene; middle, targeting
vector; bottom, targeted allele. The filled and open boxes in the wild-type allele represent the protein coding and noncoding regions of Cxcr6 mRNA, respectively.
A LacZ-Neo cassette (gray box ) replaced exon 2 of the Cxcr6 gene. The expected sizes of the HindIII (H ) and EcoRV (E ) digestion products of the gene, hybridized
with the indicated probes, are shown. B, genomic DNA isolated from embryonic stem cells (wild-type and a positive clone) was digested with either HindIII (left)
or EcoRV (right ) and analyzed by Southern blotting with the probes shown in (A). C, PCR genotype analysis with primer pair F1/R1 (lane 1 and 2), which results in
a 765-bp product in the wild-type allele, and with primer pair F2/R1 (lane 2 and 3 ), which results in a 389-bp product in the targeted allele. D, gene expression of
Cxcr6 (top ) and lacZ (middle ) was analyzed by RT-PCR using total RNA isolated from mouse spleen. Gapdh was used as an internal control (bottom ). Genotype
of each sample is indicated at the top of each lane.

Cancer Research

Cancer Res 2007; 67: (8). April 15, 2007 3872 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/8/3871/2582139/3871.pdf by guest on 19 M

ay 2023



5¶-ATGGGATAGGTCACGTTGGTG-3¶ for lacZ . PCR primers for
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were previously
described (32).

Fluorescence in situ hybridization analyses. A probe specific
for the Patched-1 gene was prepared from a bacterial artificial
chromosome (ResGen Mouse BAC clone, 241013; Invitrogen) by
labeling with digoxigenin-11-dUTP (Roche Applied Science, Indian-
apolis, IN) using nick translation. A biotinylated probe specific for
mouse chromosome 13 (386H1O; BACPAC Resources, Oakland, CA)
was used as an internal control for the fluorescence in situ
hybridization (FISH) assays. Both labeled clones were combined
with sheared mouse DNA and hybridized to 5-Am-thick paraffin
sections. Specific hybridization signals were detected by incubating
the slides with fluorescein-labeled anti-digoxigenin antibody
(Roche Applied Science) and Texas red-avidin (Vector Laboratories,
Burlingame, CA). The paraffin sections were then stained with 4,6-
diamidino-2-phenylindole and analyzed.

Microarray gene expression analyses. Total RNA was prepared
from developing cerebella (postnatal day 5) from wild-type mice

and from medulloblastomas derived from Cxcr6+/� (n = 2) and
Ptc1+/� mice (n = 2). The samples were then hybridized with the
Mouse Genome 430 2.0 Array (45101 probe sets; Affymetrix, Santa
Clara, CA) and analyzed using the Affymetrix Microarray Suite
version 5.0 (MAS v5) and Spotfire 8.1 software, as previously
described (10, 33). To identify the changes in gene expression, the
numbers of probe sets scored as up-regulated (>2-fold increase,
log ratio >1), down-regulated (>2-fold decrease, log ratio <1), and
unchanged (�0.5 < log ratio < 0.5) were counted for each
comparison (medulloblastoma versus developing cerebellum).
Log ratios of signal are log 2 ratios of geometric means of the
stabilized signals, which were generated using STATA/SE 8.2 for
Linux. The data discussed in this publication have been deposited
in National Center for Biotechnology Information Gene Expression
Omnibus5 and are accessible through Gene Expression Omnibus
Series accession no. GSE7212.

Results

Cxcr6 mutant mice were generated as a part of the Lexicon
Genome5000 program, which uses gene knockout technology to
investigate the physiologic and behavioral functions of 5,000 human
genes through analysis of the corresponding knockout mouse
models. A targeting vector containing a LacZ-Neo cassette was used
to replace exon 2 of the Cxcr6 gene via homologous recombination,
eliminating >90% of the protein coding region (Fig. 1A). Southern
blot (Fig. 1B) and PCR (Fig. 1C) analyses were used to confirm
correct targeting of the Cxcr6 gene. Cxcr6+/� and Cxcr6�/� mice,
born at the expected Mendelian ratios, were viable and fertile and
did not immediately exhibit an evident phenotype. Targeting of the
Cxcr6 genewas confirmed by RT-PCR using total RNA prepared from
mouse spleen, which expresses high levels of Cxcr6 (25, 27). RT-PCR
analyses showed that spleens from wild-type (Fig. 1D, lanes 2 and 3)
and heterozygous (Fig. 1D, lanes 4 and 5) mice expressed Cxcr6
mRNA, but spleens from homozygous mice did not (Fig. 1D, lanes 6
and 7). As the targeted alleles contain a lacZ gene, we also did RT-
PCR using specific primers for lacZ. Spleens from both homozygous
and heterozygous mice expressed lacZ (Fig. 1D, lanes 4–7).
Heterozygous mice seemed to make less Cxcr6 RNA than wild-type
mice (although the assay is semiquantitative at best).
Exon 2 of Cxcr6 is located within intron 14 of Fyco1 in the mouse

and human genomes in an antiparallel transcriptional orientation
(34, 35). We found that wild-type Fyco1 is expressed at normal levels
in the adult cerebellum of Cxcr6�/� mice using Northern blotting
(Supplementary Fig. S1), RT-PCR, and DNA sequencing (data not
shown) approaches. Thus, we conclude that the phenotype
observed in Cxcr6 mutant mice is likely a consequence of the
reduced level of Cxcr6 expression because Fyco1 is unchanged.
Previously, Unutmaz et al. (28) described mice in which Cxcr6

(Bonzo) was replaced with a gene encoding green fluorescent
protein. These mice did not exhibit any obvious pathologies and,
subsequently, they were used to investigate the function of CXCR6
in T-cell subsets. These studies led to the proposal that CXCR6 and
its ligand CXCL16 play important roles in lung lymphocyte homing
(36, 37) and liver-based immune responses (38) although the precise
mechanism of action is unclear. We observed our Cxcr6 mutant
mice for a period of 12 months and made the surprising observation
that a small number of both heterozygous and homozygous mice

Figure 2. Cxcr6 mutant mice develop medulloblastoma. A, left, an example
of medulloblastoma compared with normal cerebellum from Cxcr6�/� mouse.
Right, high magnification of the boxed region. B, immunohistochemical studies
showing that Cxcr6 mutant medulloblastoma was immunoreactive for glial
fibrillary acidic protein (GFAP ; left) and synaptophysin (right ). C, in situ
hybridization analysis showing Gli1 (left) and Sfrp1 expression (right ) in
Cxcr6�/� medulloblastoma. 5 http://www.ncbi.nlm.nih.gov/geo/
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develop brain tumors. This phenotype may have been missed by
other investigators because the penetrance is low, the age of onset
varies, and the cause of death can only be ascertained by careful
examination of the brain. The tumors arose consistently in
cerebellum (Fig. 2A) and, histologically, they resembled Ptc1+/�

tumors, composed of small round cells with hyperchromatic nuclei
and scant cytoplasm. Both Cxcr6+/� and Cxcr6�/� mice developed
brain tumors between the ages of 12 and 39 weeks, with a frequency
of 4.2% and 2.9%, respectively (Table 1). The peak incidence

occurred between 16 and 20 weeks and there was no significant
difference in tumor incidence or time of onset between homozygous
and heterozygous mice. We also found that all tumors examined
(Cxcr6+/�, n = 1; Cxcr6�/�, n = 4) stained positive for both glial
fibrillary acidic protein and synaptophysin (Fig. 2B) and they
expressed Gli1 and Sfrp1 mRNA (Fig. 2C) similar to Ptc1+/� tumors
(14, 39, 40). Based on the histologic appearance, location, and
expression of markers, we concluded that tumors arising in Cxcr6
mutant mice were medulloblastomas.
To investigate the mechanisms responsible for medulloblastoma

formation in the Cxcr6 mutant mice, we compared the expression
levels of Shh pathway genes with those in developing (Fig. 3A, lanes
1–3) and adult (Fig. 3A, lanes 4–6) cerebella. The genotype of each
sample was confirmed by RT-PCR analyses of both Cxcr6 and lacZ
(Fig. 3B). Northern blot analysis showed that medulloblastomas in
Cxcr6�/� (Fig. 3A, lane 7) and Cxcr6+/� (Fig. 3A, lanes 8 and 9)
mice expressed high levels of Gli1 and Sfrp1 , consistent with the
results of in situ hybridization studies (Fig. 2C). The mRNA levels of
Gli2, Ptc2 , and Cxcr4 , whose up-regulation has been reported in
other mouse medulloblastomas and in a subset of human
medulloblastomas (3, 4), were also increased (Fig. 3A). The levels
of these genes (Gli1, Gli2, Ptc2, Sfrp1 , and Cxcr4) were very similar
to those observed in Ptc1+/� medulloblastoma (Fig. 3A, lane 10),
indicating that the Shh pathway was activated in medulloblasto-
mas arising in Cxcr6 mutant mice. Medulloblastomas observed in
other mouse models have been reported to arise as a consequence
of either direct or indirect activation of the Shh pathway leading to
increased expression of downstream target genes, and one or both
copies of Ptc1 were lost in some of these cases (3, 17–23, 40, 41).
We also found that the mRNA levels of Ptc1 were decreased in all

medulloblastomas tested from Cxcr6 mutant mice (Fig. 3A, lanes 7–
9). In fact, the level of Ptc1 expression in these tumors was
comparable to that previously seen in tumors from Ptc1+/� mice
(Fig. 3A, lane 10 ; ref. 30). This finding raised the possibility that one
of the Ptc1 alleles may be lost or mutated in Cxcr6 mutant
medulloblastomas. However, FISH analysis showed that both Ptc1
alleles were present in medulloblastomas from Cxcr6 mutant mice
(Fig. 3C). Furthermore, RT-PCR and cDNA sequencing analyses
failed to reveal any mutations in Ptc1 or Sufu in the four tumors
examined (Cxcr6+/�, n = 3; Cxcr6�/�, n = 1), suggesting that, in
Cxcr6 mutant mice, aberrant activation of the Shh pathway occurs
indirectly by down-regulation of Ptc1 expression.
Gene expression profiles of medulloblastomas arising in

Cxcr6+/� mice (n = 2) were compared with those of Ptc1+/�

medulloblastomas (n = 2). We tabulated the number of probe sets
scored as up-regulated, down-regulated, and unchanged, compar-
ing each type of medulloblastoma to genes expressed in developing
cerebellum (see Experimental Procedures for details). To exclude
potential chip errors, we eliminated probes whose expression levels
were not consistent between the two independent samples of each
tumor. Specifically, 10,244 probes met the criteria described above.
We found that the gene expression profiles of medulloblastomas

Figure 3. Expression of Shh pathway genes in developing (p7-CB ) and adult
cerebella (Ad-CB ) and medulloblastomas (MB ). A, total RNA (10 Ag) was
analyzed by Northern blotting using radiolabeled probes for Gli1, Gli2, Ptc1,
Ptc2, Sfrp1 , and Cxcr4 as indicated. Ethidium bromide staining of the 28S
and 18S rRNA is shown as a loading control. The Cxcr6 genotype of each
sample is indicated at the top of each lane. B, expression of Cxcr6 (top ) and
lacZ (middle ) was analyzed by RT-PCR using the same RNA samples as in
(A). Gapdh was used as an internal control (bottom ). C, paraffin sections of
medulloblastomas were subjected to FISH analyses using probes for Ptc1
(green ) and mouse chromosome 13 (red). A representative example of a FISH
image in which both Ptc1 alleles are present in Cxcr6+/� medulloblastoma.

Table 1. Incidence of medulloblastoma in Cxcr6 mutant
mice

Genotype Cxcr6+/+ Cxcr6+/� Cxcr6�/�

Incidence 0 of 121 (0%) 9 of 214 (4.2%) 4 of 139 (2.9%)
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derived from these two mouse models were very similar, with
expression levels of 1,080 probes up-regulated, 1,453 down-
regulated, and 7,006 unchanged, comparing both types of
medulloblastomas to developing cerebellum (Table 2). Further-
more, expression levels of the Shh pathway–related genes were
essentially the same between Cxcr6+/� and Ptc1+/� medulloblas-
tomas (Supplementary Table S1), which is consistent with Northern
blot analyses (Fig. 3A). On the other hand, 6.9% (705 of 10,244) of
probes were differentially expressed (Table 2), and Supplementary
Table S2 shows the probes whose expression levels were different
between two types of medulloblastomas (log ratio >3). It is possible
that some of the listed genes may contribute to the aberrant
activation of the Shh pathway and development of medulloblas-
tomas in Cxcr6 mutant mice.
Microarray gene expression analysis provides a useful means to

identify tumors containing specific gene mutations that are
amendable to molecular targeted therapies. Because gene expres-
sion profiles, including the activation of the Shh pathway, are very
similar between Cxcr6+/� and Ptc1+/� medulloblastomas, it is a

reasonable assumption that the medulloblastomas derived from
Cxcr6 mutant mice might respond to treatment with Shh pathway
inhibitors. Previously, we showed that medulloblastomas arising in
Ptcl+/�p53�/� mice responded to treatment with the Shh pathway
inhibitor (HhAntag; ref. 9). However, as the tumor incidence in
Cxcr6 mutant mice is very low and loss of p53 did not accelerate
medulloblastoma formation (data not shown), it is not feasible to
treat spontaneous tumors arising in Cxcr6 mice with the inhibitor.
Therefore, we propagated the Cxcr6+/� medulloblastoma cells in
the flank of nude mice. Previously, we reported that directly
transplanted medulloblastomas from Ptc1+/�p53�/� mice closely
resemble the parental tumors, both histologically and in terms of
gene expression profiles (10). As a first step, we confirmed that the
Shh pathway activity was maintained in the flank allograft (directly
transplanted from fresh medulloblastoma) by testing the expression
levels of Gli1 and Sfrp1 (Fig. 4B, lanes 4 and 5). In contrast, the Shh
pathway activity could not be maintained in medulloblastoma
culture (Fig. 4B, lane 3), indicating that cultured medulloblastoma
cells are not suitable for testing the HhAntag, consistent with our

Figure 4. Effect of Smoothened antagonist (HhAntag) on the allografts derived from Cxcr6+/�medulloblastoma. A, cohorts of mice bearing flank allografts were treated
with vehicle alone (n = 2) or with 100 mg kg�1 HhAntag (n = 4) twice a day for 4 d by oral gavage. The tumor volume was measured every other day. B, total RNA
(10 Ag) isolated from different sources, as indicated above the lanes, was analyzed by Northern blotting with antisense probes specific for Gli1, Sfrp1 , and Gapdh
as indicated.

Table 2. Comparison of gene expression profiles between Ptc1+/� and Cxcr6+/� medulloblastomas

Cxcr6+/� medulloblastomas over developing cerebellum

Up-regulated Unchanged Down-regulated

Ptc1+/� medulloblastomas over developing cerebellum Up-regulated 1,080* 189 3

Unchanged 105 7,006* 137

Down-regulated 1 270 1,453*

NOTE: The number of probes scored as up-regulated, down-regulated, and unchanged in both Ptc1+/� and Cxcr6+/� medulloblastomas to developing
cerebellum were counted and compared. The data are shown in a two-dimensional table.

*The expression profiles of 93.1% (9,539 of 10,244) of probes were the same between two types of medulloblastomas.
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previous studies (9, 10). To evaluate the effect of HhAntag on
medulloblastomas derived from Cxcr6 mutant mice, cohorts of
mice bearing tumor allografts were treated with 100 mg kg�1

HhAntag twice daily. We found that the mRNA levels of Gli1 and
Sfrp1 in allografts were clearly reduced after treatment with eight
doses of 100 mg kg�1 HhAntag (Fig. 4A, lanes 6 and 7). After
treatment, the transplanted tumors rapidly lost volume (Fig. 4A),
indicating that the Shh pathway inhibitor was very effective in this
model of medulloblastoma.

Discussion

Over the past several years, there has been increasing hope that
molecular targeted therapies will prove efficacious in the treatment
of specific cancers. However, one of the greatest challenges facing
the field is to identify the specific tumor subsets that are capable of
responding to the treatment. Previously, we tested a small-
molecule inhibitor of the Shh pathway (HhAntag) in a spontaneous
mouse model of medulloblastoma (9). These mice carried germ line
mutations in the Ptc1 and p53 genes and they responded
dramatically to treatment with HhAntag. In addition, we found
that allograft tumors, derived directly from Ptc1+/�p53�/� mice but
not tumor cell lines, were completely eliminated after a few oral
doses of the drug (10). Although promising, these studies may only
be specifically relevant for the 10% of human tumors that carry
PTCH1 mutations. However, f30% of human medulloblastomas
exhibit a gene expression signature consistent with Shh pathway
activation (3, 4). This raises the possibility that HhAntag may have
broader application than just the tumor subset associated with
heterozygous loss of Ptc1 or other known mutations in the Shh
pathway. Here, we show that mice with heterozygous or
homozygous mutations in Cxcr6 develop a low frequency of
medulloblastomas. Remarkably, these tumors show high levels of
expression of Shh pathway target genes but they do not harbor
mutations in Ptc1 or Sufu. Although the Ptc1 locus is intact in the
tumors, the levels of Ptc1 mRNA are quite low. Thus, we speculate
that impartial or complete loss of Cxcr6 function leads indirectly to
suppression of Ptc1 expression thereby activating the Shh pathway
and promoting medulloblastoma formation. Tumors from these
mice provide a model for testing the usefulness of HhAntag against
medulloblastomas lacking known mutations in the Shh pathway.
The role of CXCR6 in human medulloblastoma is unclear at

present. Microarray and semiquantitative RT-PCR analyses
revealed that mRNA levels of Cxcl16 , which encodes a ligand for
CXCR6 (42), are elevated in medulloblastoma arising in both
Ptc1+/� and Cxcr6 mutant mice, compared with normal developing
cerebellum (data not shown). Because chemokines and their
receptors mediate signals critical for the recruitment of effector
immune cells to the site of inflammation, it is possible that loss of
such receptors provides a selective advantage to the tumor cells.
Indeed, the deletion of chromosome 3p21.3, which contains a large

cluster of chemokine receptors including the CXCR6 gene (35), has
been observed in several human cancers (43, 44). Thus, it is
possible that some human medulloblastomas might harbor
deletions in the chromosome 3p21.3 region.
Surprisingly, we were unable to accelerate development of

medulloblastoma in Cxcr6 mutant mice by crossing onto a p53
null background. This was unexpected as loss of p53 dramat-
ically accelerated medulloblastoma formation in Ptc1+/� mice
(5). In addition, several other mouse models with homozygous
loss of p53 have been reported, including p53�/�Rb�/� (17), Lig4�/

Lig4�/�p53�/� (18), Ink4c�/�p53�/� (19), and Parp1�/�p53�/�

mice (20). Although genetic instability resulting from inactivation
of the p53 pathway contributes to neoplastic transformation of
granule cell precursors (5, 41), the precise molecular mechanism
is unclear. It is possible that loss of Cxcr6 also promotes
medulloblastoma formation in a similar manner to loss of
p53 and, therefore, tumorigenesis is not further accelerated by
loss of p53 .
The low tumor frequency in Cxcr6 mutant mice precluded drug

studies in the spontaneous tumor background. However, using
directly transplanted medulloblastoma cells, we were able to show
that medulloblastoma cells harboring Cxcr6 mutations responded
well to treatment with HhAntag. The Shh pathway remained active
and gene expression profiles were maintained in medulloblastoma
cells directly transplanted from tumors. In contrast, cultured
medulloblastoma cells from Cxcr6 mutant mice did not maintain
Shh pathway activity, so they could not be used for HhAntag
studies. This observation is in agreement with our previous reports
indicating that medulloblastoma cells, grown under standard
serum-containing culture conditions, lose Shh pathway activity
(9, 10). In the case of glioblastoma, Lee et al. (45) recently reported
that cultured tumor cells in serum-containing media are very
different, both genetically and biologically, from the parental
tumors. These studies question the usefulness of cultured tumor
cells for testing antitumor agents. We propose that directly
transplanted tumors, derived from genetically engineered mouse
models, offer a convenient system for target validation as well as a
convenient model system for testing new therapies targeted against
the molecular pathways that contribute to tumor formation and
progression.

Acknowledgments

Received 2/6/2007; revised 3/8/2007; accepted 3/9/2007.
Grant support: Accelerate Brain Cancer Cure, the Pediatric Brain Tumor

Foundation, NIH grants PO1-CA096832 and P30-CA21765, and the American Lebanese
and Syrian Association Charities.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
We thank Peter J. McKinnon and Richard J. Gilbertson for helpful discussions;

David Finkelstein for cDNA microarray analysis; Marc Valentine and Virginia Valentine
for FISH analysis; and Curis and Genentech for providing HhAntag.

References
1. Chintagumpala M, Berg S, Blaney SM. Treatment
controversies in medulloblastoma. Curr Opin Oncol
2001;13:154–9.

2. Gilbertson RJ. Medulloblastoma: signaling a change in
treatment. Lancet Oncol 2004;5:209–18.

3. Lee Y, Miller HL, Jensen P, et al. A molecular
fingerprint for medulloblastoma. Cancer Res 2003;63:
5428–37.

4. Thompson MC, Fuller C, Hogg TL, et al. Genomics
identifies medulloblastoma subgroups that are enriched
for specific genetic alterations. J Clin Oncol 2006;24:
1924–31.

5. Wetmore C, Eberhart DE, Curran T. Loss of p53 but
not ARF accelerates medulloblastoma in mice hetero-
zygous for patched. Cancer Res 2001;61:513–6.

6. Gabay L, Lowell S, Rubin LL, Anderson DJ. Deregula-
tion of dorsoventral patterning by FGF confers trilineage
differentiation capacity on CNS stem cells in vitro .
Neuron 2003;40:485–99.

Cancer Research

Cancer Res 2007; 67: (8). April 15, 2007 3876 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/8/3871/2582139/3871.pdf by guest on 19 M

ay 2023



7. 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 U S A 2003;
100:4616–21.

8. Rubin LL, de Sauvage FJ. Targeting the Hedgehog
pathway in cancer. Nat Rev Drug Discov 2006;5:1026–33.

9. Romer JT, Kimura H, Magdaleno S, et al. Suppression
of the Shh pathway using a small molecule inhibitor
eliminates medulloblastoma in Ptc1(+/�)p53(�/�)
mice. Cancer Cell 2004;6:229–40.

10. Sasai K, Romer JT, Lee Y, et al. Shh pathway activity is
down-regulated in cultured medulloblastoma cells:
implications for preclinical studies. Cancer Res 2006;
66:4215–22.

11. Pietsch T, Waha A, Koch A, et al. Medulloblastomas
of the desmoplastic variant carry mutations of the
human homologue of Drosophila patched. Cancer Res
1997;57:2085–8.

12. Raffel C, Jenkins RB, Frederick L, et al. Sporadic
medulloblastomas contain PTCH mutations. Cancer Res
1997;57:842–5.

13. Wolter M, Reifenberger J, Sommer C, Ruzicka T,
Reifenberger G. Mutations in the human homologue of
the Drosophila segment polarity gene patched (PTCH)
in sporadic basal cell carcinomas of the skin and
primitive neuroectodermal tumors of the central
nervous system. Cancer Res 1997;57:2581–5.

14. Zurawel RH, Allen C, Wechsler-Reya R, Scott MP,
Raffel C. Evidence that haploinsufficiency of Ptch leads
to medulloblastoma in mice. Genes Chromosomes
Cancer 2000;8:77–81.

15. Taylor MD, Liu L, Raffel C, et al. Mutations in SUFU
predispose to medulloblastoma. Nat Genet 2002;31:306–10.

16. Reifenberger J, Wolter M, Weber RG, et al. Missense
mutations in SMOH in sporadic basal cell carcinomas of
the skin and primitive neuroectodermal tumors of the
central nervous system. Cancer Res 1998;58:1798–803.

17. Marino S, Vooijs M, van Der Gulden H, Jonkers J,
Berns A. Induction of medulloblastomas in p53-null
mutant mice by somatic inactivation of Rb in the
external granular layer cells of the cerebellum. Genes
Dev 2000;14:994–41004.

18. Lee Y, McKinnon PJ. DNA ligase IV suppresses
medulloblastoma formation. Cancer Res 2002;62:6395–9.

19. Zindy F, Nilsson LM, Nguyen L, et al. Hemangiosar-
comas, medulloblastomas, and other tumors in Ink4c/
p53-null mice. Cancer Res 2003;63:5420–7.

20. Tong WM, Ohgaki H, Huang H, Granier C, Kleihues
P, Wang ZQ. Null mutation of DNA strand break-
binding molecule poly(ADP-ribose) polymerase causes

medulloblastomas in p53(�/�) mice. Am J Pathol
2003;162:343–52.

21. Oliver TG, Read TA, Kessler JD, et al. Loss of patched
and disruption of granule cell development in a pre-
neoplastic stage of medulloblastoma. Development
2005;132:2425–39.

22. Uziel T, Zindy F, Xie S, et al. The tumor suppressors
Ink4c and p53 collaborate independently with Patched
to suppress medulloblastoma formation. Genes Dev
2006;19:2656–67.

23. Yan CT, Kaushal D, Murphy M, et al. XRCC4
suppresses medulloblastomas with recurrent transloca-
tions in p53-deficient mice. Proc Natl Acad Sci U S A
2006;103:7378–83.

24. Wattler S, Kelly M, Nehls M. Construction of gene
targeting vectors from lambda KOS genomic libraries.
BioTechniques 1999;26:1150–6.

25. Deng HK, Unutmaz D, KewalRamani VN, Littman
DR. Expression cloning of new receptors used by simian
and human immunodeficiency viruses. Nature 1997;388:
296–300.

26. Loetscher M, Amara A, Oberlin E, et al. TYMSTR, a
putative chemokine receptor selectively expressed in
activated T cells, exhibits HIV-1 coreceptor function.
Curr Biol 1997;7:652–60.

27. Liao F, Alkhatib G, Peden KW, Sharma G, Berger EA,
Farber JM. STRL33, A novel chemokine receptor-like
protein, functions as a fusion cofactor for both
macrophage-tropic and T cell line-tropic HIV-1. J Exp
Med 1997;185:2015–23.

28. Unutmaz D, Xiang W, Sunshine MJ, Campbell J,
Butcher E, Littman DR. The primate lentiviral receptor
Bonzo/STRL33 is coordinately regulated with CCR5 and
its expression pattern is conserved between human and
mouse. J Immunol 2000;165:3284–92.

29. Li L, Connelly MC, Wetmore C, Curran T, Morgan JI.
Mouse embryos cloned from brain tumors. Cancer Res
2003;63:2733–6.

30. Kimura H, Stephen D, Joyner A, Curran T. Gli1 is
important for medulloblastoma formation in Ptc1+/�

mice. Oncogene 2005;24:4026–36.
31. Rice DS, Sheldon M, D’Arcangelo G, Nakajima K,
Goldowitz D, Curran T. Disabled-1 acts downstream of
Reelin in a signaling pathway that controls laminar
organization in the mammalian brain. Development
1998;125:3719–29.

32. Sasai K, Kakumoto K, Hanafusa H, Akagi T. The Ras-
MAPK pathway down-regulates Caveolin-1 in rodent
fibroblast but not in human fibroblasts: implications in
the resistance to oncogene-mediated transformation.
Oncogene 2007;26:449–55.

33. Ordway JM, Williams K, Curran T. Transcription
repression in oncogenic transformation: common tar-
gets of epigenetic repression in cells transformed by Fos,
Ras, or Dnmt1. Oncogene 2004;23:3737–48.

34. Kiss H, Darai E, Kiss C, et al. Comparative human/
murine sequence analysis of the common eliminated
region 1 from human 3p21.3. Mamm Genome 2002;13:
646–55.

35. Kiss H, Yang Y, Kiss C, et al. The transcriptional map
of the common eliminated region 1 (C3CER1) in 3p21.3.
Eur J Hum Genet 2002;10:52–61.

36. Sato T, Thorlacius H, Johnston B, et al. Role for
CXCR6 in recruitment of activated CD8+ lymphocytes to
inflamed liver. J Immunol 2005;174:277–83.

37. Morgan AJ, Guillen C, Symon FA, et al. Expression of
CXCR6 and its ligand CXCL16 in the lung in health and
disease. Clin Exp Allergy 2005;35:1572–80.

38. Geissmann F, Cameron TO, Sidobre S, et al.
Intravascular immune surveillance by CXCR6+ NKT
cells patrolling liver sinusoids. PLoS Biol 2005;3:e113.

39. Goodrich LV, Milenkovic L, Higgins KM, Scott MP.
Altered neural cell fates and medulloblastoma in mouse
patched mutants. Science 1997;277:1109–13.

40. Wetmore C, Eberhart DE, Curran T. The normal
patched allele is expressed in medulloblastoma from
mice with heterozygous germline mutation of patched.
Cancer Res 2000;60:2239–46.

41. Shakhova O, Leung C, van Montfort E, Berns A,
Marino S. Lack of Rb and p53 delays cerebellar
development and predisposes to large cell anaplastic
medulloblastoma through amplification of N-Myc and
Ptch2. Cancer Res 2006;66:5190–200.

42. Wilbanks A, Zondlo SC, Murphy K, et al. Expression
cloning of the STRL33/BONZO/TYMSTR ligand reveals
elements of CC, CXC, and CX3C chemokines. J Immunol
2001;66:5145–54.

43. Ishikawa S, Kai M, Tamari M, et al. Sequence analysis
of a 685-kb genomic region on chromosome 3p22-p21.3
that is homozygously deleted in a lung carcinoma cell
line. DNA Res 1997;4:35–43.

44. Lerman MI, Minna JD. The 630-kb lung cancer
homozygous deletion region on human chromosome
3p21.3: identification and evaluation of the resident
candidate tumor suppressor genes. The International
Lung Cancer Chromosome 3p21.3 Tumor Suppressor
Gene Consortium. Cancer Res 2000;60:6116–33.

45. Lee J, Kotliarova S, Kotliarov Y, et al. Tumor stem
cells derived from glioblastomas cultured in bFGF and
EGF more closely mirror the phenotype and genotype of
primary tumors than do serum-cultured cell lines.
Cancer Cell 2006;9:391–403.

Medulloblastoma in Cxcr6 Mutant Mice

www.aacrjournals.org 3877 Cancer Res 2007; 67: (8). April 15, 2007

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/8/3871/2582139/3871.pdf by guest on 19 M

ay 2023


