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We have generated a mouse model system with a high incidence of medulloblastoma, a malignant neoplasm believed to arise from
immature precursors of cerebellar granule neurons. These animals ectopically express interferon-� (IFN-�) in astrocytes in the CNS in a
controlled manner, exploiting the tetracycline-controllable system. More than 80% of these mice display severe ataxia and develop
cerebellar tumors that express synaptophysin, the mouse atonal homolog MATH1, sonic hedgehog (SHH), and Gli1. IFN-�-induced
tumorigenesis in these mice is associated with increased expression of SHH, and SHH induction and tumorigenesis are dependent on
signal transducer and activator of transcription 1 (STAT1). When IFN-� expression is shut down with doxycycline at postnatal day 12
(P12), the clinical symptoms dissipate and the mice do not develop tumors, whereas if transgene expression is shut down at P16, the
clinical symptoms and tumors progress to lethality, indicating that IFN-� is required for tumor induction but not progression. The
tumors that occur in the continued presence of IFN-� display extensive necrosis and apoptosis as well as macrophage and lymphocytic
infiltration, whereas the tumors that develop in mice in which IFN-� expression is shut down at P16 do not. Thus, IFN-� expression in the
perinatal period can induce SHH expression and medulloblastoma in the cerebellum by a STAT1-dependent mechanism, and its contin-
ued presence appears to promote a host response to the tumor.
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Introduction
Medulloblastoma is a highly malignant embryonal neoplasm of
the cerebellum. It is the most common solid malignancy of child-
hood, with most tumors occurring between 5 and 10 years of age
(Packer et al., 1994). In recent years, significant progress has been
made in understanding the mechanisms underlying medullo-
blastoma development and in relating these mechanisms to the
normal development of the cerebellum (Wechsler-Reya and
Scott, 2001; Eberhart, 2003). Insights into specific genetic path-
ways altered in these tumors have been provided by two inherited
disorders: Gorlin syndrome, characterized by medulloblastoma
and multiple basal cell carcinomas of the skin, and Turcot syn-
drome, which is typified by the occurrence of a colorectal neo-
plasm and a primary brain tumor in the same patient. Gorlin

syndrome is caused by germ-line mutations of the human ho-
molog of the Drosophila segment polarity gene patched (PTCH),
which encodes the receptor for sonic hedgehog (SHH), and cases
of Turcot syndrome in which the brain tumor is medulloblas-
toma caused by germ-line mutations of adenomatous polyposis
coli, an important component of the wingless-type (Wnt) signal-
ing pathway. These same signaling pathways are implicated in
sporadic medulloblastomas, of which �25% have a mutation
affecting the SHH pathway and 25% have mutations affecting the
Wnt pathway.

Interferon-� (IFN-�) is a pleiotropic cytokine secreted by ac-
tivated T-lymphocytes and natural killer cells. IFN-� is involved
in antiviral responses, immune surveillance, inhibiting cellular
proliferation, and tumor suppression (Boehm et al., 1997; Ikeda
et al., 2002; Ramana et al., 2002). Several lines of evidence suggest
that IFN-� mediates an array of pathophysiological effects on the
CNS (Popko et al., 1997; Popko and Baerwald, 1999; Sredni-
Kenigsbuch, 2002). Transgenic mice ectopically expressing
IFN-� in the CNS show hypomyelination and abnormal prolif-
eration, differentiation, and migration of cerebellar granule neu-
rons (Corbin et al., 1996; LaFerla et al., 2000). More recently, it
was shown that IFN-� production in the neonatal brain in the
absence of signal transducer and activator of transcription 2
(STAT2) resulted in the abnormal proliferation of the external
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granular layer (EGL) and the development of medulloblastoma
(Wang et al., 2003). This neoplastic phenotype was associated
with the STAT1-dependent activation of the SHH signaling path-
way in granule neurons, a process that was induced by IFN-�
produced by T-lymphocytes entering the brain in response to
IFN-�.

To better understand the effect of IFN-� on the CNS, we
generated transgenic mice that allow for controlled delivery of
IFN-� using the tetracycline-controllable system (Gao et al.,
1999). To drive tetracycline-controlled transcriptional activator
(tTA) expression, we chose the transcriptional regulatory region
of the glial fibrillary acidic protein (GFAP) gene, which has been
well characterized in transgenic studies (Brenner et al., 1994; Eng
et al., 2000). We find that perinatal expression of IFN-� in the
CNS greatly upregulates SHH expression in the developing cere-
bellum and leads to medulloblastoma. As the tumors progress,
they become independent of continued IFN-� expression, which
appears to induce host responses to the tumor. Furthermore, we
demonstrate that the transcription factor STAT1 is required for
the development of these tumors.

Materials and Methods
Generation of transgenic mice. A GFAP/LacZ construct containing 2.2 kb
of the GFAP transcriptional control region and 3.1 kb of LacZ cDNA was
obtained from Dr. Michael Brenner (University of Alabama at Birming-
ham, Birmingham, AL) (Brenner et al., 1994). The GFAP/LacZ construct
was cut with BamHI to excise the 3.1 kb LacZ cDNA, which was ligated to
a 1.0 kb EcoRI/BamHI fragment containing the tTA cDNA isolated from
P TET-OFF (Clontech, Palo Alto, CA), creating the GFAP/tTA construct.
The GFAP/tTA construct was digested with EcoRI to release a 4.0 kb
fragment containing the transgene. The tetracycline responsive element
(TRE)/lacZ/globin construct, which was obtained from Dr. H. Bujard
(Universität Heidelberg, Heidelberg, Germany) (Furth et al., 1994), was
cut with BamHI and XbaI to excise the LacZ cDNA. A 0.5 kb BamHI
fragment containing the mouse IFN-� cDNA was isolated from the
MBP/IFN-� vector (Corbin et al., 1996) and subcloned into the TRE
construct, creating the TRE/IFN-� construct. The TRE/IFN-� construct
was digested with XhoI and AseI to release a 2.3 kb fragment containing
the transgene. The transgene fragments were purified by agarose gel
eletrophoresis and electroelution and injected into fertilized B6D2F1
mouse oocytes. Transgenic founder mice were identified by Southern
blot analysis. After founders were established, genotyping was performed
by PCR. Tail tip DNA was amplified with the following primers: GFAP/
tTA sense primer (TCGCTTTCCTCTGAACGCTTCTCG) and GFAP/
tTA antisense primer (TCTGAACGCTGTGACTTGGAGTGTCC);
TRE/IFN-� sense primer (CGAATTCGAGCTCGGTACCC) and TRE/
IFN-� antisense primer (CCATCCTTTTGCCAGTTCCTCCAG).

Five GFAP/tTA lines were established (line 67, line 78, line 96, line 98,
and line 110), and three TRE/IFN-� lines were established (line 136, line
184, and line 215). The founder mice were backcrossed with C57BL/6J
mice at least six times. The GFAP/tTA mice were mated with TRE/IFN-�
mice to get double transgenic mice.

Line 67 GFAP/tTA mice and line 184 TRE/IFN-� mice on the C57BL/6
background were mated with STAT1 mutant mice (strain 129S6/SvEv-
STAT1tm1; kindly provided by Dr. H. Schreiber, The University of Chi-
cago, Chicago, IL) (Meraz et al., 1996) to obtain GFAP/tTA;STAT1�/�

and TRE/IFN-�;STAT1�/� mice. These mice were crossed to obtain
GFAP/tTA;TRE/IFN-�;STAT1�/� mice.

To prevent transcriptional activation of the TRE/IFN-� transgene by
tTA, 0.05 mg/ml doxycycline was added to the drinking water and pro-
vided ad libitum.

All animal procedures were conducted in complete compliance with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use
Committee of The University of Chicago.

�-Galactosidase histochemistry. Anesthetized mice were perfused with
1% paraformaldehyde and 0.5% glutaraldehyde in PBS. The brain was

postfixed in 1% paraformaldehyde and 0.5% glutaraldehyde for 1 hr,
then cryopreserved in 30% sucrose, embedded in optimal cutting tem-
perature (OCT) compound, and frozen on dry ice. Ten-micrometer sec-
tions were cut with a cryostat and incubated overnight in 1 mg/ml
5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (Sigma, St. Louis,
MO), 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM

MgCl2, 0.02% NP-40, and 0.01% sodium deoxycholate in PBS at 37°C
(Doerflinger et al., 2003). The sections were rinsed with PBS, dehydrated
in ethanol (70, 80, 95, and 100%), cleared in xylene, and mounted with
Permount.

ELISA. Whole brains were removed, rinsed in ice-cold PBS, and im-
mediately homogenized in 5 vol of PBS with Complete protease mixture
(Roche, Indianapolis, IN) using a motorized homogenizer. After incuba-
tion on ice for 5 min, the extracts were cleared by centrifugation at 14,000
rpm for 10 min. The protein content of each extract was determined by
the DC protein assay (Bio-Rad, Hercules, CA). ELISAs were performed
using the Mouse IFN-� Quantikine ELISA kit (R & D Systems, Minne-
apolis, MN) according to the manufacturer’s instructions.

Histology, immunohistochemistry, and terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling staining. Anes-
thetized mice were perfused through the left cardiac ventricle with 4%
paraformaldehyde in 0.1 M phosphate buffer. The brain was bisected in
the sagittal plane, and one-half was postfixed for at least 48 hr in 4%
paraformaldehyde in PBS, dehydrated through graded alcohols, and em-
bedded in paraffin. Sections of 5 �m thickness were cut and routinely
stained with hematoxylin and eosin. The other half of the brain was
postfixed for 1 hr in 4% paraformaldehyde in PBS, cryopreserved in 30%
sucrose, embedded in OCT compound, and frozen on dry ice. Frozen
sections were cut in a cryostat at 10 �m thickness.

Immunohistochemstry for GFAP (1:1000; Sternberger Monoclonals,
Lutherville, MD), synaptophysin (1:200; Chemicon, Temecula, CA),
proliferating cell nuclear antigen (PCNA; 1:50; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), MAC-1 (integrin �M, a microglial–macrophage
marker; 1:50; Chemicon), and cluster of differentiation 3 (CD3; 1:50;
Santa Cruz Biotechnology) were performed on paraffin sections. Pri-
mary antibodies were detected using the Vectastain ABC kits (Vector
Laboratories, Burlingame, CA) and 3�,5�-diaminobenzidine/H2O2 re-
agent as substrate. The sections were counterstained with hematoxylin,
dehydrated in ethanol (70, 80, 95, and 100%), cleared in xylene, and
mounted with Permount. Immunofluorescent labeling for the mouse
atonal homolog MATH1 (1:50; Chemicon), SHH (1:10; Santa Cruz Bio-
technology), and neuron-specific nuclear protein (NeuN; 1:50; Chemi-
con), was performed on cryosections. Fluorescein-labeled secondary an-
tibodies (Vector Laboratories) were used to detect the mouse atonal
homolog MATH1, SHH, and NeuN. The sections were mounted with
Vectashield mounting medium with 4�,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories). We quantified immunopositive cells for
PCNA and CD3 by staining every 10th section and counting positive cells
in a 0.5 mm2 region of the center of the tumor. A minimum of three
sections were analyzed per experimental animal.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) staining was performed using the ApopTag
kit (Serologicals, Norcross, CA) according to the manufacturer’s instruc-
tions. The sections were mounted with Vectashield mounting medium
with DAPI.

Mice received intraperitoneal injections of 100 mg/kg bromode-
oxyuridine (BrdU; Sigma) 4 hr before perfusion. The sections were
treated with 2 M HCl for 30 min and neutralized by 0.1 M borate buffer,
pH 8.5, for 20 min, then incubated overnight with a monoclonal anti-
BrdU conjugated to FITC (1:10; Roche). The sections were mounted
with Vectashield mounting medium with DAPI.

Fluorescent-stained sections were visualized with an Axioplan fluores-
cence microscope (Zeiss, Thornwood, NY). Images were captured using
a Photometrics PXL CCD camera connected to an Apple Macintosh
computer using the Open Lab software suite.

Real-time PCR. RNA was isolated using Trizol reagent (Invitrogen,
Carlsbad, CA) and treated with DNAseI (Invitrogen) to eliminate
genomic DNA. Reverse transcription (RT) was performed using the Su-
perscript First Strand Synthesis System for RT-PCR kit (Invitrogen).
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Real-time PCR was performed with iQ Supermix (Bio-Rad) on an iQ
Real-Time PCR Detection system (Bio-Rad). The primers and probes
(Integrated DNA Technologies, Coralville, IA) for real-time PCR were as
follows: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense
primer, CTCAACTACATG-GTCTACATGTTCCA; GAPDH antisense
primer, CCATTCTCGGCCTTGACTGT; GAPDH probe, TexRed-
TGACTCCACTCACGGC-AAATTCAACG-BHQ2; IFN-� sense primer,
GATATCTCGAGGAACTGGCAAAA; IFN-� antisense primer, CT-
TCAAAGAGTCTGAGGTAGAAAGAGATAAT; IFN-� probe, FAM-TG-
GTGACATGAAAATCCTGCAGAGCCA-BHQ1; major histocompatiblity
complex (MHC)-I sense primer, ATTCCCCAAAGGCCCATGT; MHC-I
antisense primer, GTCTCCACAAGCTCCATGTCC; MHC-I probe, FAM-
TGCTGGGCCCTGGGCTTCTACC-BHQ1; MATH1 sense primer, TGC-
AGACTCCCAATGTCGGA; MATH1 antisense primer, GTGCGAAGGT-
GATGGTGGTC; MATH1 probe, FAM-CAACCGCCGCCGCCCACAGC-
BHQ1; SHH sense primer, TTCATAGTAGACCCA-GTCGAAACC; SHH
antisense primer, GAGGACGGCCATCATTCAGAG; SHH probe, FAM-
CTTCCACAGCCAGGCGAGCCAGC-BHQ1; Gli1 sense primer, TCT-
CAAACTGCCCAGCTTAAC; Gli1 antisense primer, CCTGCGGCT-
GACTGTGTAAG; Gli1 probe, FAM-CGCACCTGTGTCTCGCCGTC-
TGG-BHQ1; inducible nitric oxide synthase (iNOs) sense primer, GCT-
GGGCTGTACAAACCTTCC; iNOs antisense primer, TTGAGGTCTA-
AAGGCTCCGG; iNOs probe, FAM-TGTCCGAAGCAAACATCACAT-
TCAGATCC-BHQ1; tumor necrosis factor-� (TNF-�) sense primer,
GGCAGGTTCTGTCCCTTTCA; TNF-� antisense primer, ACCGCCTG-
GAGTTCTGGAA; TNF-� probe, FAM-CCCAAGGCGCCACATCTC-
CCT-BHQ1; IFN-� -inducible transcription factor 1 (IRF-1) sense primer:
ACCTACAGGTGTCACCCATGC; IRF-1 antisense primer, GCTGC-
CACTCAGACTGTTCAAA; IRF-1 probe, FAM-CCACCTCCGAAGCCG-
CAACAGACG-BHQ1; IFN-�-inducible protein 10 (IP-10) sense primer,
AGGGCCATAGGGAAGCTTGAAA; IP-10 antisense primer, CGGAT-
TCAGACATCTCTGCTCATC; IP-10 probe, FAM-CCCTGCGAGCCT-
ATCCTGCCCACG-BHQ1.

Statistics. Data are expressed as mean � SEM. Multiple comparisons
were statistically evaluated using a two-tailed Student’s t test. Differences
were considered statistically significant if p � 0.05.

Results
Generation and characterization of double transgenic mice
Five GFAP/tTA transgenic lines were established, each of which
was crossed with a TRE/lacZ reporter line provided by Dr. Eric
Kandel (College of Physicians and surgeons of Columbia Univer-
sity, New York, NY) (Mayford et al., 1996). In situ enzymatic
staining for �-galactosidase (lacZ) showed numerous blue cells in
gray and white matter regions of the cerebellum, forebrain, and
spinal cord (Fig. 1B–D). In the cerebellum, lacZ expression was
prominent in the Purkinje cell layer, where it was localized to
small cells morphologically consistent with Bergman glia be-
tween the large Purkinje neurons. Scattered positive cells were
also seen in the cerebellar white matter and granule cell layer. To
test whether this transgenic system allowed for controlled expres-
sion in the CNS, doxycycline was administered to GFAP/tTA;
TRE/lacZ double transgenic mice starting on postnatal day 12
(P12). Six days later, no blue staining cells were found in the CNS
of these mice (Fig. 1E), indicating that doxycycline administra-
tion had repressed TRE-directed expression of lacZ. Further-
more, when GFAP/tTA;TRE/lacZ double transgenic mice were
released from doxycycline at 3 weeks of age, induction of lacZ
expression could be easily detected in the cerebellum (Fig. 1F)
and throughout the CNS (data not shown) 2 weeks later.

To obtain double transgenic GFAP/tTA;TRE/IFN-� mice with
glial-specific expression of IFN-�, we crossed line 67 GFAP/tTA
mice with line 184 TRE/IFN-� mice. We found that if doxycycline
was withheld throughout gestation, �80% of the pups died in the
neonatal period, and double transgenic pups were never recov-
ered (n � 300). This suggested that expression of the IFN-� trans-

gene in utero might interfere with embryonic development (Fig.
2B). To circumvent this problem, we administered doxycycline
(0.05 mg/ml) to the breeding pairs according to three regimens:
throughout gestation and postnatal development, up until the
day of birth (P0), and up until the 16th day of embryonic devel-
opment (E16). All three treatment regimens allowed the recovery
of double transgenic pups in the expected mendelian ratio, and
CNS-specific expression of IFN-� could be detected in double
transgenic mice released from doxycycline on E16 or on P0 but
not in mice maintained on doxycycline (Fig. 2A,C).

The kinetics of IFN-� expression depended on the timing of
the withdrawal of doxycycline (Fig. 2C,D). In pups released from
doxycycline on E16, mRNA for IFN-� and MHC class I (an IFN-�
inducible gene) could be detected in the cerebellum as early as
P12. ELISA analysis on whole brain at P16 demonstrated IFN-�
protein in double transgenic mice released from doxycycline on
E16 (5416 � 2668 pg/mg), but IFN-� protein was undetectable in
double transgenic mice maintained on doxycycline (0 pg/mg). In
contrast, the expression of these genes could not be detected until
P21 in animals released from doxycycline on P0. The delayed
expression of IFN-� in this group of mice is probably related to
the build-up of doxycycline stock in the pups and in the mother’s
milk. A delay in induction of expression after doxycycline with-
drawal ranging from several days to many weeks is commonly
observed with the tTA/TRE expression system, likely reflecting
the half-life of doxycycline in the mouse (Robertson et al., 2002).

Figure 1. Structure of transgenes and characterization of transgenic mice. A, Partial struc-
ture of GFAP/tTA and TRE/IFN-� transgenes. B, Cerebellar LacZ staining of P12 GFAP/tTA;TRE/
LacZ double transgenic mice released from doxycycline at E16. Inset, The differential interfer-
ence contrast photograph shows LacZ-positive cells are not Purkinje cells (arrows). C, Forebrain
LacZ staining of P12 GFAP/tTA;TRE/LacZ double transgenic mice released from doxycycline at
E16. D, Spinal cord LacZ staining of P12 GFAP/tTA;TRE/LacZ double transgenic mice released
from doxycycline at E16. E, Cerebellar LacZ staining of P18 GFAP/tTA;TRE/LacZ double transgenic
mice released from doxycycline at E16, then retreated with doxycycline at P12. F, Cerebellar LacZ
stainingof5-week-old GFAP/tTA;TRE/LacZ doubletransgenicmiceondoxycyclineuntil3weeks of age
and then released from doxycycline to induce LacZ expression. Scale bars: B–D, 50 �M; E, F, 200 �M.
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Early expression of IFN-� leads to medulloblastoma
Although double transgenic pups maintained on doxycycline or
released from doxycycline on P0 appeared healthy with no histo-
logical lesions, �80% of double transgenic mice (87 of 108) re-
leased from doxycycline on E16 developed a progressive neuro-
logical syndrome. Symptoms began in the second postnatal week
with growth retardation, followed by tremor and ataxia. All ataxic
animals progressed to death at �3– 4 weeks of age (Fig. 2B).
Necropsy of the ataxic animals invariably revealed infiltrative
lesions of the cerebellar hemispheres composed of mitotically
active, primitive-appearing cells with hyperchromatic nuclei and
scant cytoplasm (Fig. 3A,C). The tumor cells were involved pri-
marily in the molecular layer and EGL but also frequently in-
vaded the deep cerebellar white matter and adjacent brainstem
structures. Extensive cellular proliferation was seen by BrdU la-
beling and immunohistochemistry for PCNA (see Figs. 3D, 6C).
Immunostains showed that many of the neoplastic cells were
positive for synaptophysin (Fig. 3E), whereas immunoreactivity
for GFAP was mostly confined to processes between the tumor
cells (Fig. 3F). These morphological and immunohistochemical
features are very similar to human medulloblastoma (Eberhart
and Burger, 2003), and the diffuse involvement of the superficial
cerebellar hemisphere suggests an origin from the cells of the
EGL. Histological studies of the asymptomatic animals showed
no cerebellar abnormalities, and real-time PCR analysis showed
variable expression of the IFN-� transgene in these animals (data
not shown).

During late embryogenesis, neural precursor cells leave the
rhombic lip and stream across the surface of the early cerebellum
to form the EGL. At birth, the EGL consists of a single layer of
undifferentiated cells. During the next few days, the cells undergo
extensive proliferation to generate a large pool of granule cell
precursors (GCPs), and then the GCPs begin to differentiate and
migrate to their final destination, the internal granule layer (IGL)

(Wechsler-Reya and Scott, 2001; Eber-
hart, 2003). By P14, EGL cell proliferation
normally has ceased and differentiation
and migration to the IGL is essentially
complete. To determine whether IFN-� is
able to induce medulloblastoma after EGL
cell proliferation, differentiation, and mi-
gration has ceased, we studied double
transgenic mice released from doxycycline
at birth, in which IFN-� expression can
first be detected at approximately P21
(Fig. 2C). The basic structure of the cere-
bellum in these mice was normal, with no
tumor formation or migrational abnor-
mality of the GCPs (Fig. 3B), suggesting that
to induce medulloblastoma, IFN-� stimula-
tion must occur before regression of the
EGL.

MATH1 activation in
IFN-�-induced medulloblastoma
MATH1 is a basic helix–loop– helix tran-
scription factor that is required for the
proliferation of GCPs in the EGL (Ben-
Arie et al., 1997). MATH1 is specifically
expressed in mitotically active precursor
cells of the EGL, but its expression is
turned off in postmitotic EGL cells and
remains off in mature granule cells

(Helms and Johnson, 1998). To further determine whether IFN-
�-induced medulloblastoma originated from GCPs present in
the EGL, we performed real-time PCR to quantify MATH1
mRNA in the cerebellum of developing mice. As expected, the
cerebellum of control mice (double transgenic mice receiving
doxycycline, singly transgenic mice, and nontransgenic mice)
contained a high level of MATH1 mRNA at P5. MATH1 expres-
sion gradually decreased over time so that by P21 little or no
MATH1 transcripts could be detected in control mice. Strikingly,
the level of MATH1 mRNA remained at a high level in the cere-
bellum of double transgenic mice released from doxycycline on
E16 (Fig. 4A). To further localize the expression of MATH1, we
performed MATH1 immunofluorescence and found that tumor
cells expressed MATH1 (Fig. 4B,C). Real-time PCR analysis and
immunostaining showed that the expression pattern of MATH1
in other regions of the CNS was unchanged in mice expressing
IFN-�. These data are consistent with neoplastic transformation
of the mitotically active MATH1-expressing cells of the EGL.

IFN-�-dependent and -independent phases of tumor growth
To characterize the progression of medulloblastoma in IFN-�-
expressing mice, we performed histological studies on P12 (the
earliest stage at which affected animals could be reliably identified
on clinical grounds because of a mild tremor) and on P16 (when
all affected animals showed obvious ataxia). At P12, the lesions
were strictly confined to the EGL (n � 5), which showed a diffuse
hyperplasia throughout the cerebellar hemispheres of affected
mice compared with control animals, without extension into the
molecular layer and IGL (Fig. 5A,C). By P16, the EGL of control
animals had completely regressed (Fig. 5B), whereas the affected
animals (n � 10) showed marked proliferation of the EGL with
diffuse infiltration of the molecular layer, consistent with a ma-
lignant tumor (Fig. 5D).

To test whether the progression of these lesions is dependent

Figure 2. Kinetics of IFN-� expression. A, Real-time PCR analysis of the expression pattern of IFN-� in P16 double transgenic
mice released from doxycycline on E16 (n � 3). B, Survival curve of double transgenic mice (n � 100 for each group). C, IFN-�
real-time PCR analysis in the cerebellum (n�3). *p�0.01. D, MHC-I real-time PCR analysis in the cerebellum (n�3). *p�0.01.
DOX�, Animals continuously receiving doxycycline; DOX�, animals never receiving doxycycline; E16 DOX�, animals released
from doxycycline on E16; PND0 DOX�, animals released from doxycycline on P0.

Lin et al. • Interferon-� and Medulloblastoma J. Neurosci., November 10, 2004 • 24(45):10074 –10083 • 10077



on continued expression of IFN-�, double transgenic mice that
had been released from doxycycline on E16 were treated with
doxycycline starting on P12, when they had already developed a
minor tremor (n � 9). Real-time PCR analysis showed no IFN-�
expression in the cerebellum of such animals at P16 (n � 3).
Clinically, the phenotype of the doxycycline-treated mice im-
proved gradually, and by P28 they were indistinguishable from
littermate controls. Necropsy of three mice at P21 showed no
evidence of tumor in two of the mice, and a small hyperplastic
lesion was confined to the molecular layer in one mouse. Nec-
ropsy of three mice at P28 showed no evidence of tumor (Fig. 5E).
These data demonstrate that continued IFN-� expression is re-
quired for the early hyperplastic lesions of the EGL to progress to
medulloblastoma in this model.

A second group of double transgenic mice that had been re-
leased from doxycycline on E16 were placed back on doxycycline
starting on P16, when they were already showing obvious ataxia
and tremor (n � 15). The symptoms of these mice never im-
proved, and they all died between 3 and 4 weeks of age, similar to
double transgenic animals that were not treated with doxycy-
cline. Real-time PCR analysis at P21 showed that despite the lack
of IFN-� expression in the cerebellum of doxycycline-treated an-
imals (n � 3), the level of MATH1 mRNA remained 10 times

greater than in normal controls. Necropsy (n � 2) at P28 showed
the typical histological features of medulloblastoma (Fig. 5F).
Therefore, by P16, repressing expression of the IFN-� transgene
with doxycycline is unable to prevent additional progression of
medulloblastoma.

Figure 3. Double transgenic mice released from doxycycline on E16 develop medulloblas-
toma. A, Low-power magnification of the brain of a P21 double transgenic mouse released from
doxycycline on E16 shows a tumor diffusely involving the molecular layer of the cerebellum with
multiple foci of extension to the brainstem. B, Hematoxylin and eosin staining shows normal
cerebellum of P21 double transgenic mouse released from doxycycline at birth. C, High-power
magnification shows hypercellular tumor consisting of densely packed cells with hyperchro-
matic nuclei and mitotic activity (arrows). D, Many proliferating cells in the tumor are revealed
with BrdU labeling (arrows; green fluorescence), with weak blue fluorescence showing DAPI
counterstain. E, Immunostaining shows that many tumor cells are positive for synaptophysin. F,
Immunoreactivity for GFAP is mostly confined to cell processes between tumor cells. Scale bars:
A, 1000 �M; B, 200 �M; C, E, F, 25 �M; D, 50 �M.

Figure 4. MATH1 activation in medulloblastoma. A, Real-time PCR analysis of MATH1 ex-
pression in the cerebellum of double transgenic mice released from doxycycline at E16 (n � 3).
*p � 0.01. B, MATH1 immunostaining in the cerebellum of P21 control mice, with weak blue
fluorescence showing DAPI counterstain. C, Tumor cells show a nuclear staining for MATH1
(arrows; green fluorescence), with weak blue fluorescence showing DAPI counterstain. Scale
bars: B, C, 50 �M.
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Host response in the presence of IFN-�
Several lines of evidence have shown that IFN-� can activate
innate and adaptive immune responses against tumors (Kaplan et
al., 1998; Shankaran et al., 2001; Ikeda et al., 2002). To determine
whether expression of the IFN-� transgene can promote host
responses to medulloblastoma, we compared tumors from mice
released from doxycycline at E16 with those present in animals
that were placed back on doxycycline on P16. We found that the
tumors present in animals in which the IFN-� transgene had been
repressed showed much less necrosis and apoptosis than tumors
in animals with continued expression of the IFN-� transgene
(Fig. 6A,B,E,F). Nevertheless, PCNA immunostaining revealed
that there were also significantly more mitotic cells in the tumors
of the mice overexpressing IFN-� than the mice without IFN-�
expression (Figs. 6C,D, 7A). At the same time, immunohisto-
chemistry revealed that the presence of IFN-� was able to strongly
activate MAC-1-positive microglia/macrophages (Fig. 6G,H)
and recruit CD3-positive T-cells (Figs. 6 I, J, 7A) into the tumors.
Furthermore, real-time PCR analysis revealed significantly in-
creased mRNA levels for TNF-� and iNOs in the cerebellum of
mice that did not receive doxycycline postnatally (Fig. 7B). This
increased response may reflect a direct effect of IFN-� on the im-
mune system, or it may suggest an increased reaction to the more
aggressive phenotype of the tumor.

IFN-� induces SHH expression in medulloblastoma
The SHH signaling pathway plays a critical role in normal cere-
bellar development and in medulloblastoma formation (Ho and

Scott, 2002; Ruiz i Altaba et al., 2002). Overexpression of SHH is
sufficient to induce medulloblastoma during development, and
pharmacological blockade of the SHH signaling pathway is able
to inhibit medulloblastoma growth in an animal model (Berman
et al., 2002; Weiner et al., 2002). Therefore, we were interested in
the potential role of the SHH signaling pathway in IFN-� induced

Figure 5. Characterization of IFN-� in medulloblastoma initiation and progression. A, The
cerebellum of control P12 mice. B, The cerebellum of control P16 mice. C, The cerebellum of P12
double transgenic mice released from doxycycline at E16. D, The cerebellum of P16 double
transgenic mice released from doxycycline at E16 showing medulloblastoma. E, The cerebellum
of P28 double transgenic mice released from doxycycline at E16 and then retreated with doxy-
cycline at P12. F, Medulloblastoma remains in the CNS of P28 double transgenic mice released
from doxycycline at E16 and then retreated with doxycycline at P16. Scale bar, 75 �M.

Figure 6. Host reponse in the presence of IFN-�. A, C, E, G, I, Tumors from double transgenic
animals released from doxycycline on E16. B, D, F, H, J, Tumors from double transgenic animals
released from doxycycline on E16 and then retreated with doxycyline on P16 to repress expres-
sion of the IFN-� transgene. A, B, Hematoxylin and eosin staining shows extensive necrosis in
the tumors of mice with continued expression of IFN-�. C, D, PCNA immunostaining shows
many more proliferating cells (arrows) in the tumors of mice with continued expression of
IFN-�. E, F, TUNEL staining shows numerous dying cells (arrows; green fluorescence) in the
tumors of mice with continued expression of IFN-�, with weak blue fluorescence showing DAPI
counterstain. G, H, MAC-1 immunostaining reveals larger numbers of microglia/macrophages
(arrows) infiltrating the tumors of mice with continued expression of IFN-�. I, J, CD3 immuno-
staining reveals numerous CD3� T-cells (arrows) infiltrating the tumor of mice with continued
expression of IFN-�. Scale bars: A, B, E–H, 75 �M; C, D, 25 �M; I, J, 50 �M.
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medulloblastoma. Real-time PCR analysis of SHH mRNA
showed a dramatic induction of SHH mRNA in the cerebellum of
double transgenic mice released from doxycycline on E16. Ele-
vated SHH expression was first detected on P12 and became more
pronounced on P16 and P21 (Fig. 8A). RNase protection assays
showed similar results (data not shown). SHH immunohisto-
chemistry revealed SHH expression in a diffuse manner through-
out the tumor mass in P21 mice (Fig. 8B,C). We also examined
expression of Gli1, a transcription factor that is induced by SHH
signaling. Real-time PCR analysis showed that, like SHH, the
level of Gli1 mRNA was significantly upregulated during tumor-
igenesis (Fig. 8D). These data suggest that the SHH signaling
pathway plays an important role in tumorigenesis induced by IFN-�.

IFN-�-induced medulloblastoma is dependent on
STAT1 signaling
Many of the cellular actions of IFN-� result from its activation of
the transcription factor STAT1, and in several cellular contexts,
the absence of STAT1 has been shown to convert IFN-� from a
cytostatic antiproliferative agent to a mi-
togen (Bromberg, 2002; Levy and Darnell,
2002; Ramana et al., 2002). Therefore, we
were interested in whether the tumori-
genic properties of IFN-� in the cerebel-
lum were STAT1 dependent. The GFAP/
tTA and TRE/IFN-� mice were crossed to
the 129S6/SvEv-Stat1tm strain, which lacks
STAT1 activity, and the resulting progeny
were intercrossed to obtain double trans-
genic mice that were homozygous for the
STAT1 mutation. No GFAP/tTA;TRE/
IFN-� double transgenic mice were recov-
ered on the STAT1 null background (n �
100) if the breeding pairs never received
doxycycline, suggesting that the embry-
onic lethality of IFN-� expression per-
sisted in the absence of STAT1. When such
crosses were released from doxycycline at
E16, �90% of double transgenic mice (18
of 20) that were wild type for STAT1 de-
veloped medulloblastoma and died by
P21. In contrast, littermates (n � 20) that
were double transgenic and STAT1�/�

showed a much milder phenotype. At 2
weeks of age, these animals showed a mi-
nor ataxia and tremor, but they all sur-
vived at least 8 weeks (Fig. 9A). Real-time
PCR analysis showed that the induction of
MHC-I expression was reduced relative to

that seen in STAT1�/� animals and IFN-� expression led to a
modest increase in MHC-I mRNA in the CNS of STAT1�/� mice
released from doxycycline at E16, whereas the upregulation of the
STAT1-dependent, IFN-�-responsive genes IRF-1 and IP-10 was
abolished (Fig. 9B). Necropsy showed no tumor formation in the
cerebellum of adult double transgenic STAT1�/� mice, but foci
of well differentiated granule cells were found near the surface of
the molecular layer of the cerebellum in two of eight mice (Fig.
9C–E). These foci of heterotopic neurons were strongly positive
for NeuN (Fig. 9F). Moreover, real-time PCR analysis showed no
increase in expression of SHH, Gli1, or MATH1 in the cerebellum
of GFAP/tTA;TRE/IFN-�;STAT�/� mice released from doxycy-
cline at E16 (Fig. 9B). Together, these data indicate that the
STAT1 signaling pathway is required for maximal induction of
IFN-�-responsive genes and for tumorigenesis but that STAT1-
independent signaling pathways also play an important role in an
IFN-�-mediated disruption of granule cell migration.

Discussion
The present study shows that the ectopic expression of IFN-� in
the CNS during development results in the formation of cerebel-
lar tumors that share the major molecular and pathological char-
acteristics of human medulloblastoma. These features include
the time of onset in the developing animals, the location in the
corresponding areas of the cerebellum, the highly aggressive be-
havior of the tumors with typical local infiltration, and the mixed
neuronal– glial differentiation pattern. These mice represent a
new model for medulloblastoma obtained by the expression of

Figure 8. Characterization of SHH signaling in medulloblastoma. A, Real-time PCR analysis of SHH expression in the cerebellum
of double transgenic mice released from doxycycline at E16 (n � 3). *p � 0.01. B, SHH immunostaining in the cerebellum of P21
control mice, with weak blue fluorescence showing DAPI counterstain. C, Tumor cells showing diffuse staining for SHH (arrows;
green fluorescence), with weak blue fluorescence showing DAPI counterstain. D, Real-time PCR analysis of Gli1 expression in the
cerebellum of double transgenic mice released from doxycycline at E16 (n � 3). *p � 0.05; **p � 0.01. Scale bar, 50 �M.

Figure 7. Host reponse in the presence of IFN-�. A, Quantitiation of PCNA-positive and
CD3-positive cells in the tumors (n � 2). *p � 0.01. B, Real-time PCR analysis of TNF-� and
iNOs mRNA in tumors at P21 (n � 3). *p � 0.01.
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IFN-� in the CNS of transgenic animals and confirm the previ-
ously identified potential of IFN-� to cause this developmental
tumor (Wang et al., 2003).

Wang et al. (2003) showed that medulloblastoma occurred in
STAT2�/� mice expressing IFN-� under the regulation of a
GFAP transcriptional control region. This genetic combination
led to an inflammatory process in the developing cerebellum with

infiltrating T-lymphocytes expressing
IFN-�, and it was demonstrated based on
in vitro studies that the presence of IFN-�
was crucial for SHH overexpression and
medulloblastoma induction. Wang et al.
(2003) were unable, however, to separate
the relative contributions of the IFN-� ex-
pression, IFN-� expression, and STAT2
deficiency to medulloblastoma induction
in vivo. We have now shown directly that
IFN-� expression in the perinatal cerebel-
lum can lead to SHH overexpression and
medulloblastoma by a STAT1-dependent
mechanism.

We show that the cerebellum is sensi-
tive to IFN-�-induced medulloblastoma
only during a very narrow developmental
window. When IFN-� expression is in-
duced by P12, medulloblastoma occurs in
�80% of the animals. The reason for the
lack of tumors in 20% of these mice has
not been determined, but it may reflect
animal-to-animal variability in the ex-
pression of the IFN-� transgene (data not
shown). If IFN-� expression is delayed
until P21, no tumors are seen. This devel-
opmental window, the predominant lo-
calization of the tumor cells in the EGL
and molecular layer of the cerebellum, and
the strong MATH1 expression by the tu-
mor cells are consistent with an origin
from the GCPs, a neural stem cell popula-
tion that regresses after the second week of
postnatal development (Rubin and Row-
itch, 2002; Katsetos et al., 2003; Tong et al.,
2003). The level of IFN-� expression dur-
ing this developmental window also ap-
pears important for disease severity be-
cause other combinations of double
transgenic mice with lower levels of IFN-�
expression show less severe abnormalities
of the cerebellum (Wang et al., 2004). In
addition, we find that although IFN-�
expression is necessary for induction of
medulloblastoma in this model, once the
tumors are established, continued expres-
sion of IFN-� is not required for tumor
progression. Indeed, continued expres-
sion of IFN-� seems to induce host re-
sponses with extensive macrophage and
lymphocytic infiltration and tumor ne-
crosis and apoptosis. Thus, IFN-� expres-
sion induces medulloblastoma and pro-
motes innate and adaptive immune cell
infiltration of the tumor.

A number of recent studies have re-
ported that viral infection, particularly neurotropic polyomar-
ivus JC virus, may be involved in the development of human
neural tumors, including medulloblastoma (Del Valle et al., 2001;
Khalili et al., 2003). Interestingly, IFN-� has been demonstrated
to be upregulated during the host response to virus infection of
the CNS (Weber et al., 2001; Chesler and Reiss, 2002). Together
with our data, these human studies suggest that during a critical

Figure 9. STAT1 dependence of IFN-�-induced medulloblastoma. A, Survival curve of double transgenic mice on the STAT1
wild-type and STAT1 null background (n � 20 for each group). B, Real-time PCR analyses of mRNA expression in the cerebellum
of 8-week-old mice (n � 3). (To obtain double transgenic adults on the STAT1 �/� background for comparison, we crossed line
78 GFAP/tTA mice with line 184 TRE/IFN-� mice, a combination with low level IFN-� expression and no medullobastoma.) C, The
cerebellum of control STAT1 null mice at the age of 8 weeks. D, E, Hematoxylin and eosin staining reveals that some well
differentiated granule cells remained near the surface of the molecular layer of cerebellum in double transgenic mice lacking
STAT1. F, Immunostaining shows the heterotopic cells were strongly positive for NeuN (arrows; green fluorescence). Scale bars: C,
D, 75 �M; E, F, 25 �M.
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developmental window of GCPs development, IFN-� induction
by viral infection of the cerebellum might contribute to medul-
loblastoma formation.

Several lines of evidence suggest that there are two IFN-�
signal transduction pathways: a STAT1-dependent pathway and
a STAT1-independent pathway (Ramana et al., 2002). In addi-
tion to its critical role in innate and adaptive immunity, STAT1
serves as a potent inhibitor of cell proliferation and promotes
apoptosis (Bromberg, 2002; Fulda and Debatin, 2002). Recently,
several studies indicated that ablation of the STAT1-dependent
signaling pathway can convert IFN-� from a cytostatic antipro-
liferative agent to a mitogen (Gil et al., 2001; Ramana et al., 2002).
In contrast, we find that in our model medulloblastoma forma-
tion is dependent on the STAT1 signaling pathway. Given that
IFN-� is unable to induce SHH expression in cultured GCPs
derived from STAT1 null mice (Wang et al., 2003), it is possible
that upregulation of SHH expression by a STAT1-dependent sig-
naling pathway is necessary for IFN-�-induced tumorigenesis.
Nevertheless, embryonic expression of IFN-� was lethal on the
STAT1 null background, suggesting that the harmful effects of
IFN-� on prenatal development can occur through STAT1-
independent signaling pathways. Indeed, IFN-� expression in
STAT1 null mice can lead to striking migration abnormalities of
cerebellar granule neurons, indicating that the development of
this critical cell population is sensitive to STAT1-independent
effects of IFN-�.

The SHH protein is a secreted glycoprotein that activates a
membrane–receptor complex, formed by PTCH and Smooth-
ened (Smo). In the absence of SHH, PTCH binds to Smo and
inhibits it, and Gli proteins remain in the transcriptional repres-
sion mode. SHH inactivates PTCH, allowing Smo to become
active. Active Smo transduces signals that convert Gli proteins
into transcriptional activators. SHH is expressed from birth on-
ward in the Purkinje cells of the cerebellum, stimulating the pro-
liferation of GCPs during early postnatal development. Inappro-
priate SHH signaling activity, such as from loss-of-function
mutations of PTCH in humans and mice or from overexpres-
sion of SHH in the mouse brain, are associated with medullo-
blastoma (Ho and Scott et al., 2002; Ruiz i Altaba, et al., 2002).
In this study, induction of medulloblastoma by IFN-� was
closely correlated with the upregulation of SHH expression in
the cerebellum, suggesting that IFN-� acts via SHH to induce
medulloblastoma. Nevertheless, we find that if IFN-� is re-
pressed after the tumors are established, SHH overexpression
is lost (data not shown) and tumor proliferation slows but the
medulloblastomas still progress to lethality. Thus, in our
model, upregulation of SHH by IFN-� is associated with ini-
tiation of medulloblastoma and contributes to the prolifera-
tion of established tumors, but it appears unnecessary for the
eventual lethal progression of the tumors.

In summary, we have established a transgenic model in which
the timing of expression of an IFN-� transgene can be controlled
in the CNS. In this model, the expression of IFN-� in a narrow
developmental window leads to SHH overexpression and medul-
loblastoma by a STAT1-dependent mechanism. Once the tumors
are established, they become independent of continued IFN-�
expression, which promotes innate and adaptive immune re-
sponses against the tumors. The high incidence of tumor occur-
rence and the ability to tightly control the expression of IFN-�
should make these mice a particularly useful model to study tu-
morigenesis and host responses.
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