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Microglia-derived TGF-b as an important regulator of glioblastoma
invasion—an inhibition of TGF-b-dependent effects by shRNA against
human TGF-b type II receptor
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The invasion of tumor cells into brain tissue is a
pathologic hallmark of malignant gliomas and contributes
to treatment failures. Diffuse glioblastomas contain
numerous microglial cells, which enhance the progression
of gliomas; however, factors responsible for invasion-
promoting role of microglia are unknown. Transforming
growth factor-b (TGF-b) can enhance tumor growth,
invasion, angiogenesis and immunosuppression. Antago-
nizing TGF-b activity has been shown to inhibit tumor
invasion in vitro and tumorigenicity, but a systemic
inhibition or lack of TGF-b signaling results in acute
inflammation and disruption of immune system home-
ostasis. We developed plasmid-transcribed small hairpin
RNAs (shRNAs) to downregulate the TGF-b type II
receptor (TbIIR) expression, which effectively inhibited
cytokine-induced signaling pathways and transcriptional
responses in transiently transfected human glioblastoma
cells. Silencing of TbIIR abolished TGF-b-induced
glioblastoma invasiveness and migratory responses in vitro.
Moreover, tumorigenicity of glioblastoma cells stably
expressing TbIIR shRNAs in nude mice was reduced
by 50%. Microglia strongly enhanced glioma invasiveness
in the co-culture system, but this invasion-promoting
activity was lost in glioma cells stably expressing shTbRII,
indicating a crucial role of microglia-derived TGF-b
in tumor–host interactions. Our results demonstrate a
successful targeting of TGF-b-dependent invasiveness and
tumorigenicity of glioblastoma cells by RNAi-mediated
gene silencing.
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Introduction

Malignant glioblastomas are among the most lethal and
difficult tumors to treat due to infiltration of glioblas-
toma cells into the brain tissue, which makes surgical
dissection difficult. Even the most intensive radio- and
chemotherapy are not effective and yield only a modest
impact on patient survival (Ohgaki and Kleihues, 2005).
Thus, there is a major need for new drugs and
therapeutic modalities. Therapies effectively targeting
invasiveness of glioblastoma cells may significantly
improve therapeutic outcome. Soluble factors released
by tumor cells recruit inflammatory cells, including
brain microglia, to the tumor site and transform them
into tumor-supportive cells. However, diffuse gliomas
contain numerous microglial cells (Badie and Schartner,
2001); defense functions of microglial cells are compro-
mised by the tumor, for example through impaired
surface expression of MHC class II antigens. Activated
microglia release many factors, including cytokines and
proteases, which directly or indirectly influence tumor
progression (Watters et al., 2005). Recent studies
demonstrated a strong ability of microglial cells to
enhance tumor invasion in cell co-cultures and brain
organotypic slices cultures (Markovic et al., 2005; Sliwa
et al., 2007). Mechanisms and factors responsible for an
invasion-promoting activity of microglial cells are
largely unknown.

Transforming growth factor-b (TGF-b), a cytokine
frequently expressed in malignant brain tumors
(Gold, 1999; Piek et al., 1999; Kjellman et al., 2000),
induces a survival advantage of tumor cells by enhan-
cing cell growth, migration, invasion, angiogenesis
and immune paralysis (Jennings and Pietenpol, 1998;
Platten et al., 2001). Proteases secreted during glioma
progression, such as matrix metalloproteinases (MMPs)
and cathepsins, degrade extracellular matrix allowing
glioma cells to spread and diffusely infiltrate the
brain parenchyma (Platten et al., 2001; Rao, 2003;
Lakka et al., 2004). TGF-b has been shown to induce
MMPs expression, suppress tissue inhibitor of metallo-
proteinase (TIMP) expression, and promote the
invasion of human glioma cells in a Matrigel invasion
assay (Nakano et al., 1995; Wick et al., 2001). Therefore,
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TGF-b signaling pathway is emerging as an attrac-
tive target in cancer and inhibitors of this pathway
may affect tumor progression and improve overall
survival. We have recently demonstrated that micro-
glia-derived soluble factors stimulate proliferation and
invasiveness of glioma cells (Sliwa et al., 2007). Since
microglial cells are a major brain source of TGF-b1
under pathological conditions (Lindholm et al., 1992),
we hypothesized that microglia-derived TGF-b1 may
contribute to microglia promoting effect on glioma
growth and invasion.

TGF-b signal propagates via specific TGF-b type II
receptor (TbRII), which recruits and activates type I
receptor (TbRI). Activated TbRI initiates cytoplasmic
signaling pathways via phosphorylation of Smad
proteins, the main downstream components of TGF-b
signaling (Heldin et al., 1997; Attisano and Wrana,
1998; Derynck et al., 1998). Phosphorylated Smad
proteins bind with the common Smad4 and translocate
to the nucleus, where they interact with co-activators or
co-repressors to mediate transcriptional regulation of
target genes (Derynck et al., 1998). Many approaches
targeting TGF-b pathway have been developed, includ-
ing blockade of TGF-b action with a soluble Fc:TGF-b
type II receptor fusion protein, specific inhibitors of
TGF-b receptor kinases or intracellular mediators
(Muraoka et al., 2002; Friese et al., 2004; Uhl et al.,
2004). Anti-TGF-b strategies inhibit tumor cell viability,
migration and metastases in vitro and in several animal
models. However, a growing evidence suggests that a
systemic inhibition of TGF-b signaling may have
detrimental effects due to its importance in T-cell
development, survival and homeostasis. (Li et al.,
2006; Marie et al., 2006). TGF-b1 null mice develop a
multi-organ inflammatory disease and die (Shull et al.,
1992; Kulkarni et al., 1993). Similarly, though less
severe, pathophysiology was observed in mice lacking a
functional TbRII or Smad3 (Yang et al., 1999). There-
fore, it would be essential to develop a cell-targeted
strategy to inhibit TGF-b signaling.

RNA interference is sequence-specific process, in-
itiated by double-stranded RNA known as small
interfering RNAs (siRNAs; Zamore et al., 2000).
Synthetic 21–22 RNAs mediate cleavage of target mRNA
in mammalian cells (Elbashir et al., 2001). In vitro
studies reported an effective, stable gene suppression
by chemically synthesized siRNAs (Brummelkamp
et al., 2002). Recently, researchers employed siRNAs
transcribed from plasmid or viral vectors that efficiently
deliver siRNAs in vitro and in vivo (Hommel et al., 2003;
Pardridge, 2004).

We demonstrated that silencing of TbRII expres-
sion using plasmid-transcribed small hairpin RNA
(shRNA) led to significant inhibition of TGF-b-induced
signal transduction, glioblastoma invasiveness,
migration and tumorigenicity in nude mice. An inva-
sion-promoting activity of microglia was abolished in
glioma cells deficient in TbRII. Our results implicate
microglia-derived TGF-b as an important mediator
of tumor–host interactions and a regulator of glioma
invasion.

Results

Plasmid-transcribed hairpin siRNAs downregulate TbRII
mRNA expression and TGF-b-dependent signaling in
human glioblastoma cells
Four pairs of 57–59 oligonucleotides, including
19–21 bp sequence complementary to target TbRII
mRNA and a loop sequence, were designed according
to siRNA Design Guidelines (Ambion Inc., Austin, TX,
USA) based on rules first described by Tushl
(Figure 1a). Selected siRNA sequences have 30–70%
GC content and contain no significant homology
to non-TbRII sequences. pSTNeg coding for shRNA
with no significant similarity to mouse, rat or human
gene sequences, was used as a control. To verify shRNA
effects, we measured the levels of TbRII mRNA in
cells transfected with the plasmids encoding specific
shRNAs (pST602, pST1208, pST1601, pST1119) 56 h
after transfection. The level of TbRII mRNA in cells
expressing specific shRNA was related to mRNA
from T98G cells transfected with a pSTNeg plasmid.
The level of TbRII mRNA was reduced by 30–67%
in cells expressing specific shRNA (Figure 1b). The
most significant reduction was 67% (***Po0.001).
Immunoblot shows a significant reduction in TbRII
protein expression in cells transfected with pST1119
plasmid (Figure 1c). We did not observe any effects on
cell viability and morphology of transfected cultures
within 72 h.

Since efficiency of gene silencing depends on delivery
of siRNA into the cells, we evaluated the efficiency of
transfection of human glioblastoma cells by flow cyto-
metry. Routinely, 63% of human T98G glioblastoma
cells transfected with pTracer–CMV2-encoding green
fluorescent protein (GFP) displayed a green fluorescence
24 h after transfection (Figure 1d). Co-transfection
with the plasmid coding for GFP-specific shRNA
resulted in 85% reduction of the GFP fluorescence
(Figure 1d).

Smad proteins are the major mediators of TGF-b-
dependent signaling (Nakao et al., 1997). Consensus
(CAGA)12-box promoter, composed of multiple copies
of the CAGA box (AG(C/A)CAGACA), is specifically
recognized by activated Smad3–Smad4 complex (Denn-
ler et al., 1998; Song et al., 1998). Thus, T98G
glioblastoma cells were cotransfected with a Smad-
dependent promoter and pST plasmids. A basal activity
of (CAGA)12-box promoter was detected in untreated
cells cotransfected with pSTNeg, and stimulation with
0.1 ng/ml TGF resulted in sixfold induction of luciferase
activity. The induction of Smad-dependent promoter
was significantly reduced in cells cotransfected with
TbRII-specific shRNA (Figure 2a).

Human plasminogen activator inhibitor-1 (PAI-1)
is a gene that is potently induced by TGF-b in
hepatocytes (Keeton et al., 1991; Westerhausen et al.,
1991). The human PAI-1 gene promoter contains
several Smad-binding sites, which confer TGF-b respon-
siveness upon this promoter (Dennler et al., 1998). We
demonstrate a twofold induction of PAI-1 gene promo-
ter in pSTNeg-transfected glioblastoma cells after
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treatment with 5 ng/ml TGF-b1 (Figure 2b). The
induction of PAI-1 gene promoter was significantly
reduced in T98G cells cotransfected with plasmids
carrying TbRII-specific shRNA: pST602 and pST1119

(Figure 2b) (**Po0.01). Our results demonstrate a
significant inhibition of TGF-b-evoked transcriptional
responses in T98G cells expressing TbRII-specific
shRNA.

Figure 1 Plasmid-transcribed shRNAs against TbRII reduce mRNA level of TbRII in human T98G glioblastoma cells. (a) Hairpin
siRNA sequences were originated from the coding sequence of human TbRII gene (M85079). Four pairs of 57–59 oligonucleotides
including 19–21 bp sequence complementary to target TbRII mRNA and a loop sequence separating the two domains of hairpin
siRNA insert were designed according to Tuschl algoritm (Ambion). (b) Real-time PCR evaluation of TbRII expression in transfected
cells. Total RNA was isolated from cells transfected with pST602, pST1208, pST1601, pST1119 or pSTNeg plasmids 56 h after
transfection. Following reverse transcription, the samples were analysed by real-time PCR using a set of primers, and a probe for
TbRII and GAPDH (TaqMan Assay Reagents). Relative quantity of TbRII gene expression was estimated using the comparative CT

method. The bar graphs show the mean of TbRII transcript level in cells transfected with shRNA TbRII normalized to GAPDH and
related to the TbRII expression level in cells transfected with pSTNeg plasmid. Data are expressed as means7s.d. from three
experiments (in each, RNA was isolated from triplicate cultures); **Po0.01. (c) Immunoblot shows the levels of TbRII protein
expression in transfected cells. Total lysates isolated from cells transfected with pSTNeg or pST1119 plasmid 56 h after transfection
were analysed by western blotting with antibody recognizing TbRII (Cell Signaling). The membranes were probed with an anti-b-actin
antibody to verify protein loading. (d) Efficiency of transfection was evaluated by measuring green fluorescence by flow cytometry in
T98G cells mock-transfected, transfected with pSilencer 2.1–U6 plasmids or cotransfected with pTracer–CMV2 encoding Cyclo3GFP.
Flow cytometry analysis revealed that 63% of cells expressed green fluorescence (gate G2) 48 h after transfection. A population of cells
expressing green fluorescence decreased in cells transfected with pTracer–CMV2/pSTGFP. A representative experiment is shown.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; shRNA, small hairpin RNA; TbRII, TGF-b type II receptor.
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Knockdown of TbRII expression affects invasiveness of
human glioblastoma cells
We determined an invasion of transfected glioblastoma
cells through the Matrigel matrix, an extract of
non-crosslinked extracellular matrix macromolecules.

T98G glioblastoma cells exhibit a high invasive potential
and many cells migrating through Matrigel have been
observed 24h after seeding. In the absence of cytokine,
there was no significant difference in the invasiveness of
T98G cells transiently transfected with plasmids coding
for either control or specific shRNA. An addition of
TGF-b1 led to approximately a twofold increase of
invasiveness when compared with a control, pSTNeg-
transfected cells. In contrast, transfection of T98G cells
with the pST1119 plasmid carrying TbRII-specific
shRNA attenuated TGF-b-induced invasion. Among
pST1119-transfected cultures, the number of cells mi-
grating through the Matrigel matrix was similar in the
absence and presence of the cytokine (Figures 3a and b).

Stable knockdown of TbRII affects migration
of glioma cells
T98G glioblastoma cells do not form tumors after
subcutaneous inoculation into nude mice. Since pST1119
plasmid (encoding shRNA against a region of the TbRII
mRNA conserved between human and rat) effectively
inhibited Smad signaling in the rat C6 glioma cells, we
developed C6 glioma cells stably transfected with pST1119
or pSTNeg. Hygromycin B-resistant clones characterized
by the presence of the insert in genomic DNA (not shown)
have been selected for further analysis.

To evaluate effectiveness of TbRII silencing in C6
glioma clones stably expressing control or specific
shRNA, we tested Smad-dependent signaling (Figure 4).
An exogenous TGF-b1 (0.1 ng/ml) led to an increase of
phospho-Smad 3 level in glioma cells stably expressing
control plasmid, but not in cells expressing shRNA
against TbRII (not shown). Accordingly, stimulation
with TGF-b1 strongly activated Smad-dependent pro-
moter in glioma cells stably transfected with pSTNeg
plasmid, in contrast to a weak response in pST1119-
transfected cells (Figure 4a).

As TGF-b is known to promote a scratch closure by
activating cell motility, we evaluated migration of stable
glioma clones. As shown in Figure 4b, pSTNeg-
transfected clones re-populate the scratch area within
12–16 h. Addition of TGF-b significantly increases the
number of cells migrating to the scratch area. A
repopulation of the scratch area by glioma cells stably
expressing shRNA against TbRII (1119/5) was signifi-
cantly reduced (**Po0.01) and TGF-b addition did not
increase their migratory potential. Similar results were
obtained for the second pair of clones. A repopula-
tion of the scratch area was quantified by counting of
40,6-diamidino-2-phenylindole, dihydrochloride (DAPI)-
stained cell nuclei (Figure 4c). A stable knockdown of
TbRII expression affects basal migration of glioma cells
and blocks TGF-b-induced increase in cell motility.

Knockdown of TbRII impairs glioma growth in nude mice
Xenograft model was employed to determine whether
stable knockdown of TbRII expression affects glioma
growth in mice. A total of 5� 106 of parental C6, Neg/9
or 1119/6 stably transfected glioma cells were injected
into nude mice (n¼ 5 mice in each group). There was no

Figure 2 Inhibition of TGF-b-induced signaling by shRNAs
against TbRII in human T98G glioblastoma. (a) Activity of TGF-b
signal transduction pathway was analysed in human T98G
glioblastoma cotransfected with a Smad-dependent promoter
(p(CAGA)12-Luc) and plasmids encoding control or gene-specific
shRNA. Cells were transfected in 24-well plates and cultured for
24 h in DMEM/2% FBS. Subsequently, cells were stimulated with
a recombinant TGF-b1 for 24 h, cells were lysed in a passive lysis
buffer, and luciferase activities were evaluated using a luciferase
assay (Promega). Luciferase activity in raw light units was
normalized to the protein level in each sample. The bar graphs
show the mean luciferase activity7s.e.m. from three independent
experiments (each in triplicate). Differences were statistically
significant **Po0.01. (b) TGF-b-dependent induction of PAI-1
gene promoter (p800-luc) in T98G cells. An addition of TGF-b1
led to at least a twofold induction of PAI promoter activity
(# Po0.05). Two TbRII-specific pSilencer plasmids (pST602,
pST1119) diminished TGF-b-dependent induction of PAI-1
promoter. Data are expressed as means7s.e.m. from two
independent experiments in triplicate. Statistically significant
differences between luciferase activities in cells transfected with pSTNeg
or shRNAs against TbRII were designated as **Po0.01. Transfections
and determination of luciferase activities were performed as described
above. DMEM, Dulbecco’s modified essential medium; FBS, fetal
bovine serum; TGF-b, transforming growth factor-b; TbRII, TGF-b
type II receptor; shRNA, small hairpin RNA.
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difference between growth of a wild-type or Neg/9
glioma cells (Figure 5, upper panel). A significant
decrease of 1119/6 glioma growth was apparent 21 days
after glioma inoculation. Tumors arising from Neg/9
glioma cells were double in volume than tumors of 1119/
6 cells. In the second experiment, 2� 106 of Neg/9 or
1119/6 glioma cells were injected into nude mice (n¼ 10
or 15, respectively). Subcutaneous tumors formed by
glioma cells stably expressing TbRII-specific shRNA
appeared later, and the corresponding tumors grew more
slowly than those formed by Neg/9 cells. Again, tumors
arising from Neg/9 glioma cells were twice the size than
tumors of 1119/6 cells (Figure 5, lower panel). It

demonstrates that siRNA-mediated knockdown of
TbRII expression abrogates glioma growth in nude mice.

Microglia promoting effects on glioma invasiveness is
mediated by TGF-b1
Even though recent studies demonstrated an invasion-
promoting role of microglia (Teicher, 2001; Markovic
et al., 2005; Sliwa et al., 2007), microglia-derived factors
responsible for its invasion-promoting effects are still
unknown. Since the results presented above demon-
strated that an exogenous TGF-b1 plays a critical role in
regulation of glioma invasion and migration, we sought

Figure 3 TGF-b-induced invasiveness of T98G glioblastoma cells is reduced by shRNA against TbRII. (a) T98G cells transfected
with pST1119 or pSTNeg plasmids were detached by trypsinization 24 h after transfection, collected by centrifugation and counted.
Equal number of cells was seeded in 24-well transwell coated with the Growth Factor Reduced Matrigel Matrix and cultured in
DMEM/2% FBS in the presence or absence of 5 ng/ml TGF-b1 for 24 h. The cells invading through Matrigel Matrix were fixed in
ethanol, stained with DAPI and counted using a fluorescent microscope. Fluorescent images of stained cell nuclei from a representative
experiment are shown. (b) Bar graphs show the number of invading cells among pST1119 or pSTNeg-transfected cells in the absence or
presence of TGF-b1 (5 ng/ml). A statistically significant increase of Matrigel invading cells was observed after TGF-b treatment in
pSTNeg-transfected cells (*Po0.05 when compared to untreated cells). Data are presented as mean counts of cells in the entire
microscopic field from duplicate wells in the representative experiment. Similar results were observed in three independent experiments.
DAPI, 40,6-diamidino-2-phenylindole, dihydrochloride; DMEM, Dulbecco’s modified essential medium; FBS, fetal bovine serum;
TGF-b, transforming growth factor-b; TbRII, TGF-b type II receptor; shRNA, small hairpin RNA.
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to determine whether this cytokine mediates an inva-
sion-promoting effect of microglia. The level of TGF-b1
released by microglia alone and microglia co-cultured
with glioma cells was measured by enzyme-linked
immunosorbent assay (ELISA). Rat primary microglial
cultures secrete a considerable amount of TGF-b1
(81 pg/ml) and this level increases 230% in microglia
co-cultured with glioma cells.

Invasiveness of Neg/9 or 1119/6 glioma cells in the
presence or absence of primary microglial cell cultures

was evaluated using the Matrigel matrix invasion assay.
After 36 h, glioma cells invading through the Matrigel-
coated membrane were fixed, stained with DAPI and
counted using iCys Research Imaging Cytometer
(Figures 6a and b). The knockdown of TbRII expression
abolished microglia-promoting effects on glioma inva-
siveness. While the number of Neg/9 glioma cells was
doubled in the co-culture with microglial cells, the
number of 1119/6 glioma cells invading the Matrigel
matrix was similar in the absence or presence of

Figure 4 Stable knockdown of TbRII with shRNA reduces TGF-b1 signaling and glioma cell motility. (a) Activity of TGF-b signal
transduction pathway was analysed in C6 glioma cells stably expressing control or shRNA against TbRII. Cells were transfected with
(CAGA)12-Luc plasmids, cultured for 24 h in DMEM/2% FBS, treated with TGF-b1 for 24 h and luciferase activities were evaluated
as described above. The data are shown as means7s.d. (n¼ 3) from a representative experiment (one out of three). (b) Cell motility of
stably transfected C6 glioma was evaluated using a scratch assay. For a scratch assay glioma cells were seeded in duplicate on 60-mm
culture dishes at 1.5� 106 cells per dish. A scratch through the plate was gently made using a pipette tip when cells were 80% confluent.
After washing with PBS, cells were incubated in DMEM with 2% FBS without or with TGF-b (5 ng/ml). Migration of the cells into the
scratch was observed at time points of 12 and 16 h. (c) Quantitative evaluation of motility/migration of two stably transfected C6
glioma cell lines. A staining of cell nuclei with DAPI (0.01mg/ml, Sigma-Aldrich) for 10min at room temperature was performed. Cells
from at least three representative fields between scratch edges at 16 h time point were counted under the fluorescence microscope
with the excitation at 330–380nm. Results represent means7s.d. from two independent experiments each in triplicate. DAPI,
40,6-diamidino-2-phenylindole, dihydrochloride; DMEM, Dulbecco’s modified essential medium; FBS, fetal bovine serum; PBS,
phosphate-buffered saline; TGF-b, transforming growth factor-b; TbRII, TGF-b type II receptor; shRNA, small hairpin RNA.

shRNA against TbRII blocks invasion of glioblastoma cells
A Wesolowska et al

923

Oncogene



Tumour size

Wild

Negative shRNA

1119 shRNA

Negative shRNA

1119 shRNA

Tumour size

9000
8000
7000
6000
5000
4000
3000
2000
1000

0

Time (days)

Time (days)

8 11 14 17 20 23

7000

6000

5000

4000

3000

2000

1000

0
7 11 15 18 21

***

**

Vo
lu

m
e 

o
f 

tu
m

o
u

r 
(m

m
3 )

Vo
lu

m
e 

o
f 

tu
m

o
u

r 
(m

m
3 )

Figure 5 Stable knockdown of TbRII expression affects glioma
growth in nude mice. A total volume of 50ml containing 2� 106 or
5� 106 cells was subcutaneously injected into 6–8-week-old male
nude mice. Injected mice were examined every 2–4 days for tumor
apparition. Palpable tumors developed within 6–10 days. The
volumes of tumor were calculated. Upper panel: A wild-type C6
glioma, pSTNeg- or pST1119-transfected glioma cells were injected
into nude mice (n¼ 5 mice). Statistical significance was determined
by Newman–Keuls analysis. A significant abrogation of pST1119
glioma growth was apparent 21 days after tumor cell inoculation;
***Po0.001. Lower panel: 2� 106 pSTNeg or pST1119 glioma
cells were injected into nude mice (n¼ 10 or 15, respectively). A
significant abrogation of pST1119 glioma growth was apparent 23
days after tumor cell inoculation; **Po0.01. TbRII, TGF-b type II
receptor.

Figure 6 Microglia-promoting effect on glioma invasiveness is
mediated by TGF-b1. (a) and (b) Invasiveness of pSTNeg- or
pST1119-expressing glioma cells in the presence or absence of
microglial cells was evaluated in the Matrigel matrix invasion
assay. Glioma cells were seeded at a density of 4� 104 per insert in
a 24-well Transwell coated with the Growth Factor Reduced
Matrigel Matrix. In the lower compartment a medium alone
(DMEM/2% FBS) or microglial cells were seeded. After 36 h,
glioma cells from the top of the filter were removed, and the cells
invading through the coated membrane were fixed in methanol,
stained with DAPI (a) and counted using iCys Research Imaging
Cytometer with microscope unit Olympus IX-71 with a bright-field
lamp. Scanned inserts from a representative experiment (1 out of 3)
are presented (b). (c) Bar graphs show the number of invading
glioma cells in the absence or presence of microglia. Results are
expressed as means7s.d. from three independent experiments
(independently derived microglia primary cultures), each in
triplicate. A statistical significance of differences between experi-
mental conditions was determined using Newman–Keuls analysis;
***Po0.001 for glioma cells co-cultured with microglia or medium
alone. DAPI, 40,6-diamidino-2-phenylindole, dihydrochloride;
DMEM, Dulbecco’s modified essential medium; FBS, fetal bovine
serum; TGF-b1, transforming growth factor-b1.
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microglia (Figure 6c). In additional experiments, a
neutralizing antibody against TGF-b1 has been used
to interfere with the cytokine-dependent effects. The
enhanced invasiveness of C6 glioma cells in the Matrigel
matrix in the presence of microglial cells was decreased
significantly by co-incubation with a neutralizing anti-
body against TGF-b1 (Figure 7). Those results indicate
that TGF-b1 released by microglia is mostly responsible
for the invasion-promoting activity of microglial cells.

Discussion

Inhibition of TGF-b signaling, invasiveness and in vivo
tumorigenicity of glioblastoma cells by plasmid-
transcribed shRNA against human TGF-b type II receptor
In the present study, we demonstrate that a knockdown
of TbIIR by plasmid-transcribed shRNA efficiently
blocks TGF-b-induced signaling, transcriptional re-
sponses and invasiveness of human glioblastoma cells.
A stable knockdown of TbRII expression impairs glioma
growth in nude mice. It is a first demonstration of
effective blocking of TbIIR expression with the plasmid-
transcribed shRNA in human and rat glioblastoma cells.

TGF-b1 is often elevated in the plasma of breast, liver,
lung and prostate cancer, hepatocellular carcinoma and
glioblastoma patients. A loss of growth-inhibitory
response to TGF-b and an increased expression of
TGF-b have been associated with malignant conversion
and progression (Yamada et al., 1995). Since TGF-b
often upregulates the expression of its receptors, TbIR
and TbIIR showed stronger expression in tumors when
compared to normal tissues (DaCosta Byfield et al.,
2004; Hjelmeland et al., 2004). Therefore, TGF-b
signaling pathway emerged as an attractive target in
cancer. Inhibitors of TGF-b expression or TGF-b
signaling pathway were effective in blocking tumor
invasiveness in vitro and in animal models (Friese
et al., 2004; Uhl et al., 2004; Yingling et al., 2004;
Schlingensiepen et al., 2006). Downregulation of TGF-b
expression by RNA interference has been shown to
inhibit glioma migration, invasiveness and to restore
anti-tumor immune response in the mouse model of
glioma (Friese et al., 2004). Retroviral overexpression
of dominant-negative TbRII retarded tumor growth of
EpRas cells and metastatic mesenchymal mouse colon
carcinoma cells (Oft et al., 1998). Tumorigenicity of
mouse thymoma was suppressed by a soluble TbRII
(Won et al., 1999). Retrovirus-mediated introduction of

Figure 7 Invasion-promoting effects of microglia are abrogated with a neutralizing antibody against TGF-b1. (a) Representative
fields of invading glioma cells, scanned and counted using iCys Research Imaging Cytometer. (b) Bar graphs show the number of
invading glioma cells in the absence or presence of microglia after addition of anti-TGF-b1 mAb (56E4, 1:100, Cell Signaling). Results
are expressed as means7s.d. from three independent cultures in a representative experiment (out of two independently derived
microglial primary cultures). TGF-b1, transforming growth factor-b1.
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a dominant-negative TbRII to bone marrow cells led to
the generation of leukocytes capable of potent anti-
tumor response and suppression of metastasis in
melanoma and prostate cancer model (Shah et al., 2002).

A systemic inhibition of TGF-b signaling may result
in detrimental effects. TGF-b1 null mice developed a
multi-organ inflammatory disease and did not survive;
less severe pathophysiology was observed in mice
lacking a functional TGF-bRII or Smad3 (Shull et al.,
1992; Kulkarni et al., 1993; Yang et al., 1999). Recent
studies demonstrated that mice with T cell-specific
TGF-bRII deficiency developed a lethal inflammation,
autoimmune-associated lesions, because many aspects
of T-cell biology, such as T-cell development, survival
and homeostasis, all depend on intact TGF-b signaling
(Li et al., 2006; Marie et al., 2006). Therefore, a systemic
and long-lasting inhibition of TGF-b1 signaling would
produce disruption of the immune system homeostasis
and serious side effects.

We developed plasmid vectors coding for shRNA,
capable of specific silencing of human TbRII mRNA
and protein expression in glioblastoma cells. However,
the efficiency of different shRNA to block TbRII
expression at the mRNA level varied; two shRNA were
highly effective, particularly in blocking TGF-b-induced
transcriptional responses in human glioblastoma cells.
TGF-b-dependent activation of Smad-dependent promo-
ter and the human PAI-1 gene promoter were significantly
reduced in human glioblastoma cells expressing shRNA
against TbRII (Figure 2). PAI-1 is an inhibitor of tissue-
type and urokinase-type plasminogen activator (uPA).
High expression of PAI-1 and uPA characterizes
malignant astrocytic tumors (Yamamoto et al., 1994).
Antisense against uPA or transfer of the PAI-1 gene
reduced the invasiveness of glioma cells in vitro and
decreased tumorigenicity (Praus et al., 1999).

Disruption of a cell monolayer induced a cell
migration of control glioma cells, probably due to an
activation of TGF-b production. In contrast, glioma
cells expressing shRNA against TbRII exhibited a
decreased motility under such conditions. An addition
of exogenous TGF-b1 led to the enhancement of glioma
cell migration, but migration of glioma cells expressing
shRNA against TbRII was not altered, demonstrating
how a lack of cytokine responsiveness impairs tumor cell
motility. Our study demonstrates that a knockdown of
TbRII inhibits both basal and cytokine-induced glio-
blastoma motility in a scratch-wound healing assay.

Surprisingly, silencing of TbRII expression did not
affect a basal invasiveness of human and rat glioblas-
toma cells (Figures 3 and 6), but it abolished TGF-
b1-stimulated invasiveness. T98G glioblastoma cells
produce a significant amount of TGF-b (unpublished),
but a low, basal activity of Smad-dependent promoter
(Figure 2a) suggests that this cytokine is not active
under basal conditions. On the other hand, an
exogenous TGF-b1 has been shown to promote an
invasion of human glioma cells in a Matrigel invasion
assay by inducing MMPs expression and suppressing
TIMP expression (Nakano et al., 1995; Wick et al.,
2001). Our preliminary studies show that silencing of

TbRII expression inhibits TGF-b1-induced expression
of MMP-9 mRNA levels in transiently transfected
T98G cells (not shown).

Taking advantage of having a stably transfected
glioma cells, we demonstrated that shRNA-mediated
knockdown of TbRII significantly reduced (by 50%)
glioma growth in nude mice. Thus, blocking of TGF-b-
dependent responses, in particular its effects on migra-
tion/invasiveness of human malignant glioblastoma
cells, would be an effective approach to affect tumor
growth.

Few examples of inhibition of TGF-b1 signaling in
cancer cells by RNA interference have been described
recently. A simultaneous knockdown of Smad2, Smad3
and Smad4 proteins in human HaCaT keratinocyte
cells, affected TGF-b-dependent responses in invasion,
wound healing and apoptosis (Jazag et al., 2005).
RNAi-mediated Smad4 silencing suppressed growth
significantly and induced apoptosis of human rhabdo-
myosarcoma cells (Ye et al., 2006). A knockdown of
Smad4 in MDA-MB-231 breast cancer cells, using
shRNA-expressing vectors inhibited bone metastasis in
nude mice and increased survival (Deckers et al., 2006).
However, even though such approach efficiently blocked
Smad-dependent responses, it would leave unaffected
Smad-independent responses, which are important
but underestimated elements of TGF-b signaling net-
work (Yu et al., 2002; Derynck and Zhang, 2003).
Furthermore, Ogorelkova et al. (2006) demonstrated
that adenovirus-delivered shRNAs against human
TbIIR, but not antisense RNA, were able to silence
endogenous TbIIR in A549 and Hela cells, indicating
a superiority of siRNA approach. The possibility of
silencing of TbIIR with shRNA delivered by plasmid
vectors, provides an additional instrument of control for
tissue- and cell-specific siRNA expression.

Knockdown of TbRII expression in glioma cells abrogates
microglia-promoting effects on glioma invasiveness
There is increasing clinical and experimental evidence
that in the tumor microenvironment, tumor-associated
macrophages convert towards a phenotype, which is
oriented to the promotion of tissue remodeling and
repair. Tumor-educated macrophages may promote
tumor progression and metastasis (Pollard, 2004;
Mantovani et al., 2006). Microglial cells and blood-
born macrophages are abundant within and around
gliomas. Microglia accumulation in diffuse glial tumors
does not represent a non-specific reaction to tissue injury
or an ineffective response of the innate immune system,
but rather reflects an active participation of these cells in
supporting and promoting the invasive phenotype of
gliomas. Microglia can release many factors, including
extracellular matrix proteases and cytokines, which may
directly or indirectly influence tumor migration/inva-
siveness and proliferation (Lindholm et al., 1992;
Lehrmann et al., 1998; Rao, 2003; Markovic et al.,
2005; Watters et al., 2005).

Activated microglia and blood-borne macrophages are
the major source of TGF-b mRNA after brain injury

shRNA against TbRII blocks invasion of glioblastoma cells
A Wesolowska et al

926

Oncogene



and in experimental rat gliomas (Lindholm et al., 1992;
Kiefer et al., 1994). However, a role of microglia-derived
TGF-b in regulation of migratory and invasive potential
of gliomas has not been evaluated. Recent studies,
including ours, demonstrate a crucial role of microglia in
supporting growth and invasiveness of gliomas, thus it is
important to elucidate molecular mechanisms underlying
glioma–microglia interactions. The present study is the
first demonstration that the invasion promoting effect of
microglia is mostly mediated by TGF-b. We demonstrate
that cultured microglial cells secrete TGF-b1 and the
exposure to glioma cells strongly enhances cytokine
secretion. It implies that microglia might be an abundant
source of cytokine in diffuse brain tumors. Since
microglia are most abundant at the periphery of the
tumor, it would result in highest levels of the active
cytokine at the sites where the tumor cells invade the
brain tissue. We demonstrated that siRNA-mediated
knockdown of TbRII expression in glioblastoma cells or
the presence of a neutralizing antibody against TGF-b1
completely abolished the microglia-promoting effects on
glioma invasion. TGF-b-mediated interactions with
tumor infiltrating macrophages and/or tumor microen-
vironment may be responsible for the observed decrease
of pST1119 glioma growth in nude mice. Altogether, our
findings demonstrate an important role for microglia-
derived TGF-b1 in supporting and promoting the
invasive phenotype of gliomas. Efficient silencing of
human TbIIR with shRNA delivered by plasmid vectors
to glioblastoma cells provides a novel tool for the
development of glioma gene therapy.

Materials and methods

Cell cultures and treatment
Human T98G glioblastoma cells and rat C6 glioma cells were
from American Type Culture Collection (ATCC, Rochville,
MD, USA). Cells were cultured in Dulbecco’s modified
essential medium (DMEM) with a heat-inactivated 10% fetal
bovine serum (FBS) and antibiotics in a humidified atmo-
sphere of CO2/air (5/95%) at 371C as described (Ciechomska
et al., 2003; Zupanska et al., 2005). A recombinant human
TGF-b1 was from R&D Systems (Wiesbaden, Germany).
Primary rat glial cultures were obtained from 1-day-old Wistar
rat pups as described (Zawadzka and Kaminska, 2005; Sliwa
et al., 2007). Microglial cells were isolated by a mild shaking
from glial cultures and incubated for 48 h in a culture medium
before experiments as described (Sliwa et al., 2007). More than
96% of the adherent cells were positive for isolectin B4, a
specific microglial marker.

Constructs, cell transfection and flow cytometry
Four pairs of 57–59 oligonucleotides including 19–21 bp
sequence, complementary to the target TbRII mRNA
(M85079) and a loop sequence, were designed according to
Tuschl algoritm (Ambion). Hairpin siRNA-encoding oligonu-
cleotides were cloned into BamHI- and HindIII-digested
pSilencer siRNA expression vector (Ambion). The negative
control and GFP-targeting inserts (components of Ambion
siRNA Expression Vector Kit) were subcloned in parallel. A
ScaI restriction site in the loop sequence was used for the
restriction digestion. All plasmids have been sequenced.

For transfection, cells were cultured at density 1–5� 105

cells/well for 24 h and transfected with 1mg pSilencer plasmids
encoding Negative or specific shRNA using Lipofectamine
2000 (Invitrogen, Paisley, UK). For reporter gene analysis,
0.5 mg Smad-dependent promoter (CAGA)12-Luc (from Dr
S Souchelnytskyi) or p800-Luc containing PAI-1 promoter
fragment (þ 71 to �800) (from Dr CS Cierniewski) were
used in cotransfection. After transfection, cells were cultured
in DMEM/2% FBS for 24 h and treated with TGF-b1 for
additional 24 h. Subsequently, cells were harvested by
scraping, lysed in 50 ml of a passive lysis buffer (Promega,
Madison, WI, USA) and the luciferase activities were
measured. The protein concentration was determined by
BCA Protein Assay Kit (Pierce, Rockford, IL, USA).

The efficiency of transfection and silencing of GFP
expression was evaluated by flow cytometry. Glioblastoma
cells cotransfected with a plasmid encoding GFP gene
(pTracertCMV2, Invitrogen) and pSilencert encoding the
GFP-specific or control shRNA were collected 48 h after
transfection. Reduction of GFP fluorescence in transfected
cells was measured by flow cytometry using Cell Quest
Software (Becton Dickinson).

Real-time PCR
Total RNA from 5� 105 glioblastoma cells was collected 56 h
after transfection. Cells were homogenized with 0.6ml of RLT
reagent (Qiagen, Valencia, CA, USA) and cDNAs were
synthesized by an extension of (dT)15 primers with 200 units
of SuperScript II reverse transcriptase (GIBCO BRL, Gaithers-
burg, MD, USA). PCR amplifications were performed with
TaqMan Universal PCR Master Mix (Applied Biosystems,
Foster City, CA, USA), specific primers and the fluorescence
probe designed for exon VIII of TbRII sequence. The primers
and probe were designed using PRIMER EXPRESS software:
P1: TGAAGCGTTCTGCCACACA and P2: ACCACCA
GGGCATCCAGAT and TaqMan probe 6-FAM-CGTGG
TCCCAGCACTCAGTCAACGT-TAMRA. For normaliza-
tion, quantitative real-time PCR with pre-developed TaqMan
Assay for human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was performed simultaneously. Relative quantity of
TbRII gene expression was estimated with ABI PRISM 7700
Sequence Detection System using comparative CT method.

Immunoblot analysis
Fifty micrograms of the total protein extract from transiently
transfected cells were loaded onto 10% polyacrylamide gel,
electrophoresed and transferred to a nitrocellulose membrane
(Amersham Pharmacia Biotech, Piscataway, NJ, USA). Blots
were probed overnight at 41C with an antibody specific for
TbIIR (1:1000, Cell Signaling Technologies, Hitchin, UK) and
a monoclonal anti-b-actin antibody (1:2000, Oncogene).
Secondary anti-rabbit (Cell Signaling Technologies) or anti-
mouse (Oncogene Research Products, San Diego, CA, USA)
antibodies linked to horseradish peroxidase were used.
Immunocomplexes reaction was developed with the enhanced
chemiluminescence system (ECL; Amersham Corp.).

Matrigel invasion assay
The invasion assay was a modification of a published protocol
(Albini et al., 1987). Tissue culture inserts (12 mm pore size
Transwell, Corning, NY, USA) coated with Growth Factor
Reduced Matrigel Matrix (BD Biosciences, San Diego, CA,
USA) were used. Hundred microliters of the Matrigel Matrix
(1mg/ml) in distilled water was dried under sterile conditions
(371C) for 5–6 h and reconstituted for 15 min in 50ml of serum-
free medium. T98G glioblastoma cells were transfected with
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TbRII-specific or control pSilencert plasmids. Cells were
detached by trypsinization 24 h after transfection, counted and
seeded at a density of 105 cells/insert. 1500 ml DMEM/2% FBS
with or without TGF-b1 (5 ng/ml) was added to the lower
compartment. After 24 h of incubation, Matrigel Matrix was
removed, the cells on the membranes were fixed with 95%
methanol/5% phosphate-buffered saline (PBS) solution and a
staining of cell nuclei with DAPI (0.01 mg/ml, Sigma-Aldrich,
St Louis, MO, USA) for 10min was performed. The
membranes from Transwell inserts were cut out and all cells
were counted independently by two researchers under a
fluorescence microscope (excitation at 330–380 nm).

Selection of C6 clones stably expressing shRNA against TbRII
Stable clones were selected by culturing transfected cells in
medium containing 500mg/ml hygromycin. Colonies resistant
to Hygromycin B appeared within 16 days, the surviving cells
were collected and seeded by a serial dilution to develop
independent cell lines. Genomic DNA from the parental C6
and transfected cell lines was isolated with DNAzol Reagent
(GIBCO BRL) and plasmid integration was confirmed by
amplification of 100 ng DNA using primers: A, 50-GCGTCCT
TTCCACAAGATATATAA-30; B, 50-GCTTCTCCTCCCTT
TAGTGA-30 in the following 30 cycles: 941C, 100; (941C, 3000;
591C, 3000; 721C, 3000) and 721C, 6000.

Scratch assay
A total of 1.5� 106 stably transfected cells were seeded on 60-
mm culture dishes in duplicate. A scratch was gently made using
a pipette tip when cells were 80% confluent. Cells were washed
with PBS, and cultured in DMEM/2% FBS with and without
TGF-b1 (5 ng/ml) for 12 and 16h. Cells were fixed and stained
with DAPI (0.01mg/ml, Sigma-Aldrich) for 10min at room
temperature. Cells from X3 representative fields were counted.

Tumorigenicity of C6 glioma clones in nude mice
All of the animal experiments were carried out under the
conditions established by the European Community (Directive
86/609/CCE). Glioma cells were trypsinized, washed twice,
and harvested by centrifugation at 1000 g for 5 min. Cell pellets
were re-suspended in sterile PBS. A total volume of 50 ml
containing 2 or 5� 106 cells was subcutaneously injected into
6–8-week-old male nude mice (Institute Gustave Roussy,
Villejuif, France). Injected mice were examined every 2–4 days
for tumor apparition. Palpable tumors developed within 6–10
days. The volumes of tumor were calculated using formula:
volume V¼L�W� 0.52, where L is the length and W is the
width of the tumor (in millimeters). P-value less than 0.05 were
considered as significant. All mice were autopsied.

Invasiveness of glioma cells stably expressing shRNA TbRII
in co-cultures with microglia
PSTNeg- or pST1119-expressing glioma cells were seeded at a
density of 4� 104 per insert in 24 wells Transwell coated with
the Growth Factor Reduced Matrigel Matrix. Inserts contain-
ing glioma cells were transferred to a 24-well plate with
microglia in the lower compartment. Under control condi-
tions, only DMEM/2% FBS was present in the lower
compartment. After 36 h, glioma cells from the top of the
filter were removed, and the cells invading through the coated
membrane were fixed with 95% methanol/5% PBS solution,
stained with DAPI and counted using iCys Research Imaging
Cytometer with microscope unit Olympus IX-71 with a bright-
field lamp. Fluorescence was measured using argon laser
(488 nm), objective � 20 and integral pixel correction.

In additional experiments, inserts containing glioma cells
were transferred to a 24-well plate with or without microglia in
the lower compartment. An invasion of glioma cells through
the Matrigel Matrix has been evaluated in the presence of a
neutralizing antibody against TGF-b1 (rabbit anty-TGF-b1
mAb (56E4), 1:100 dilution, Cell Signaling). Invading cells
were fixed with 95% methanol/5% PBS solution, stained with
DAPI and counted using iCys Research Imaging Cytometer as
described above.

Determination of TGF-b1 level by ELISA
The level of TGF-b1 was determined in the conditioned
medium from control microglial cultures and microglial cells
exposed to glioma cells using ELISA kit (R&D Systems). The
level of TGF-b1 in C6-conditioned medium and DMEM/FBS
was subtracted from measurements in each sample. Experi-
ments were performed on three independently derived micro-
glial cultures; each in triplicate.

Statistical analysis
Statistical analyses were performed using Statistica (ver. 7.1
StatSoft Inc., OK, USA) software. Statistical significance was
determined by Newman–Keuls analysis.

Acknowledgements

This work was supported by Grant PBZ-MIN-107-/P04/2004
from the Ministry of Science and Higher Education (BK).
Aleksandra Wesolowska is a recipient of a scholarship from
the Postgraduate School of Molecular Medicine. We thank
Jolanta Zegarska (Department of Immunology, Medical
University of Warsaw) for technical assistance with a real-
time PCR and Dr Sylwia Szymczak for editorial assistance.

References

Albini A, Iwamoto Y, Kleinman HK, Martin GR, Aaronson SA,
Kozlowski JM et al. (1987). A rapid in vitro assay for
quantitating the invasive potential of tumor cells. Cancer Res
47: 3239–3245.

Attisano L, Wrana JL. (1998). Mads and Smads in TGF beta
signalling. Curr Opin Cell Biol 10: 188–194.

Badie B, Schartner J. (2001). Role of microglia in glioma
biology. Microsc Res Tech 54: 106–113.

Brummelkamp TR, Bernards R, Agami R. (2002). A system
for stable expression of short interfering RNAs in mamma-
lian cells. Science 296: 550–553.

Ciechomska I, Kazmierczak P, Pyrzynska B, Kaminska B.
(2003). Inhibition of Akt kinase signalling and activation of

Forkhead are indispensable for upregulation of FasL expres-
sion in apoptosis of glioma cells. Oncogene 22: 7617–7627.

DaCosta Byfield S, Major C, Laping NJ, Roberts AB. (2004).
SB-505124 is a selective inhibitor of transforming growth
factor-beta type I receptors ALK4, ALK5, and ALK7. Mol
Pharmacol 65: 744–752.

Deckers M, van Dinther M, Buijs J, Que I, Lowik C, van der
Pluijm G et al. (2006). The tumor suppressor Smad4 is
required for transforming growth factor beta-induced
epithelial to mesenchymal transition and bone metastasis
of breast cancer cells. Cancer Res 66: 2202–2209.

Dennler S, Itoh S, Vivien D, ten Dijke P, Huet S, Gauthier JM.
(1998). Direct binding of Smad3 and Smad4 to critical TGF

shRNA against TbRII blocks invasion of glioblastoma cells
A Wesolowska et al

928

Oncogene



beta-inducible elements in the promoter of human plasmino-
gen activator inhibitor-type 1 gene. EMBO J 17: 3091–3100.

Derynck R, Zhang YE. (2003). Smad-dependent and Smad-
independent pathways in TGF-beta family signalling. Nature
425: 577–584.

Derynck R, Zhang Y, Feng XH. (1998). Smads: transcrip-
tional activators of TGF-beta responses. Cell 95: 737–740.

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K,
Tuschl T. (2001). Duplexes of 21-nucleotide RNAs mediate
RNA interference in cultured mammalian cells. Nature 411:
494–498.

Friese MA, Wischhusen J, Wick W, Weiler M, Eisele G,
Steinle A et al. (2004). RNA interference targeting trans-
forming growth factor-beta enhances NKG2D-mediated
antiglioma immune response, inhibits glioma cell migration
and invasiveness, and abrogates tumorigenicity in vivo.
Cancer Res 64: 7596–7603.

Gold LI. (1999). The role for transforming growth factor-beta.
(TGF-beta) in human cancer. Crit Rev Oncog 10: 303–360.

Heldin CH, Miyazono K, ten Dijke P. (1997). TGF-beta
signalling from cell membrane to nucleus through SMAD
proteins. Nature 390: 465–471.

Hjelmeland MD, Hjelmeland AB, Sathornsumetee S, Reese ED,
Herbstreith MH, Laping NJ et al. (2004). SB-431542, a small
molecule transforming growth factor-beta-receptor antagonist,
inhibits human glioma cell line proliferation and motility. Mol
Cancer Ther 3: 737–745.

Hommel JD, Sears RM, Georgescu D, Simmons DL, DiLeone RJ.
(2003). Local gene knockdown in the brain using viral-mediated
RNA interference. Nat Med 9: 1539–1544.

Jazag A, Kanai F, Ijichi H, Tateishi K, Ikenoue T, Tanaka Y
et al. (2005). Single small-interfering RNA expression vector
for silencing multiple transforming growth factor-beta
pathway components. Nucleic Acids Res 33: e131.

Jennings MT, Pietenpol JA. (1998). The role of transforming
growth factor beta in glioma progression. J Neurooncol 36:
123–140.

Keeton MR, Curriden SA, van Zonneveld AJ, Loskutoff DJ.
(1991). Identification of regulatory sequences in the
type 1 plasminogen activator inhibitor gene responsive
to transforming growth factor beta. J Biol Chem 266:
23048–23052.

Kiefer R, Supler ML, Toyka KV, Streit WJ. (1994). In situ
detection of transforming growth factor-beta mRNA in
experimental rat glioma and reactive glial cells. Neurosci Lett
166: 161–164.

Kjellman C, Olofsson SP, Hansson O, Von Schantz T,
Lindvall M, Nilsson I et al. (2000). Expression of TGF-beta
isoforms, TGF-beta receptors, and SMAD molecules at
different stages of human glioma. Int J Cancer 89: 251–258.

Kulkarni AB, Huh CG, Becker D, Geiser A, Lyght M,
Flanders KC et al. (1993). Transforming growth factor beta
1 null mutation in mice causes excessive inflammatory
response and early death. Proc Natl Acad Sci USA 90:
770–774.

Lakka SS, Gondi CS, Yanamandra N, Olivero WC, Dinh DH,
Gujrati M et al. (2004). Inhibition of cathepsin B and
MMP-9 gene expression in glioblastoma cell line via RNA
interference reduces tumor cell invasion, tumor growth and
angiogenesis. Oncogene 23: 4681–4689.

Lehrmann E, Kiefer R, Christensen T, Toyka KV, Zimmer J,
Diemer NH et al. (1998). Microglia and macrophages are
major sources of locally produced transforming growth
factor-beta1 after transient middle cerebral artery occlusion
in rats. Glia 24: 437–448.

Li MO, Sanjabi S, Flavell RA. (2006). Transforming growth
factor-beta controls development, homeostasis, and tolerance

of T cells by regulatory T cell-dependent and -independent
mechanisms. Immunity 25: 455–471.

Lindholm D, Castren E, Kiefer R, Zafra F, Thoenen H.
(1992). Transforming growth factor-beta 1 in the rat brain:
increase after injury and inhibition of astrocyte proliferation.
J Cell Biol 117: 395–400.

Mantovani A, Schioppa T, Porta C, Allavena P, Sica A.
(2006). Role of tumor-associated macrophages in tumor
progression and invasion. Cancer Metastasis Rev 25:
315–322.

Marie JC, Liggitt D, Rudensky AY. (2006). Cellular mechan-
isms of fatal early-onset autoimmunity in mice with the T
cell-specific targeting of transforming growth factor-beta
receptor. Immunity 25: 441–454.

Markovic DS, Glass R, Synowitz M, Rooijen N, Kettenmann H.
(2005). Microglia stimulate the invasiveness of glioma cells by
increasing the activity of metalloprotease-2. J Neuropathol Exp
Neurol 64: 754–762.

Muraoka RS, Dumont N, Ritter CA, Dugger TC, Brantley DM,
Chen J et al. (2002). Blockade of TGF-beta inhibits mammary
tumor cell viability, migration, and metastases. J Clin Invest
109: 1551–1559.

Nakano A, Tani E, Miyazaki K, Yamamoto Y, Furuyama J.
(1995). Matrix metalloproteinases and tissue inhibitors
of metalloproteinases in human gliomas. J Neurosurg 83:
298–307.

Nakao A, Imamura T, Souchelnytskyi S, Kawabata M,
Ishisaki A, Oeda E et al. (1997). TGF-beta receptor-
mediated signalling through Smad2, Smad3 and Smad4.
EMBO J 16: 5353–5362.

Oft M, Heider KH, Beug H. (1998). TGFbeta signaling is
necessary for carcinoma cell invasiveness and metastasis.
Curr Biol 8: 1243–1252.

Ogorelkova M, Zwaagstra J, Elahi SM, Dias C, Guilbaut C,
Lo R et al. (2006). Adenovirus-delivered antisense RNA and
shRNA exhibit different silencing efficiencies for the
endogenous transforming growth factor-beta. (TGF-beta)
type II receptor.. Oligonucleotides 16: 2–14.

Ohgaki H, Kleihues P. (2005). Epidemiology and etiology of
gliomas. Acta Neuropathol (Berl) 109: 93–108.

Pardridge WM. (2004). Intravenous, non-viral RNAi
gene therapy of brain cancer. Expert Opin Biol Ther 4:
1103–1113.

Piek E, Westermark U, Kastemar M, Heldin CH, van Zoelen
EJ, Nister M et al. (1999). Expression of transforming-
growth-factor. (TGF)-beta receptors and Smad proteins in
glioblastoma cell lines with distinct responses to TGF-beta1.
Int J Cancer 80: 756–763.

Platten M, Wick W, Weller M. (2001). Malignant glioma
biology: role for TGF-beta in growth, motility, angiogenesis,
and immune escape. Microsc Res Tech 52: 401–410.

Pollard JW. (2004). Tumour-educated macrophages promote
tumour progression and metastasis. Nat Rev Cancer 4:
71–78.

Praus M, Wauterickx K, Collen D, Gerard RD. (1999).
Reduction of tumor cell migration and metastasis by
adenoviral gene transfer of plasminogen activator inhibitors.
Gene Ther 6: 227–236.

Rao JS. (2003). Molecular mechanisms of glioma invasiveness:
the role of proteases. Nat Rev Cancer 3: 489–501.

Schlingensiepen KH, Schlingensiepen R, Steinbrecher A,
Hau P, Bogdahn U, Fischer-Blass B et al. (2006). Targeted
tumor therapy with the TGF-beta2 antisense compound AP
12009. Cytokine Growth Factor Rev 17: 129–139.

Shah AH, Tabayoyong WB, Kundu SD, Kim SJ, Van Parijs L,
Liu VC et al. (2002). Suppression of tumor metastasis by
blockade of transforming growth factor beta signaling in

shRNA against TbRII blocks invasion of glioblastoma cells
A Wesolowska et al

929

Oncogene



bone marrow cells through a retroviral-mediated gene
therapy in mice. Cancer Res 62: 7135–7138.

Shull MM, Ormsby I, Kier AB, Pawlowski S, Diebold RJ,
Yin M et al. (1992). Targeted disruption of the mouse
transforming growth factor-beta 1 gene results in multifocal
inflammatory disease. Nature 359: 693–699.

Sliwa M, Markovic D, Gabrusiewicz K, Synowitz M, Glass R,
Zawadzka M et al. (2007). The invasion promoting effect of
microglia on glioblastoma cells is inhibited by cyclosporin A.
Brain 130: 476–489.

Song CZ, Siok TE, Gelehrter TD. (1998). Smad4/DPC4 and
Smad3 mediate transforming growth factor-beta. (TGF-
beta) signaling through direct binding to a novel TGF-beta-
responsive element in the human plasminogen activator
inhibitor-1 promoter. J Biol Chem 273: 29287–29290.

Teicher BA. (2001). Malignant cells, directors of the malignant
process: role of transforming growth factor-beta. Cancer
Metastasis Rev 20: 133–143.

Uhl M, Aulwurm S, Wischhusen J, Weiler M, Ma JY, Almirez R
et al. (2004). SD-208, a novel transforming growth factor beta
receptor I kinase inhibitor, inhibits growth and invasiveness
and enhances immunogenicity of murine and human glioma
cells in vitro and in vivo. Cancer Res 64: 7954–7961.

Watters JJ, Schartner JM, Badie B. (2005). Microglia function
in brain tumors. J Neurosci Res 81: 447–455.

Westerhausen Jr DR, Hopkins WE, Billadello JJ. (1991).
Multiple transforming growth factor-beta-inducible ele-
ments regulate expression of the plasminogen activator
inhibitor type-1 gene in Hep G2 cells. J Biol Chem 266:
1092–1100.

Wick W, Platten M, Weller M. (2001). Glioma cell invasion:
regulation of metalloproteinase activity by TGF-beta.
J Neurooncol 53: 177–185.

Won J, Kim H, Park EJ, Hong Y, Kim SJ, Yun Y. (1999).
Tumorigenicity of mouse thymoma is suppressed by soluble

type II transforming growth factor beta receptor therapy.
Cancer Res 59: 1273–1277.

Yamada N, Kato M, Yamashita H, Nister M, Miyazono K,
Heldin CH et al. (1995). Enhanced expression of transform-
ing growth factor-beta and its type-I and type-II receptors in
human glioblastoma. Int J Cancer 62: 386–392.

Yamamoto M, Sawaya R, Mohanam S, Loskutoff DJ,
Bruner JM, Rao VH et al. (1994). Expression and cellular
localization of messenger RNA for plasminogen activator
inhibitor type 1 in human astrocytomas in vivo. Cancer Res
54: 3329–3332.

Yang X, Letterio JJ, Lechleider RJ, Chen L, Hayman R, Gu H
et al. (1999). Targeted disruption of SMAD3 results in
impaired mucosal immunity and diminished T cell respon-
siveness to TGF-beta. EMBO J 18: 1280–1291.

Ye L, Zhang H, Zhang L, Yang G, Ke Q, Guo H et al. (2006).
Effects of RNAi-mediated Smad4 silencing on growth and
apoptosis of human rhabdomyosarcoma cells. Int J Oncol
29: 1149–1157.

Yingling JM, Blanchard KL, Sawyer JS. (2004). Development
of TGF-beta signalling inhibitors for cancer therapy. Nat
Rev Drug Discov 3: 1011–1022.

Yu L, Hebert MC, Zhang YE. (2002). TGF-beta receptor-
activated p38 MAP kinase mediates Smad-independent
TGF-beta responses. EMBO J 21: 3749–3759.

Zamore PD, Tuschl T, Sharp PA, Bartel DP. (2000). RNAi:
double-stranded RNA directs the ATP-dependent cleavage
of mRNA at 21 to 23 nucleotide intervals. Cell 101: 25–33.

Zawadzka M, Kaminska B. (2005). A novel mechanism of
FK506-mediated neuroprotection: downregulation of cyto-
kine expression in glial cells. Glia 49: 36–51.

Zupanska A, Dziembowska M, Ellert-Miklaszewska A,
Gaweds-Walenych K, Kamlnska B. (2005). Cyclosporene
A induces growth arrest or programmed cell death of human
glioma cells. Neurochem Int 47: 430–441.

shRNA against TbRII blocks invasion of glioblastoma cells
A Wesolowska et al

930

Oncogene


