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Abstract
Medulloblastoma (MB) is the most common malignant brain tumor of childhood. Very
little is known about aggressive forms of this disease, such as metastatic or recurrent MBs.
In order to identify pathways involved in aggressive MB pathophysiology, we performed
unbiased, whole genome microarrays on MB tumors at both the human and murine levels.
Primary human MBs were compared, transcriptomically, to their patient-matched recurrent
or metastatic tumors. Expression profiling was also performed on murine tumors from two
spontaneously developing MB mouse models (Ptch+/- and Smo/Smo) that present with
differing clinical severities. At both the human and murine levels we identified transform-
ing growth factor-beta (TGF-b) as a potential contributor to MB progression/metastasis.
Smad3, a major downstream component of the TGF-b pathway, was also evaluated using
immunohistochemistry in malignant human tissues and was shown to correlate with MB
metastasis and survival. Similarly, Smad3 expression during development identified a
subset of cerebellar neuronal precursors as putative cells of origin for the Smad3-positive
MBs. To our knowledge, this is the first study that links TGF-b to MB pathogenesis. Our
research suggests that canonical activation of this pathway leads to better prognosis for
patients.

INTRODUCTION
Medulloblastoma (MB) is the most common malignant brain
tumor of childhood. It arises in the cerebellum and has a tendency
to metastasize to the leptomeningeal covering of the central (CNS)
and peripheral nervous system (PNS). This tumor is classified
as a primitive neuroectodermal tumor and thought to arise from
transformed cells during cerebellar development (16, 22, 43).
Although, with current treatment regimens, survival of average
risk patients has significantly improved, most with progressive
and/or metastatic disease still remain incurable (5, 8, 53). Little is
known about the underlying biology that mediates enhanced
malignancy, marked by increased growth and decreased respon-
siveness to therapy, characteristic of recurrent or metastatic MB
(8, 11, 46, 53). In addition, because of the aggressive nature of
therapy, many survivors suffer from long-term treatment associ-
ated sequelae, such as neurocognitive deficits, endocrine disorders
and formation of secondary tumors (4, 40). Therefore, there is a
need to better understand the pathophysiology of this tumor and

develop better prognosticators to risk stratify patients and spare as
many as possible from highly damaging aggressive treatment.

Traditionally, one of the major criteria used for risk stratification
of patients has been based on the histological classification of their
tumors (4, 11, 31, 40). However, this has had various associated
problems, including inconsistencies in interpretation between dif-
ferent pathologists, the difficulty of defining subtle features and
most importantly, an inability to fully and consistently identify
high- vs. low-risk patients (4). With the advent of high throughput
techniques to profile the protein expression and genetic landscape
of tumors, a different classification system for MB has been devel-
oped (5, 10, 30, 31, 36, 48). Through this type of analysis at the
RNA and DNA level of a large cohort of samples derived from
primary tumors, various groups have determined that like many
other cancers, MB is not a homogenous disease but is composed of
at least four broad subtypes that display differing genetic aberra-
tions, transcriptomic profiles and pathophysiological behaviors (5,
10, 30, 31, 36, 48). In spite of these advances, little remains known
about mediators of aggressive MB behavior.
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To identify pathways, which are involved in the progression of
MB from a localized primary tumor to a more aggressive and
potentially metastatic cancer, we performed global gene expres-
sion microarrays, comparing human primary MBs with patient-
matched recurrences/metastases. This data was supplemented with
a similar comparison between indolent and aggressive tumors
derived from two mouse models that spontaneously develop MB:
Ptch+/- and Smo/Smo (refs).

With this approach, we have identified the transforming growth
factor (TGF)-b signaling pathway as a potential contributor to MB
pathogenesis and aggressive behavior. Validation of our microar-
ray data, via immunohistochemistry, confirmed our array results.
To our knowledge, this is one of the first studies that directly links
the TGF-b pathway to MB pathogenesis.

MATERIALS AND METHODS

MB samples for RNA expression profiling

Review of University Health Network (UHN) archival materials
from 1962 to 2010 identified 10 adult patients for whom formalin-
fixed paraffin-embedded (FFPE) samples of both primary and
subsequent recurrent and/or metastatic MBs were available for
study. These cases were supplemented with material from Wash-
ington University in St Louis (A. Perry) representing an additional
12 adult and pediatric patients fulfilling the same criteria. Murine
fresh frozen primary MBs from Ptch+/- knockout mice were pro-
vided by M.D. Taylor, Hospital for Sick Children, Toronto. Fresh
frozen cerebella from Smo/Smo mice, sacrificed because of tumor
burden, were provided by J.M. Olson, University of Washington,
Fred Hutchinson Cancer Center. All human and murine samples
were obtained and accessed in accordance with institutional
research ethics guidelines.

Smad3 mRNA expression levels in primary MBs

Access to two previously described gene expression profiling data-
bases of primary MBs (5, 36) was granted by MD Taylor, Hospital
for Sick Children, Toronto. Separation of high- vs. low-Smad3
mRNA expressers was defined by samples with expression greater/
less than the median expression.

Molecular subtyping of human samples
by NanoString

100–200 ng of RNA from the eight human adult samples profiled
in the microarray experiment, was used to identify the molecular
subgroup of the tumors via NanoString nCounter Technology as
described previously (37).

RNA extraction from human samples

Ten-micron thick scrolls were cut from human FFPE MB samples
that consisted of >80% tumor and deparaffinized by using succes-
sive 30-minute incubations with xylene, 90% ethanol, 70% ethanol
and, finally, water. RNA was extracted using the Roche High Pure
RNA Paraffin Kit (Roche Applied Science, Penzberg, Germany)
according to manufacturer’s protocol. RNA quantity and purity
was assessed by spectrophotometry (NanoDrop 1000; NanoDrop

Technologies Inc., Wilmington, DE, USA) and only samples that
gave sufficient (>90 ng/mL) and pure RNA (260/280 � 1.7) were
used for further processing.

RNA extraction from murine samples

Sections were cut from the fresh frozen cerebella of Smo/Smo
mice and stained with Hematoxylin and Eosin (HE) staining.
Tumor location was identified and areas that represented >80%
tumor were excised for RNA extractions. RNA was isolated from
all murine samples using the Qiagen Rneasy Mini kit (Qiagen,
Hilden, Germany) according to manufacturer’s protocol. RNA
quantity and quality was evaluated by spectrophotometry (Nano-
Drop 1000; NanoDrop Technologies Inc.) and microfluidics-based
electrophoresis (Agilent 2100 Bioanalyzer; Agilent Technologies,
Santa Clara, CA, USA). All murine samples used for the micro-
array study had an RNA Integrity Number (RIN) �8.5 and a
260/280 � 1.8.

Human microarray experiments

200 ng from each of the RNA samples were labeled and amplified
following Illumina Whole Genome Gene Expression-cDNA-
mediated Annealing, Selection, extension and Ligation (DASL)
assay kit (Illumina Inc., San Diego, CA, USA) for partially
degraded and FFPE-derived samples. The labeled samples were
then hybridized onto a Human Ref-8 V3 BeadChip (Illumina Inc.).
The BeadChip was incubated at 58°C, for 18 h to allow hybridi-
zation. The BeadChip was washed as per Illumina protocol and
scanned on the iScan (Illumina). The data files were quantified in
GenomeStudio Version 2010.2 (Illumina).

Murine microarray experiments

200 ng of RNA from Ptch+/- (n = 3) and Smo/Smo (n = 3) tumors
were labeled using Illumina TotalPrep-96 RNA amplification kit
(Ambion, Life Technologies, Carlsbad, CA, USA) as per amplifi-
cation protocol. 1.5 ng of cRNA generated from these six samples
was used to hybridize onto a Mouse WG-6 V2 BeadChip platform.
The BeadChip was incubated at 58°C, for 17.5 h to allow hybridi-
zation. The BeadChip was washed and stained as per Illumina
protocol and scanned on the iScan (Illumina). The data files were
quantified in GenomeStudio Version 2010.2 (Illumina).

Microarray data analysis

Invariant normalization was performed on log2-transformed data
using the D-chip (33) program. Using the t-mev program (44, 45)
the gene list was first filtered to remove genes whose expression
did not change between samples up to the 20th percentile. Signifi-
cant genes were then identified using t-tests with a standard Bon-
ferroni correction (P = 0.05) in t-mev. Genes with an absolute fold
change value of less than 1.5 were excluded from our final list.
Bioinformatics analysis was performed using the Ingenuity
Pathway Analysis (IPA) program. A dataset containing gene iden-
tifiers and corresponding expression values was uploaded into the
application. Each identifier was mapped to its corresponding
object in the Ingenuity Knowledge Base. An absolute fold change
value cut off of 1.5 was set to identify molecules whose expression
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was significantly differentially regulated. These molecules, called
network eligible molecules, were overlaid onto a global molecular
network developed from information contained in the Ingenuity
Knowledge Base. Networks of network eligible molecules were
then algorithmically generated based on their connectivity.

Tissues for immunohistochemistry

A tissue microarray (TMA) was constructed from the total number
of UHN and Washington University in St Louis specimens. The
UHN archive from 1962 to 2010 yielded a total of 49 MB samples
from 28 adult and three pediatric patients. Washington University
in St Louis samples provided an additional 27 samples from eight
pediatric and four adult patients. An additional TMA of human
MBs for analysis was provided by C. Eberhardt, Johns Hopkins
Hospital, Baltimore, MD, USA. This TMA was constructed using
primary samples from 55 pediatric and adult patients (11 adults, 40
pediatric, 4 unknown age). Survival data was known for 49/55
patients. All 55 samples were histologically and molecularly sub-
typed. 36/55 samples exhibited a classic histology; 12/55 exhibited
desmoplastic histology and 7/55 exhibited large cell anaplastic
histology. The samples were molecularly subtyped by immunohis-
tochemistry. 1/55 tumors was classified as a WNT tumor (positive
for CTNNB1 and DKK1). 29/55 were SHH tumors (positive for
GLI and SFRP1 staining). 16/55 were group 4 tumors (positive for
KCNA1) and 9/55 were group 3 tumors (positive for NPR3).
Immunohistochemical analysis of human cerebellar development
was performed on FFPE specimens obtained from UHN autopsy
archival materials. Murine cerebellar development was also
assayed in FFPE. All human and murine samples were obtained
and accessed in accordance with institutional research ethics
guidelines.

Immunohistochemistry protocol

Antibody to total SMAD-3, purchased from Abcam (Cambridge,
UK) (product number: ab28379), was used to stain paraffin-
embedded samples of developing murine and human cerebella as
well as TMAs of human MBs. 4 mm FFPE sections were de-waxed
in five changes of xylene and brought down to water through
graded alcohol washes. Heat-induced epitope retrieval was per-
formed using a microwavable pressure cooker. Sections were
removed from the hot buffer into warm water and then rinsed in
Tris-buffered saline (TBS). Endogenous peroxidases were blocked
with 3% hydrogen peroxide. Sections were incubated with primary
antibody at 1/500 dilution at room temperature for 1 h. The detec-
tion system used was Anti-rabbit ImmPRESS polymer system
(Vector Labs, Burlingame, CA, USA). After following kit instruc-
tions, color development was performed with freshly prepared
NovaRed (Vector labs) or DAB (Vector Labs). Finally, sections
were counterstained lightly with Mayer’s Haematoxylin, dehy-
drated in alcohols, cleared in xylene and mounted with Permount
mounting medium (Thermo Fisher Scientific, Waltham, MA,
USA).

Scanning and evaluation of stained sections

The two TMA slides were scanned and viewed via the Aperio
Imagescope program (Aperio, Vista, CA, USA). Quantitative

analysis on TMAs was performed using the Aperio Spectrum
program. Using this program, an algorithm, able to identify nuclei
and quantitate the intensity of staining within this organelle, was
designed based on a four-tiered scale, with 0 indicating no stain-
ing; 1, weak staining; 2, intermediate staining; and 3, strong stain-
ing. TMAs were segmented and annotated to remove any areas or
cores that were not amenable to analysis (eg, tumor tissue was
absent, tissue was poorly preserved, inadequate amounts of tissue
were present) and then analyzed using this algorithm.

Statistical analysis of TMAs

Survival analysis of the TMA data was performed using the Graph-
Pad Prism 5 program (GraphPad Software Inc., La Jolla, CA,
USA). Chi-squared tests were used to determine statistical signifi-
cance of the distribution of “positive” and “negative” samples for
given qualitative parameters (ie, primary, recurrent or metastatic
disease stage).

RESULTS

Gene expression microarrays identify TGF-b
involvement in aggressive MB behavior

We isolated RNA from FFPE samples of both pediatric and adult
patients. Many samples including all of the pediatric tumors
yielded poor-quality RNA that was unsuitable for microarray
analysis. Our human samples, therefore, consisted of eight
matched samples from four adult MB patients, which met the
highest quantity and quality standards as described above in Mate-
rials and Methods (Table 1). These included four primaries, three
recurrences and one metastatic tumor. Patient-matched samples
were used in the hopes of reducing some of the heterogeneity
inherent to an outbred human population. NanoString molecular
subtyping of these samples revealed that all eight belong to the
sonic hedgehog (SHH) subgroup seen in about 25% of all human
MB cases and in the majority of adult MBs (10, 31, 37, 41, 48).
Although pediatric and adult MBs differ with regards to many
clinicopathological features (32, 41), within the SHH subtype,
they are comparable. Pediatric and adult SHH tumors share a
similar distribution of histology (comprising the majority of
desmoplastic tumors), genetic aberrations (9q and 10q loss),
overall and progression free survival, and of course dysregulation
of the SHH pathway as the driving force behind tumorigenesis
(41). We identified 411 genes whose expression was significantly
different between the primary and recurrent/metastatic samples
(Figure 1).

The murine samples consisted of RNA extracted from fresh
frozen tumor tissue derived from the Ptch and Smo/Smo mouse
models of MB. Ptch mice are hemizygous for the normal
patched-1 gene, which is the inhibitory receptor of the SHH
pathway, crucial in cell and organ development, including the
cerebellum (14, 21, 22, 43). These mice recapitulate the SHH
molecular subtype of MB. They form well-circumscribed tumors,
which rarely invade adjacent tissue and almost never metastasize
(23). Smo/Smo mice carry an activating mutation in both copies of
the smoothened gene, which is the activating receptor in the SHH
pathway, normally inhibited by patched when unbound to ligand
(23). This mouse model allows for constitutive activation of the
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smoothened receptor, regardless of patched receptor status (23).
Although this construct also models the SHH subtype of the
human disease, these mice exhibit a much more aggressive form of
MB. They spontaneously develop tumors at a younger age and at a
much higher frequency (23). In addition, approximately 25% of
Smo/Smo mice develop leptomeningeal metastasis (23). It is
important to note however that the metastatic status of the Smo/
Smo tumors used in this study was not known. In this experiment,
we identified 386 genes with significantly different expression
levels between the two mouse models (Figure 2).

Rather than selecting several candidate genes from our lists for
study, a systems-wide approach was taken to uncover the overall
molecular events that might be responsible for the gene expression
differences, and potentially tumor progression/aggressive behavior
(51). This was performed using the IPA program, for both the
human and murine datasets. IPA can construct networks using the
user’s gene list and other candidates that might not be represented
on the significant gene list, based on the program’s knowledge
base (51). It generates sets of networks with a maximum number
of genes or proteins per network of 35 (51). A score of significance
is assigned to each network, with a score of 2 signifying a 1 in 100
chance that the genes in the network are clustered together based
on random chance (51).

Using this software, we were able to identify TGF-b as a node of
significance in datasets from both species (Figure 3). The signifi-

cance score for this network was 34 and 39 in the human and
murine sets, respectively. There were no gene orthologs that were
present in both the human and murine datasets. Furthermore,
TGF-b was one of the few common nodal genes present in a given
network in both species.

Smad3 nuclear positivity is a prognosticator of
good overall survival in MB

To characterize the activity of the TGF-b pathway in MB, we
analyzed two tissue microarrays (TMAs), composed of different
subtypes and stages of the human disease. Immunohistochemical
staining of TGF-b ligands is ineffective as this technique is not
suitable for diffusible molecules. In addition, the presence or
absence of cell surface receptors is not an ideal indicator of
pathway activation at specific points during disease progression
(39, 47, 49). To find an appropriate surrogate for TGF-b pathway
status that could be assessed by immunohistochemical means, we
looked to downstream signaling mediators of this pathway.

TGF-b signaling is quite complex and characterized by two
streams of signal transduction: the canonical pathway, mediated by

Table 1. Clinical characteristic of human microarray cohort.

Sex no.
Male 2
Female 2

Patient age at primary disease, years
Median 27
Range 19–36

Patient age at Rec/Met disease, years
Median 33
Range 25–44

Recurrence no. 3
Metastasis no. 1

Location of metastasis Spinal cord
Time to first relapse event, months

Median 54.5
Range 43–72

Overall survival, %
Alive 0
Dead 100

Molecular subtype of primary tumors, %
WNT 0
SHH 100
Group 3 0
Group 4 0

Molecular subtype of Met/Rec tumors, %
WNT 0
SHH 100
Group 3 0
Group 4 0

Age of FFPE sample, years
Median 30.5
Range 15–42

Figure 1. Heat map of human data representing top 20 significant
genes with an absolute fold change of 1.5 or greater. P1-P4 = primary
samples; R1-R3 = recurrent samples, M1 = metastatic sample.
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Smad2 and 3 proteins, and the non-canonical pathway, which can
act through a variety of promiscuous intracellular messengers,
including MAPK, PI3K, Rho family of GTPases and mTOR (25,
39, 47, 49). In the canonical pathway, following ligand binding
to cell surface TGF-b receptors, the receptor Smads 2 and 3
are recruited and phosphorylated, leading to the formation of a
Smad2,3,4 complex, which translocates to the nucleus and acts as
a transcription factor to modulate gene expression and cellular
behavior (39, 47, 49). Although it has been shown that the Smad
proteins are not exclusively part of the TGF-b pathway and can
sometimes act promiscuously, they are a much more specific
marker of TGF-b signaling than mediators of non-canonical sign-
aling (25, 39, 45, 46). Therefore, we chose the nuclear localization
of Smad3 as a surrogate marker for TGF-b activation in tissues.

TMAs were scored both qualitatively and quantitatively and
designated as either “negative” or “positive” for nuclear Smad3.

Qualitatively, a range of staining intensities was observed. In cases
of absent, weak or cytoplasmic staining, the sample was desig-
nated as “negative”; “positive” tumors showed intermediate or
strong levels of staining. For quantitation, a cutoff of �40%
average nuclear positivity was used to define positive samples.

The first TMA consisted of primary MB samples. Survival
analysis for all patients, by qualitative and quantitative methods,
showed a clear and significant difference in overall survival (OS)
between positive- and negative-stained tumors (Figures 4A and B).
Positivity for nuclear Smad3 staining provided a survival advan-
tage to patients. When looking at specific subgroups of patients,
nuclear Smad3 negativity also indicated poor OS. Dividing
patients on the basis of histology, the same trend was observed,
which was statistically significant within classical tumors, but
not in the desmoplastic and large cell anaplastic categories
(Figures 4C–E). However, these latter subgroups displayed a much
smaller total number of patients. Different molecular subgroups
also displayed a similar trend (Figures 4F–H). There was only one
WNT tumor represented on the TMA; therefore, this subgroup
could not be analyzed. The survival difference between positively
and negatively stained tumors was statistically significant in the
SHH subgroup, which was overrepresented in the TMA, but did
not reach statistical significance in the small number of groups 3 or
4 tumors available for analysis. Hence, absence of nuclear Smad3
indicated poor OS, and this trend was consistent across tumor
histology and molecular subtypes. That this trend did not reach
statistical significance in some of the categories analyzed might be
caused by low sample numbers within subcategories.

The second TMA consisted of MBs at varying stages of the
disease, including primary, recurrent and metastatic tumors.
Thirty-eight primary, 16 recurrent and five metastatic tumors were
amenable to scoring (ie, enough preserved tissue was present in the
core). Comparing primary and recurrent tumors, no significant
difference was found between the frequency of positive- and
negative-stained samples (Figure 5A). However, in regards to
metastatic tumors, 100% of these (5/5) were negative for nuclear
Smad3. This bias toward negative Smad3 staining within the meta-
static tumors was statistically significant using a Chi-squared test
despite the low number of overall samples (Figure 5A).

To see whether Smad3 nuclear staining might predict recurrence
or metastasis at early stages of the disease, we compared staining
of primary tumors that had recurred or metastasized to those that
had not. No significant difference in the distribution of positive-
or negative-stained tumors was observed (Figure 5B). Therefore,
although nuclear Smad3 staining was significantly correlated with
metastasis, it was not predictive of metastasis or recurrence.

mRNA levels of Smad3 in primary MB samples
do not correlate with survival

To evaluate whether similar trends in survival and molecular
subtype extend to the RNA expression levels of Smad3, we turned
to two large mRNA expression databases derived from primary
MBs. In both cohorts, Smad3 mRNA was significantly increased
in the WNT and depressed in group 4 tumors (Figure 6A). It is
interesting to note the difference in overall survival between these
two subtypes of MB. WNT tumors have a very favorable outcome,
with averages of 90% progression free and overall survival rates
(5, 10, 30, 31, 36, 48). Group 4 tumors display significantly worse

Figure 2. Heat map of murine data representing top 20 significant
genes with an absolute fold change of 1.5 or greater. P1-P3 = patch
tumors; S1-S3 = Smo/Smo tumors.

TGF-b Activity Is Prognostic in Medulloblastoma Aref et al

182 Brain Pathology 23 (2013) 178–191

© 2012 The Authors; Brain Pathology © 2012 International Society of Neuropathology



progression free and overall survival when compared to the WNT
subgroup (5, 10, 30, 31, 36, 48). In relation to the four major
molecular subtypes of MB, group 4 tumors can be classified as
having intermediate progression and survival rates, comparable to
SHH but better than group 3 tumors (5, 10, 30, 31, 36, 48).

In spite of the difference in Smad3 mRNA expression levels
among MB molecular subgroup, no difference in patient
survival between high and low Smad3 expressers was observed
(Figure 6B). mRNA levels are not always directly correlated with
protein amount or concentration. Smad3 mRNA and protein kinet-
ics might, therefore, be unassociated and distinct, accounting for
the different results between our TMA and mRNA expression
survival analyses. Conversely, the lack of any survival advantage in
the high-Smad3 mRNA expressers might suggest that Smad3
mRNA or protein levels, alone, are not prognosticators of outcome
in MB; rather, the activation of the canonical arm of the TGF-b
pathway (indicated by nuclear localization of Smad3) is responsi-
ble. As canonical TGF-b pathway activation is only partially
dependant on Smad3 mRNA and protein levels, significant sur-
vival differences are not observed using this parameter.

Smad3 immunohistochemistry defines
putative tumor precursor cells in
cerebellar development

MB is considered an embryonal tumor and thought to arise
through transformation of primitive cells during cerebellar devel-

opment (14, 16, 22, 43). As a parallel to our immunohistochemical
investigation of human MBs, we elected to take a similar approach
and use immunohistochemistry with anti-Smad3 to detect normal
cells in development, which might be precursors to MB.

Cerebellar development in the mouse occurs largely postna-
tally from day 1 to day 20 postpartum (21, 22, 43). During the
early stages of development, from postnatal day 1 to 7 (P1–P7),
the granule neuron precursor cells in the external granule layer
(EGL) undergo massive rounds of proliferation (14, 21, 22, 43).
From P7 to P13, the proliferation rate slowly decreases, as the
cells of the EGL begin to mature and migrate through the
molecular layer (ML) and into the internal granule layer (IGL)
(21, 22, 43). By P20, the macrostructures of the cerebellum are
fully developed and the organ closely resembles that of the adult
mouse (21).

We stained the murine cerebellum at each of the important
developmental milestones, specifically at P1, P7, P13, P20 and 6
weeks of age, for Smad3 and other cellular markers. The EGL was
largely negative for nuclear NeuN, a marker of more mature
neurons, while staining for nestin, a marker of primitive, undiffer-
entiated cells, was observed throughout the time points examined,
as expected. Interestingly, no Smad3 nuclear staining was
observed at any time during cerebellar development in this struc-
ture (Figure 7A). This result implies that the most immature
granule neuron precursors are likely not responsive to or stimu-
lated by TGF-b signaling to induce the canonical arm of the
pathway during the lifetime of the EGL.

Figure 3. Ingenuity Pathway Analysis revealed TGF-b as a node, linking a subset of the genes within the microarray identified list, in a statistically
enriched network in both the human and murine species.
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The greatest number of Smad3-positive cells was observed at
the upper border of the emergent IGL and throughout the ML,
during early and mid-cerebellar development (Figure 7A). The
staining was most intense at P7–P13, when granule neuron pre-
cursors of the EGL are differentiating and migrating into the
IGL. Smad3 staining patterns were paralleled most closely by
NeuN and not by GFAP staining, a marker for astrocytes. This
indicates that the majority of Smad3 nuclear positive cells
throughout cerebellar development are comprised of maturing
cells of neuronal lineage.

At P20 and 6 weeks of age, all compartments of the fully
developed cerebellum are negative for nuclear Smad3 staining
except for scattered cells adjacent to the Purkinje neurons
(Figure 7A). These nuclear Smad3-positive cells seem to also rep-
resent a subset of mature neurons as they co-stain for NeuN
(Figure 7A).

The development of the human cerebellum is more complex and
takes place both in utero and postnatally; however, it shares the

same basic features and key developmental milestones as the
mouse (21, 22, 43). In terms of nuclear Smad3 staining, in
humans, the developmental pattern closely mirrors that of the
mouse. During early cerebellar development, at embryonic week
26, corresponding to P1 in the mouse (21, 22, 43), most of the
EGL and IGL are negative for nuclear Smad3 staining (Figure 7B).
At the end of gestation (37–40 weeks), which corresponds to
P7–P13 during murine development (21, 22, 43), when cells of
the EGL begin to mature and migrate downwards into the IGL,
Smad3-positive cells are observed scattered throughout the
molecular layer (Figure 7B). At 1 year postpartum, the human
cerebellum is almost fully developed (akin to P20 in the mouse)
(21, 22, 43) and little nuclear Smad3 staining is observed except,
again, in cells adjacent to Purkinje neurons at the border of the
molecular and granule cell layers (Figure 7B).

As in the mouse, Smad3 nuclear staining is mirrored most
closely by NeuN staining, while little overlap is observed with
staining for GFAP (Figure 7B). Therefore, Smad3 nuclear positive

Figure 4. Nuclear Smad3 positivity identifies patients with good overall
survival across various patient subclasses. A. Evaluation of entire
TMA manually and B. by quantitative means (spectrum) reveals that
nuclear Smad3 positivity is a prognosticator of favorable outcome. C–E.

patients classified based on tumor histology. F–H. patients divided
based on molecular subtype. OS = overall survival; DMB =
desmoplastic; LGA, = large cell anaplastic; SHH = sonic hedgehog.
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Figure 5. TMA comprised of patients with MBs at different stages of disease progression. A. Metastatic tumors stain negatively for nuclear Smad3
(P = 0.0186); n (primary) = 38, n (recurrent) = 16, n (metastatic) = 5. B. There is no difference between the frequencies of positive and negative
staining for nuclear Smad3 in primary tumors that recur/metastasize (n = 22) and those that do not (n = 16).

Figure 6. mRNA levels of Smad3 in primary MB tumors. A. Smad3 mRNA is significantly upregulated in WNT and depressed in group 4 subtypes
in two large gene expression databases of primary MB. B. No survival difference is observed between high vs. low Smad3 expressers.
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Figure 7. Smad3 nuclear localization during (A) human (20¥ mag) and
(B) murine (40¥ mag) cerebellar development. The greatest staining is
observed during the beginning of granule neuron precursor (GCP) matu-
ration and migration out of the EGL (P7-13 in the mouse, 26–40 weeks
gestation in the human). Almost no staining for this marker is observed
in the developing EGL or in the mature granule neuron layer. The Smad3
staining pattern is closely paralleled by NeuN, a marker of mature

neurons but not by a marker of astrocytes (GFAP) or primitive neuronal
cells (nestin). In the mature cerebellum, nuclear Smad3 staining is
largely absent except in a subset of cells adjacent to Purkinje neurons.
These cells stain for NeuN but not for GFAP or nestin, indicating they are
of neuronal lineage. EGL = external granule layer; ML = molecular layer;
IGL = internal granule layer; GL = granule layer; PCL = Purkinje cell layer;
GFAP = glial fibrillary acidic protein.
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cells in humans also represent a subset of more mature neuronal
cells during development.

Hence, in both species, Smad3 nuclear positivity is a
transient event, observed during the maturation, differentiation
and migration of primitive neuronal precursors. In this way,
Smad3 marks a population of more mature granule neuron
precursors probably during their migration out of the EGL, to
their final destination in the IGL. It is quite possible that these
are the cell of origin of the SMAD3-positive good prognosis
MBs.

CDK5: a potential mediator of TGF-b activity
in MB

In normal cells, cessation of proliferation is a key prerequisite for
differentiation and migration (6, 35, 38, 42, 54). One of the major

cellular effects of TGF-b canonical signaling is the induction of
cytostasis via the transcriptional activation of cyclin-dependant
kinase (CDK) inhibitors (CKI) (42). We mined our array gene
profiling data for the expression of these proteins to determine
whether they play a role in TGF-b pathway regulation in MB. We
identified one gene, CDKN2C (p18), an inhibitor of CDK4 and
CDK6 (15), downregulated (1.65-fold) in our human list. No CKI
proteins were identified in the murine data.

We also identified several proteins associated with the atypical,
neuronal CDK (6, 35, 38, 50, 54), CDK5 in both species. CDK5R2
and CDK5RAP2 were both downregulated, 2.1- and 2.7-fold
respectively, within metastatic human tumors, whereas
CDK5RAP3 was upregulated 1.7-fold in the Smo transgenic mice.
CDK5 has been shown to be important for the induction of cell
cycle arrest, differentiation and migration of neuronal cells both in
vitro and in vivo (6, 35, 38, 50, 54). Specifically, the expression of

Figure 7. Continued

Aref et al TGF-b Activity Is Prognostic in Medulloblastoma

187Brain Pathology 23 (2013) 178–191

© 2012 The Authors; Brain Pathology © 2012 International Society of Neuropathology



this protein is high in postmitotic cells and its loss leads to reentry
into the cell cycle (6, 54). In addition, knockout of CDK5 within
the nervous system leads to significant abnormalities in the devel-
opmental program of neurons, including granule neuron precur-
sors, as evidenced by the presence of immature, proliferating cells
within compartments that are normally populated by mature post-
mitotic neurons and perinatal mortality (38, 54). Finally, it has also
been demonstrated that, at least in primary sensory neurons,
TGF-b1 regulates CDK5 activity (50).

In the context of MB, it remains to be determined whether
functional crosstalk exists between the CDK5 and TGF-b path-
ways. However, given the elucidated cellular effects of CDK5 and
our observations regarding TGF-b in MB, these molecules remains
an attractive avenue for investigation in order to link the cell cycle,
differentiation and migration defects that underlie cancer and
metastasis.

DISCUSSION
Over the past decades, advances made in the understanding of MB
have led to a great increase in the overall survival rate, as high as
75%, for patients suffering from this tumor (3, 11, 21, 43). A
combination of surgery, craniospinal radiation and chemotherapy
is largely responsible for this success (21, 43). Aggressive treat-
ment has also spelled serious neuroendocrine side effects and a
steep decline in quality of life for patients post-therapy (21, 43). A
major factor that compounds the problem is that current clinical
stratification criteria do not effectively identify “low-/standard-
risk” patients with resistant disease or “high-risk” patients who
might be over treated (3, 21, 43).

To date, much of the research on MB has focused on the process
of tumorigenesis and growth (53). As such, the molecular media-
tors of metastasis and progression remain poorly characterized
(53). To further identify pathways of signaling that contribute
to aggressive MB behavior, we performed an unbiased, whole
genome expression study of primary and recurrent/metastatic
human tumors as well as indolent and aggressive murine MBs. We
employed a novel strategy by integrating data from a small set of
samples of different source RNA quality (FFPE vs. fresh frozen
tumors) and from two different species (human and mouse). We
also used a systems-wide approach in the analysis of our data, in
order to identify important and conserved pathway perturbations
present in both species.

We identified the TGF-b as a potential contributor to the patho-
genic behavior of MB. Furthermore, we showed that nuclear
Smad3 positivity, a major downstream component of the canonical
TGF-b pathway, was a prognosticator of good overall survival
across many subcategories of patients, including tumor histology
and molecular subtype, whereas negative Smad3 nuclear staining
correlated with metastatic MB but showed no association or pre-
dictive value for recurrence or metastasis of the disease.

All samples that were transcriptionally profiled consisted of
adult MB patients. The TMAs used for validating the role of
TGF-b at different stages of MB disease progression consisted
primarily of adult patients. However, the samples used in the
determination of the link between TGF-b pathway activation and
patient outcome consisted mostly of pediatric tumors. Future
studies are necessary to determine the exact role of the TGF-b

pathway in pediatric vs. adult patients and the extent of similarity
in the function of this signaling axis in MB of patients with various
age demographics.

The survival advantage observed for the Smad3 nuclear positive
subset was not as a result of segregation of WNT tumors, known to
have excellent prognosis, from the other molecular subtypes as
only one WNT tumor was present on our TMA. Hence, although
Smad3 and indeed the TGF-b signaling have been shown to be
highly cooperative with the WNT pathway, the survival advantage
observed for Smad3 nuclear positive tumors cannot be solely
attributed to WNT activation, a known marker of good prognosis
in MB.

In addition, group 3, group 4 and WNT tumors were poorly
represented, while our TMA was enriched for SHH tumors. One
possibility that might account for the fact that nuclear Smad3
positivity was not correlated with survival in WNT, group 3 and
group 4 tumors is the low numbers of these samples that pre-
cluded statistical analysis. An alternative explanation, especially
in the case of group 3 and group 4 tumors, might be differential
response to TGF-b caused by karyotypic divergence (26). Using
a variety of embryonal tumor, including two MB cell lines, it has
been previously shown that the number of genetic changes is
important in determining the type of response to TGF-b stimula-
tion (26). Tumors with highly unstable genomes are stimulated to
proliferate in the presence of TGF-b, whereas this molecule
retains its cytostatic abilities in genetically quite tumor environ-
ments (26). This same observation has been made in the context
of gliomas (26).

MycC, amplified in group 3, and Otx2, amplified in both
groups 3 and 4 tumors play important roles in cell and organismal
survival and are known factors for poor prognosis in MB (10, 31,
48). Previous reports have shown that, in part, the cytostatic/pro-
apoptotic effects of canonical TGF-b and BMP signaling are
dependent on inhibition of oncogenic c-Myc activity (24).
Conversely, reports that indicate the requirement of c-Myc in
oncogenic TGF-b signaling (eg, induction of epithelial-to-
mesenchymal transition; EMT) also exist (3). In neuroblastoma
cells, n-Myc has been shown to regulate the expression of a
microRNA (miR-335) that modulates TGF-b noncanonical sign-
aling (34). Otx2 is a transcription factor critical for brain pattern-
ing and development whose expression in the neuroectoderm is
regulated by Smad-dependent TGF-b signaling (27). Genetic
defects in the Myc family proteins and Otx2 might be important
in counteracting the cytostatic and tumor suppressive effects and
perhaps potentiating oncogenic TGF-b activity within more
aggressive subtypes. Therefore, Smad3 loss within the group 3
and group 4 tumors might be related to the acquisition of these
and other, as of yet undetermined, genetic events characteristic of
these poor prognosis subtypes. It is possible that TGF-b signaling
has different pathophysiological effects within different subtypes
of MB. From this study, it is clear that the TGF-b pathway is
important in SHH-driven tumors. Further investigation is required
to elucidate the exact role and effect of TGF-b within these tumor
types.

The survival advantage observed when evaluating Smad3 cel-
lular localization was not recapitulated when looking at Smad3
mRNA levels alone, indicating a role for the canonical arm of the
TGF-b pathway rather than Smad3 activity on its own. Potentially,
Smad3 mRNA and protein kinetics can be distinct as mRNA levels
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are not always directly correlated with protein amount or concen-
tration. Conversely, the lack of any survival advantage in the high
Smad3 mRNA expressers might be indicative of a role for the
canonical arm of the TGF-b pathway, of which nuclear Smad3
localization is a marker. Hence, Smad3 mRNA or protein levels,
alone, would not be prognosticators of outcome in MB as canoni-
cal TGF-b pathway activation is only partially dependant on
Smad3 mRNA or protein levels.

We also showed that Smad3 expression during development
identified a subset of cerebellar neuronal precursors as putative
cells of origin for the Smad3-positive MBs. In addition, there
seemed to be a developmental role for the TGF-b pathway within
the cerebellum. Immunohistochemical staining of developing
human and murine cerebella, revealed a similar pattern of Smad3
nuclear localization in both species. Staining spatiotemporally
coincided with the maturation and migration of granule neuron
precursors (GCP) out of the EGL and into the developing IGL.
Almost no staining for this marker was observed in the developing
EGL or in the mature granule neuron layer. Therefore, Smad3
nuclear positivity in the developing cerebellum represented a tran-
sient event, observed during the maturation, differentiation and
migration of primitive neuronal precursors.

The above observations from MB tumors and cerebellar devel-
opment are consistent with a putative role for the TGF-b pathway
in cell cycle exit, differentiation and migration of cells of neuronal
lineage in the cerebellum. A potential downstream mediator of
TGF-b that links these cellular processes is CDK5 as associated
proteins were dysregulated within both human and murine species
examined. CDK5 is an atypical cyclin-dependant kinase that is
highly expressed in postmitotic cells of the nervous system (6, 35,
38, 50, 54). In addition, in primary sensory neurons, TGF-b1 has
been shown to increase CDK5 and CDK5R1 protein levels with a
concomitant increase to CDK5 activity (50). Further investigations
are required to demonstrate cooperation between the TGF-b
pathway and CDK5 activity in MB, and elucidate their pathobio-
logical role, if any, in this tumor.

The identification of the TGF-b pathway was surprising as this
signaling axis has not been widely linked to MB pathogenesis or
cerebellar development. Nevertheless, several lines of evidence
suggest a role for TGF-b involvement during these processes. In
terms of cerebellar development, TGF-b2, the major isoform
of TGF-b expressed in the cerebellum is secreted by maturing
granule neurons, the suspected cells of origin for at least some
subtypes of MB, from postnatal day 3 to about day 13 in the mouse
(7). Several studies have shown that this molecule may induce
apoptosis, proliferation or maturation of both mature and precur-
sor granule neurons, depending on the environment (9, 12, 28, 29).
The time period during which TGF-b2 is expressed coincides with
the migration of maturing granule neurons from the EGL of the
developing cerebellum to the IGL (21, 22, 43). Cerebellar Purkinje
neurons produce and secrete this molecule throughout the lifespan
of the mouse (7). It is not surprising, then, that we observe a subset
of neuronal cells adjacent to them that stain for nuclear Smad3 in
the adult organism. Furthermore, TGF-b1 is constitutively pro-
duced by a small but distinct population of cells in the meninges,
the most common site for MB metastasis (7). Most recently, it has
been shown that CNS-specific knockdown of Smad2, but not
Smad3, causes severe cerebellar dysfunction, including delayed
maturation and migration of granule neuron precursors (52). In

addition, several BMPs, which are part of the same family of
proteins, have been implicated in inducing migration and differ-
entiation at several points during cerebellar development including
promoting the differentiation and maturation of granule neuron
precursors (22, 43).

As with cerebellar development, some evidence exists, suggest-
ing the involvement of the TGF-b pathway in MB. For example,
overexpression of FOXG1, a repressor of TGF-b-induced cytosta-
sis, seems to be a common, early event in MB (1). When looking
at the large gene profiling studies of primary MBs that uncovered
the molecular subtype paradigm for this tumor, components of this
pathway seem to be dysregulated in many subtypes of the disease
(WNT: Smad3, TGFBI; SHH: TGFB2; group 3: TGFBR3,
TGFB1) (5, 30, 36). In addition, various molecules associated with
the TGF-b pathway have been linked to MB pathogenesis. miR-21
has recently been shown to be involved in MB metastasis (19).
This microRNA has also been linked to the TGF-b pathway in
other contexts and thought to regulate and be regulated by this
signaling axis (19). The bone morphogenic proteins (BMPs),
which are part of the TGF-b superfamily, have also been impli-
cated in MB pathogenesis (2, 13, 14, 20, 22, 43, 55).

In this study, we clearly link TGF-b to SHH-driven MB patho-
genesis. We show that nuclear Smad3 staining is a prognosticator
of favorable outcome in classic tumor histology and SHH
molecular subtypes of the disease. This survival advantage is
only observed when looking at protein localization (ie, nuclear
localization of Smad3) as Smad3 mRNA levels do not replicate
these dramatic results. This suggests that canonical TGF-b sign-
aling, of which Smad3 nuclear localization is a marker, is the
true prognosticator of patient survival. Recent evidence, from
other cancer types, indicates that an imbalance between the
canonical and non-canonical arms of TGF-b signaling might be
responsible for converting this molecule from a tumor suppressor
to a tumor promoter (39). Therefore, as tumor malignancy
increases Smad-dependant canonical signaling decreases, accom-
panied by a concomitant increase in signaling via Smad-
independent, non-canonical pathways and onco-stimulatory
effects of TGF-b (39).

Data obtained from our developmental staining also gives us
avenues for further investigation into the mechanistic role this
pathway might play in MB. Although it is possible that Smad3
nuclear localization is simply a marker for good prognosis MB, it
is also likely that canonical TGF-b signaling has an active role in
MB pathogenesis. As, in the normal developing cerebellum, cells
positive for Smad3 nuclear localization exist, and different MB
subtypes have different cells of origin (17, 18), it is possible that
these are the cells of origin of good prognosis MB. Conversely,
during cerebellar development, nuclear Smad3 positivity marks a
population of more mature/maturing granule neuron precursors.
Nuclear Smad3-positive MBs might demarcate a subset of tumors
that are in a less primitive state that is more responsive to envi-
ronmental and developmental cues. This might be the basis for the
observed survival advantage of this group of tumors. Further
investigation into the mechanistic role of TGF-b is required to
fully elucidate the role of this pathway in MB.

To our knowledge, this is the first time that a clear link between
the TGF-b pathway and MB pathogenesis has been made. From
this research, it seems that canonical activation of this pathway
leads to better prognosis for patients.
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