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Abstract

Background: TGFf has emerged as an attractive target for the therapeutic intervention of
glioblastomas. Aberrant TGFf} overproduction in glioblastoma and other high-grade gliomas has
been reported, however, to date, none of these reports has systematically examined the
components of TGFp signaling to gain a comprehensive view of TGFf activation in large cohorts
of human glioma patients.

Methods: TGFj activation in mammalian cells leads to a transcriptional program that typically
affects 5—10% of the genes in the genome. To systematically examine the status of TGFf} activation
in high-grade glial tumors, we compiled a gene set of transcriptional response to TGFf stimulation
from tissue culture and in vivo animal studies. These genes were used to examine the status of TGFf
activation in high-grade gliomas including a large cohort of glioblastomas. Unsupervised and
supervised classification analysis was performed in two independent, publicly available glioma
microarray datasets.

Results: Unsupervised and supervised classification using the TGFp-responsive gene list in two
independent glial tumor gene expression data sets revealed various levels of TGFf activation in
these tumors. Among glioblastomas, one of the most devastating human cancers, two subgroups
were identified that showed distinct TGFf} activation patterns as measured from transcriptional
responses. Approximately 62% of glioblastoma samples analyzed showed strong TGFf activation,
while the rest showed a weak TGFp transcriptional response.

Conclusion: Our findings suggest heterogeneous TGFf3 activation in glioblastomas, which may
cause potential differences in responses to anti-TGFf therapies in these two distinct subgroups of
glioblastomas patients.

Background estimated 13,000 deaths every year [1]. The most aggres-
Glial tumors are the most common primary brain malig-  sive form, glioblastoma (WHO Grade IV), also known as
nancies in adults. In the United States, they result in an  glioblastoma multiforme, is one of the most deadly
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human malignancies. Glioblastoma patients have a
median survival time of less than 12 months despite the
standard treatment of surgery, radiotherapy and nitrosou-
rea-based chemotherapy [2]. Significant morbidity and
mortality comes from local invasion of the tumor prevent-
ing complete surgical resection. Glioblastoma may
develop from a diffuse astrocytoma or an anaplastic astro-
cytoma (secondary glioblastoma), but more commonly
presents de novo without evidence of a less malignant pre-
cursor (primary glioblastoma). Genetically, amplification
of the epidermal growth factor receptor (EGFR) locus is
found in approximately 40% of primary glioblastomas
but is rarely found in secondary glioblastomas; mutations
of the tumor suppressor gene phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) are observed in
45% of primary glioblastomas and are seen more fre-
quently in primary glioblastomas than in secondary gliob-
lastomas [3]. Loss of heterozygosity (LOH) of
chromosome 10 and loss of an entire copy of chromo-
some 10, which harbors the PTEN gene, are the most fre-
quently observed chromosomal alterations. The aberrant
EGFR expression and the mutation of PTEN leads to
abnormal activation of phosphoinositide-3-kinase
(PI3K)/v-akt murine thymoma viral oncogene homolog
(AKT) pathway, which provides necessary signals for
tumor cell growth, survival and migration [4]. The impor-
tance of activation of EGFR-PI3K/PTEN pathway in the
pathogenesis of glioblastoma has been confirmed in the
subgroup of patients who showed clinical responses to
EGFR kinase inhibitors [5,6].

The transforming growth factor-p (TGFp)-mediated path-
way has also been shown to play critical roles in glial
tumors. The high-grade malignant gliomas express TGFf
ligands and receptors, which are not expressed in normal
brain, gliosis, or low-grade astrocytomas [7-10]. The
immunosuppressive cytokine, TGFf, secreted by the
tumor cells interferes with the host antitumor immune
response therefore allowing the tumor to escape immuno-
surveilance [11]. Furthermore, TGFP may act directly as a
tumor progression factor. The growth-inhibition function
on normal epithelial cells has been lost in many tumor-
derived cell lines [12]. The ability of TGFp to enhance cell
migration promotes tumor growth and invasion in
advanced epithelial tumors [13-15].

TGFp ligands are secreted in latent forms and are activated
through cleavage of the carboxyl-terminal latency-associ-
ated peptide. Activated TGFp ligands bind to specific cell
surface receptors to form an activated heterodimeric ser-
ine/threonine kinase receptor complex. The constitutively
active type Il receptor phosphorylates and activates the
type I receptor upon binding of the activated ligands,
which then initiates the intracellular signaling cascade
involving the SMAD, a family of proteins similar to the
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gene products of the Drosophila gene "mothers against
decapentaplegic" (Mad) and the C. elegans gene Sma.
SMAD2 and SMADS3 specifically mediate the signals
induced by TGFp. Phosphorylated SMAD2/3 are released
from the receptor complex and bind to SMAD4. The
SMAD2(3)/SMAD4 complex is translocated into the
nucleus and regulates the transcription of specific target
genes. TGFP may act via the SMAD pathway to either pro-
mote or inhibit the transcription of specific genes [16].
The transcriptional profiles induced upon TGFp stimula-
tion have been examined using microarray technology
[17-24]. Diversified yet overlapping transcriptional
responses are generated by TGFf stimulation in different
tissues in different species. In general, the expressions of
5-10% genes in the genome are affected upon TGFp stim-
ulation.

Large-scale microarray analysis has been used in gliomas
to identify gene signatures that have the power to predict
survival and subclasses of gliomas that represent distinct
prognostic groups [25-27]. Gene expression-based classi-
fication of malignant gliomas was shown to correlate bet-
ter with survival than histological classification [28]. In
this current investigation, we analyzed the transcriptional
responses generated upon TGFp stimulation from multi-
ple studies. We then used this gene signature to examine
the activation status of TGFf in high-grade gliomas using
published microarray data.

Methods

Glioma microarray datasets

Two glioblastoma microarray datasets were used in this
study: Freije et al [25] and Nutt et al [28]. The Freije study
included 85 tumor samples (dChip133ABGliomasGrdIIl_
IVxls) and used the affymetrix U133A and U133B gene
chips, which contain more than 45,000 probesets. Con-
sistent with the original publication, the dCHIP [29] nor-
malized expression values were used in the analysis. The
quality of the data was examined by scatter plots and cor-
relation coefficients were calculated among all samples. 5
tumors (GBM 1469, GBM 1544, GBM 2015, GBM 749,
GBM 839) were excluded from further analysis due to
large artifacts on the scatter plots and low correlation coef-
ficients with the rest of the samples. Between the two rep-
licates of tumor # 975 (OLIGO III 975 and OLIGO III
975.1), OLIGO II1 975 was included here, since it showed
better quality as assessed from the scatter plot. The average
of the two replicates (OLIGO III 744, OLIGO III 744.1)
was used for the same reason. A total of 78 tumors from
this dataset were used in the subsequent analysis. The sec-
ond, independent dataset from Nutt et al [28] included 50
tumors and was generated on the Affymatrix U95A plat-
form. The files with .cel format were downloaded from
http://www.broad.mit.edu/publications/broad888 and
normalized with GC-RMA in Splus 6.2 (Insightful) with
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the S+ArrayAnalyzer module (2.0). Pearson's correlation
coefficients were calculated among all tumors and 4
tumors (Brain_NG_13, Brain_CG_1, Brain_NG_11,
Brain_CG_10) were excluded from further analysis due to
low correlation coefficients with the rest of samples. A
total of 46 samples from this dataset were used in the fol-
lowing analysis.

Data analysis

ANOVA, t-test, Pearson's correlation coefficient calcula-
tions, Support Vector Machine (SVM) classification, and
survival analysis were computed using MATLAB 7.1 soft-
ware (MathWorks, Natick, MA). The hierarchical cluster-
ing was performed in Spotfire DecisionSite 8.1 for
Functional Genomics (Spotfire, Somerville, MA). The
overall outline of the analysis steps is summarized in Fig-
ure 1.

TGF -Responsive gene list

The comprehensive TGFp-responsive gene set was com-
piled from 3 in-house microarray studies, 6 published
microarray studies [19-24], and an in-house curation of
>100 publications on TGFB regulated genes. The 3 in-
house microarray studies include: human lung fibroblast
+/- TGFB [17], human glioblastoma cell line LN308 +/-

3 in-house Microarray Studies
6 Published Microarray Studies
Literature

v

2749 Comprehensive TGFB-responsive Gene Set

v

Assessment of TGFB Activation in Freije Data Set
Unsupervised Hierarchical Clustering
(103 Most Consistent TGF B-responsive Classifiers)

11 Tumors with Strong TGFB Response
10 Tumors with Weak TGFB Response

SVM Classification

v

Differential Gene Expression in Glioblastormas
(Strong vs Weak TGFB Response Subgroups)

v

Validation in Nutt Data Set

Figure |
Outline of data analysis steps.
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TGEFpB (unpublished data), and human pancreatic cancer
cell line Pancl +/- TGFp [30]. For the published microar-
ray studies, the whole datasets were not always available,
however, the differentially expressed gene list based on
the authors' criteria was normally presented in the publi-
cations. The following strategy was utilized to summarize
the results from different studies and publications. For
each of the microarray studies, if a gene was identified by
the original authors using their criteria as differentially
expressed after TGFp stimulation at any of the time points
in the original publication, it contributed one count to
this gene. If the gene was one of the in-house curated
TGEFp regulated genes, it also contributed one count. For
in-house microarray studies where the whole datasets
were available, a differentially expressed gene was defined
as genes with at least 1.8 fold change in response to TGFp
treatment. If the study was done in mouse models, the
human orthologs were identified for the mouse genes
through the ortholog map from Mouse Genome Infor-
matics http://www.informatics.jax.org/. The counts were
then summed across all studies for each gene (Additional
file 1: Counts of Studies). The direction of changes after
TGFp treatment was also summarized in the following
fashion: upregulation of gene expressions upon TGFj
stimulation contributed positive counts, while downregu-
lation of gene expressions after TGFB treatment contrib-
uted negative counts. The signed counts were then
summed across all microarray studies. If one gene is
upregulated by TGFf in one study but downregulated by
TGFp in another study, the direction counts will cancel
each other during summarization therefore the total direc-
tion counts will be fewer than the total counts of the stud-
ies (Additional file 1: Directions). Since the direction of
changes in TGFp regulated genes curated from literature
were not readily available in our database, they were not
included in the directional counts.

Results

Identification of TGF/~Responsive gene set

To investigate potential TGFpB activation among glial
tumors, we first identified a gene set that was responsive
to TGFpB stimulation using in-house and public microar-
ray data. Based upon several large-scale gene expression
profiling experiments, TGF is expected to generate tran-
scriptional responses that would impact 5-10% of the
genome in any given tissues and the transcription profiles
upon TGFp stimulation would be quite diversified in dif-
ferent tissues and species [17,19-24]. The transcriptional
responses generated by chronic TGFp stimulation on
tumor tissues would also be different from acute TGFp
stimulation on normal tissues and cell lines. With the var-
iability among microarray experiments, the transcrip-
tional profile from a single experiment is not sufficient to
identify TGFB-responsive genes in glioma tumors. We
examined the genes differentially expressed upon TGFj
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treatment in multiple large-scale gene expression profiling
studies from both the majority of the published literature
at the time this study was conducted, and data from in-
house microarray experiments; these datasets included
multiple tissue types in both human and animal models.
Together with curating >100 publications on TGFfB-regu-
lated genes, we compiled a comprehensive TGFj-respon-
sive gene set using the strategy described above. A total of
2749 unique human genes were identified as responsive
to TGFf stimulation in at least one of the studies (Addi-
tional file 2). Although a majority (2129, 77%) of the
genes were identified from one study, which may reflect
the diversity of TGFp transcriptional responses in different
tissues and species, core TGFfB-responsive genes were
identified in multiple studies showing the independence
of tissue and species origins. 445 (17%) genes were iden-
tified in 2 independent studies and 175 (6%) genes were
identified in at least 3 independent studies. Representative
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Figure 2

The expression of TGFf3 downstream targets
SERPINEI in glial tumors (the Freije dataset) shown
in box plots. Y-axis is the expression level of SERPINE/ in
log2 scale. The black arrow indicates the mean expression
level of SERPINEI in each type of gliomas. Red spots indicate
the outlier samples. The table underneath of the box plots
are the summary statistics (count, mean, standard deviation
(StdDev), median) of the expression level of SERPINE! by gli-
oma types. A: Significant association of SERPINE| expression
and histology classification. SERPINE| is significantly upregu-
lated in glioblastoma (GBM) compared to anaplastic astrocy-
toma (Astro), anaplastic oligodendroglioma (Oligo) and
mixed glioma, anaplastic oligoastrocytoma (Mix). The mean
expression level of SERPINE] is 6.1-fold higher in glioblast-
oma compared to anstrocytoma, 5.3-fold higher compared
to mixed glioma and |.9-folder higher compared to oligoden-
droglioma. P-value computed using ANOVA is indicated at
the top right corner of the plot. B. Significant association of
SERPINE| expression and the grade of the tumor. SERPINE|
is significantly upregulated in grade IV tumors (GBM) com-
pared to grade lll tumors (Astro, Oligo, Mix). The mean
expression level of SERPINEI is 3.7-fold higher in grade IV
tumors (GBM) than in grade Il tumors. The P-value was
computed using a t-test as indicated in the top left corner of
the plot. C. The expression of SERPINE/ is highly correlated
with FN| expression in gliomas. The correlation coefficient
(R) and P-value of correlation (p) were indicated in the plot.
The histology types of the gliomas are indicated by colors
(blue: GBM, red: Astro, pink: Mix, black: Oligo).

TGFp-responsive genes with references are shown in Addi-
tional file 1. Gene ontology annotation showed that these
genes are involved in a wide variety of biological func-
tions where TGFp plays a role, such as cell growth control,
angiogenesis, signal transduction, immune response, cell
adhesion, cell motility, and regulation of transcription.

As a first step towards characterizing the TGFB-responsive
gene set in gliomas, we examined the expression of a clas-
sic TGFp target gene SERPINEI in glial tumors within the
Freije data set. The expression of SERPINEI, also called
PAI-1, has been shown to be regulated by TGFj in several
reports [31]. Multiple TGFB-responsive elements have
been identified at the promoter region of the SERPINE]
gene [32,33]. The protein products of the SERPINE1 gene
play important roles in TGFp-mediated biological proc-
esses such as fibrosis and wound healing [34]. The induc-
tion of SERPINE1 expression by TGF was abolished by
agents that interfered with TGFB signaling [17]. Our
ANOVA analysis of the Freije study suggested that there
was no significant association between SERPINE1 expres-
sion and age or gender. However, SERPINE1 expression
was significantly associated with the following histologi-
cal types: glioblastoma (GBM), anaplastic astrocytoma
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(Astro), anaplastic oligodendroglioma (Oligo) and mixed
glioma, anaplastic oligoastrocytoma (Mix)(p < 1.52 x 10-
5), as well as grades (III and 1V) (p < 7.87 x 10-9).
SERPINE1 expression was significantly upregulated in
glioblastoma (grade IV) compared to other grade III glial
tumors (anaplastic astrocytoma, anaplastic oligodendrog-
lioma and mixed glioma, anaplastic oligoastrocytoma,
Figure 2A and Figure 2B). Similar results were found in
another TGFp target FN1 (Additional file 2). Moreover,
the expressions of SERPINE1 and FN1 were highly corre-
lated among the high-grade gliomas (correlation coeffi-
cient r = 0.687, Figure 2C), suggesting the activation of
TGFp pathway [35]. We also found similar expression pat-
terns in a second independent glioma dataset, the Nutt
study [28].

Similar to SERPINEI and FN1, the expression of many
other well-known TGFf downstream targets was signifi-
cantly upregulated in glioblastoma (grade IV) compared
to grade III glial tumors, and they are highly correlated
with SERPINE1 (Additional File 1), including TGIF (p <
1.11 x 108, r = 0.57), VEGF (p < 7.57 x 1071 = 0.63),
THBSI (p < 0.005, r = 0.80), TIMPI (p <2.5x 107, 1 =
0.80), COL4A1 (p < 1.7 x 107, r = 0.62), COL1A2 (p <
8.88 x 107, 1 = 0.69) [20,36-38]. Among the 2749 TGFp-
responsive gene set, 2708 unique genes were represented
by 7173 array elements in the Freije study [25]. Among
the 7173 probesets representing the TGFp-responsive
genes, 417 representing 323 unique genes were signifi-
cantly upregulated in glioblastomas compared to grade I1I
gliomas with p < 0.001 and fold change >1.5. 1588
probesets representing 997 unique genes were signifi-
cantly correlated with SERPINE1 with p <0.001. The com-
plete TGFp-responsive gene set is summarized in
Additional file 2.

Assessment of TGF/ activation in gliomas using the TGFS-
Responsive gene set

Initially the activation of TGFp in gliomas was assessed by
unsupervised hierarchical clustering of glial tumor micro-
array data from the Freije study [25] using the most con-
sistent TGFp-responsive genes in the set (Additional file
1). A TGFpB-responsive classifier set (103 probe sets repre-
senting 60 unique genes) was selected as the classifiers
using the following criteria: 1) they have been identified
to respond to TGFp stimulation in at least 3 studies; 2)
they were consistently up- or down-regulated by TGFp
stimulation in a majority of these studies (absolute direc-
tion counts > 50% of total study counts); 3) they varied
among all tumors in the Freije dataset (CV >10%) [25]. By
visual inspection of the hierarchical clustering results, we
identified two small subsets of the glial tumors that
showed distinct patterns of the 103 TGFf-responsive clas-
sifiers (Figure 3): one with higher expression of many
molecules that were induced by TGFp in vitro and were
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known as classical TGF downstream targets, including
SERPINE1, FN1, THBS1, COL6A1, COL4A1, COL1A2,
LTBP2, ITGB5 (Figure 3, highlighted in green, see Addi-
tional file 2 for the order of 103 probe sets), therefore rep-
resented strong TGFp transcriptional response (right, 11
tumors). In contrast, the expression of these molecules
was much lower in the other cluster, which represented
weak TGFp transcriptional response (left, 10 tumors).
Grade III tumors (8 out of 10) were the majority in the
weak TGFP response cluster, while the strong TGFp
response cluster contained all glioblastomas (Figure 3).
The status of TGFp activation in the remaining tumors is
unclear from visual inspection of the hierarchical cluster-
ing results.

Support vector machine algorithm was then used to fur-
ther classifying the TGFp transcriptional responses among
the remaing glial tumors. The 11 tumors in the subset
showing strong TGFp transcriptional responses and the 10
tumors in the weak TGFp transcriptional responses group
(Figure 3) served as the training set. The machine learning
was restricted to the 7173 TGFp-responsive probe sets.
The Leave-two-out cross-validation showed 100% accu-
racy among the training set, suggesting clear distinction
between the two subgroups. The rest of the glioma sam-
ples were then subjected to SVM as the test set. Table 1
summarized the results of the SVM classification. In total,
the majority of the grade III (96%) tumors with one
exception were classified as weak TGFp response group,
while over half of grade IV glioblastomas (59%) were clas-
sified as strong TGFp responses, suggesting that TGFf is
more commonly activated in glioblastomas. However,
among glioblastomas, the level of TGFp activation, as
assessed by TGFpB-induced transcriptional response, is
quite heterogeneous.

To further examining the differential gene expressions
between the two TGFp response glioblastomas subgroups,
we employed the student t test for each gene and the
results are shown in Additional file 3. A total of 3497
probesets had a p value of less than 0.001, including 1386
that had a fold change larger than 1.7. This set represented
982 unique known genes and 97 unknown genes, and
their differential gene expression patterns among the
glioblastomas are shown in Figure 4. P values and mean
fold changes for representative TGF downstream targets
(highlighted in green in Figure 4) are shown in Table 2.
The expressions of these TGF downstream targets were
highly elevated in TGFf strong response glioblastomas
compared to those in TGFp weak response glioblastoma
subgroup, confirming the heterogenenous activation of
TGFp pathway in glioblastomas.

TGFp activation is associated with tumor progression and

recurrence. In 4 out of 6 cases where primary and recur-
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Figure 3

The SVM training set showing distinct weak or strong TGFf3 response pattern in the 103 classifiers that were
selected from the most consistent TGF(-responsive genes (in the Freije dataset). The data were Z-score trans-
formed and the color range was indicated by the color bar below the heatmap. Each column represents a tumor sample and
the tumor identification number is shown at the bottom of the column. These tumors were selected as training set for the
SVM algorithm. Each row represents one of the 103 TGFf-responsive probesets that were selected from the most consistent
TGFpB-responsive genes. The orders of these genes are shown in Additional file 2.

rent tumor samples from the same patients were available,
TGFp response in the recurrent glioblastomas became
strong from the weak status in the primary tumors (Table
3). No significant survival difference between the two
TGFpB response groups in glioblastomas was observed
with standard treatments (data not shown), though their

potential response to anti-TGFp therapies may be differ-
ent.

Validation of TGFtranscriptional response patterns in an
independent gliomas microarray study

An independent microarray gene expression dataset con-
taining 28 glioblastoma and 22 anaplastic oligodendrog-
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Table I: Summary of TGFJ transcriptional responses from SVM
Classification of Glial Tumors in the Freije Study and the Nutt
Study

Freije et al Nutt et al

Grade Weak Strong Weak Strong
Training Set

11l 8 0 6 I

v 2 I 2 7
Test Set

1l I5 I 12 3

v 20 21 6 9
Total

11l 23(96%) 1 (4%) 18(82%) 4(18%)

v 22(41%) 32(59%) 8(33%) 16(67%)

lioma were obtained from Nutt et al [28]. The Nutt dataset
was generated using the Affymatrix U95A platform that
includes about 12000 probe sets. Using the same criteria
described above, 101 probe sets representing 72 unique
genes were selected from the most consistent TGFpB-
responsive genes. 47 of the 72 genes overlap with those
used in the Freije study [25]. Subgroups of TGFp
responses similar to those seen in the Freije study [25]
were also found by unsupervised clustering (data not
shown). SVM classification was used among 3095 probe
sets representing TGFp responsive genes, with a training
set of 8 samples showing weak TGFp response and 8 sam-
ples showing strong TGFp response in the hierarchical
clustering analysis. The summary of the TGFp response
subgroups from the Nutt study [28] is also shown in Table

http://www.translational-medicine.com/content/7/1/12

1. Overall, the results from the Nutt dataset were consist-
ent with our results from the Freije dataset [25]. The
majority of grade III anaplastic oligodendrogliomas
(82%) showed weak TGFf response while the majority of
grade IV glioblastoma (67%) showed strong TGFp
response. Similar to the observations in the Freije study
[25], TGFp activation is heterogeneous. The expressions of
many well-known TGF downstream targets were signifi-
cantly different between the two TGFf response sub-
groups within glioblastomas (Table 2).

Discussion

Antagonizing the biological effects of TGFp has become a
potential experimental strategy to treat glioblastoma, one
of the most devastating human cancers. Several anti-TGF
therapies have shown promise in both preclinical and
early clinical trials [39]. The current rationale for TGFp
antagonism includes its role in tumor promotion, migra-
tion and invasion, metastasis, and tumor-induced immu-
nosuppression. Numerous reports suggest aberrant TGFf3
activation in glioblastoma and other high-grade gliomas.
This includes abnormal expression of the ligands, more
specifically TGFB2 and higher levels of phosphorylated
SMADs. However, to date, none of these reports has sys-
tematically examined the components of TGFp signaling
to gain a comprehensive view of TGFp activation in a large
cohort of human glioma patients. In this study, we
adopted an alternative approach. By examining the tran-
scriptional responses induced by TGF activation in pub-
licly available microarray data, we identified two
subgroups of glioblastomas that showed distinct patterns
of TGFB activation in two independent studies. Combin-

Table 2: The Expression of TGF3 downstream targets between the weak and strong TGFf3 response groups in Glioblastomas

Freijie et al Nutt et al
Gene Title Gene Symbol p Value Fold Change p Value Fold Change
collagen, type |, alpha | COLIAI 8.55E-09 6.68 0.018768 2.93
collagen, type |, alpha 2 COLIA2 4.13E-10 4.36 7.10E-05 10.38
collagen, type lll, alpha | COL3AI 6.22E-09 5.61 0.002025 5.30
(Ehlers-Danlos syndrome type |V, autosomal dominant)
collagen, type IV, alpha | COL4AI 7.71E-09 8.38 0.000171 5.48
collagen, type 1V, alpha 2 COL4A2 4.75E-09 5.20 4.19E-05 7.69
collagen, type V, alpha | COL5AI 4.35E-10 3.82 0.00253 1 -1
collagen, type V, alpha 2 COL5A2 3.52E-09 3.95 5.43E-07 5.14
collagen, type VI, alpha | COL6AI 6.40E-07 3.09 2.48E-05 4.95
collagen, type VI, alpha 2 COL6A2 4.04E-11 6.79 4.24E-05 25.45
Collagen, type VI, alpha | COL8AI 1.94E-08 4.52 0.122094 1.27
fibronectin | FNI 2.10E-07 243 5.45E-05 3.77
serine (or cysteine) proteinase inhibitor, clade E (nexin, plasminogen SERPINEI 1.54E-09 5.69 0.000334 10.83
activator inhibitor type |), member |
TGFB-induced factor (TALE family homeobox) TGIF 1.71E-05 1.83 1.63E-06 341
thrombospondin | THBSI 2.17E-08 4.28 0.301818 1.29
tissue inhibitor of metalloproteinase | TIMPI 1.22E-15 6.46 4.19E-06 23.22
(erythroid potentiating activity, collagenase inhibitor)
vascular endothelial growth factor VEGF 5.23E-06 3.32 5.72E-06 10.90
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Differentially expressed genes in the two subgroups of glioblastomas with strong and weak TGFf} response (in
the Freije dataset). The data were Z-score transformed and the color range was indicated by the color bar below the heat-
map. Each column represents a glioblastoma sample and the tumor identification number is shown at the bottom of the col-
umn. Each row represents one of the 1386 differentially expressed gene with p < 0.001 and fold change >1.7. The classical

TGFpB downstream targets in Table 2 are highlighted as green.

ing the two independent microarray studies of high-grade
gliomas, we found that the grade IV glioblastomas
showed stronger TGFp induced transcriptional response
than the grade III tumors. In addition, among glioblasto-
mas, 48 out of 78 (62%) showed strong TGFf activation,
while the remaining 38% showed a much weaker TGFj
transcriptional response. How effective the anti-TGFp
therapies would be in the two subgroups of glioblastomas
showing distinct TGF activation patterns is an open
question for future clinical trials. Nevertheless, this study
confirmed the previous notion that TGFfB activation
occurs commonly in a large portion of glioblastomas, and
anti-TGFp therapies are likely to be beneficial for those

patients.

By examining the genes differentially expressed between
the two identified subgroups of glioblastomas that
showed different TGFB transcriptional responses, we
found that the ligands TGFB1, TGFB2 and their receptors

were expressed significantly higher in the strong TGFj
response group (Additional file 3) compared to those in
the weak TGFp response group, suggesting that increased
expression of the ligands and receptors contributed to
TGFp activation. THBS1, an activator of TGFf, was shown
to have a higher level in the strong TGFf response group
in one study, suggesting that TGFp activation may also
result from increased bioavailability. In contrast, SMAD7,
a negative regulator of TGFJ pathway that often was
induced upon TGFp stimulation in vitro (Additional file
1), was downregulated in the strong TGFp response group
(fold change -1.48, p < 0.0007), suggesting the tumor-spe-
cific escape of the negative feedback mechanism may also
contributed to TGFp activation in glioblastomas. In addi-
tion, genes involved in antigen presentation were upregu-
lated in the TGFp strong response glioblastomas. These
included the genes encoding class I major histocompati-
bility complex proteins HLA-A, HLA-B, HLA-C, HLA-E,
HLA-F, HLA-G, class II major histocompatibility complex
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Table 3: Association of TGFf} responses with tumor progression
and recurrence.

Tumor Type TGFb activation class
MIXED Il 886 Primary Weak
GBM 1463 Recurrent Weak
OLIGO 11 975 Primary Weak
GBM 1028 Recurrent Weak
OLIGO Il 744 Primary Weak
GBM 996 Recurrent Strong
OLIGO il 840 Primary Weak
GBM 1334 Recurrent Strong
GBM 938 Primary Weak
GBM 1406 Recurrent Strong
GBM 2028 Primary Weak
GBM 2029 Primary Weak
GBM 2067 Recurrent Strong
GBM 2068 Recurrent Weak

Primary and recurrent tumors from the same patient were grouped
together.

proteins HLA-DMA, HLA-DMB, HLA-DPA1, HLA-DPB1,
HLA-DQB1, HLA-DRA, HLA-DRB1, MHC class I binding
protein CANX, immunoproteosomal subunits PSMB8
and PSMB9, and MHC peptide transport protein TAP1.
The upregulation of antigen presentation molecules in the
TGFp strong response glioblastomas suggests that the
reported tumor-mediated immunosuppression in gliob-
lastoma occurs through other mechanisms. One study
suggested direct targeting of cytotoxic T cell functions by
TGFB and downregulation of the expression of five cyto-
lytic molecules perforin, granzyme A, granzyme B, Fas lig-
and and interferon y in T lymphocytes [40]. Strong TGFp
response glioblastomas identified in this study also
showed higher expression of many molecules involved in
integrin signaling (ACTA2, ACTN1, ACIN4, ARPC4,
COL1A1, COL1A2, COL4A1, COL4A2, DIRAS3, FNI1,
ITGA2, ITGA3, ITGA4, ITGA7, ITGB1, ITGB2, ITGB4,
ITGB5, LAMA4, LAMB1, LAMB2, LAMC1, MRCL3, RAP2B,
RHOC, RHOJ, RRAS, SHC1, VASP, and ZYX). Integrins
have been shown to mediate the activation of TGFp [41]
and TGFp is known to regulate the expression of cell adhe-
sion molecules including integrins [42,43]. Interestingly,
the glioblastoma group that showed a strong TGFpB
response also showed higher expression of the molecules
involved in angiogenesis, such as VEGF, FLT1, NRPI,
NRP2, ANGPT2, JAG1, ARTS1, TNFRSF12A. Also the gene
expression of a group of insulin-like growth factor bind-
ing proteins, including IGFBP2, IGFBP3, IGFBP4, IGFBP5,
and IGFBP7 were significantly higher in TGFB strong
response glioblastomas. Interestingly, IGFBP2, one of the

http://www.translational-medicine.com/content/7/1/12

most significant gene changes between the two subgroups
of glioblastomas showing different TGFJ responses (fold
change 7.37, p < 1.27 x 10-?), has been shown to enhance
glioblastoma invasion [44]. In contrast, the molecules
involved in GABA receptor signaling (GABBR1, GABRA1,
GABRA5, GABRB1, GABRB3, GABRG2, GAD1, GPR51)
and glutamate receptor signaling (GLS, GRIA2, GRIA4,
GRM1, GRM5, GRM7, SLC17A6, SLC17A7, SLC1A1) were
downregulated in the TGFp strong response glial tumors.
BMP2, a member of TGFp superfamily that has been
shown to promote GABAergic neuron differentiation
[45], was also downregulated in the TGFj} strong response
glioblastomas (Fold change -2.43, p < 0.0013). These
genes differentially expressed between the two identified
subgroups of glioblastomas that showed different TGF§
transcriptional responses provide insights into the poten-
tial mechanisms of TGFf-mediated tumor progression
and invasion in glioblastomas.

EGFR amplification and PTEN mutations/10q LOH are
frequent genetic alterations observed in glioblastomas.
Recently a gene signature generated from autocrine plate-
let-derived growth factor (PDGF) signaling in gliomas has
been used to classify gliomas, and it was shown that EGFR
amplification and PTEN mutation/10q LOH were largely
enriched in the cluster showing weak autocrine PDGF sig-
naling [46]. Using the same signature, we found the TGFj
strong response cluster overlapped with the weak auto-
crine PGDG signaling subgroup extensively (data not
shown), suggesting potential collaboration between
EGFR/PTEN/PI-3K pathway and TGFj pathway in gliob-
lastoma development and progression. Numerous evi-
dence in vitro also showed the collaborating roles of EGFR
and TGFp in inducing epithelial to mesenchymal transi-
tion, an event that contributes to cell migration, invasion,
cell survival and angiogenesis [47-50]. Future studies will
be needed to examine if EGFR amplification and PTEN
mutation/10q LOH were enriched in the subgroups of
glioblastomas that showed strong TGFp transcriptional
response.

Conclusion

Using the TGFB-responsive genes we compiled from vari-
ous studies, we examined the status of TGFf} pathway acti-
vation in high-grade gliomas in two independent,
publicly available, large-scale gene expression datasets.
The purpose of this manuscript is not to establish or test a
gene signature that can be used to prospectively classify
future datasets in a platform-independent fashion. Rather
our goal is to examine the status of TGFf activation and its
heterogeneity among glioblastomas. Therefore, we
applied the same methodology/algorithm in two inde-
pendent datasets and found similar results. Consistent
with previous reports, we found that glioblastomas
showed a stronger TGFf response than grade III gliomas.
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More importantly, among glioblastmas, two subgroups
with distinct patterns of TGFp activation were identified.
This molecular stratification of glial tumors using TGF
transcriptional response is potentially relevant to TGFp-
targeted therapies. A small subset of the gene signatures
with classification power are currently under investigation
to identify biomarkers that potentially can be used in the
clinical setting with anti-TGFp therapies.
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