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Background. Improved therapies for high-grade glioma (HGG) are urgently needed as the median survival for grade IV gliomas
is only 15 months. Bone morphogenetic protein (BMP) signaling plays critical and complex roles in many types of cancer, includ-
ing glioma, with most of the recently published work focusing on BMP-mediated regulation of glioma stem cells (GSCs). We hy-
pothesized that BMP signaling may be an important modulator of tumorigenic properties in glioma cells outside of the GSC
compartment.

Methods. We used a human HGG tissue microarray and performed immunohistochemistry for phospho-Smads1,5,8. To examine
the role of BMP signaling in tumorigenic astrocytes, transgenic mice were used to delete the BMP type IA receptor (Bmpr1a) and
generate astrocytes transformed with oncogenic Ras and homozygous deletion of p53. The cells were transplanted orthotopically
into immunocompetent adult host mice.

Results. First we established that BMP signaling is active within the vast majority of HGG tumor cells. Mice implanted with BMPR1a-
knockout transformed astrocytes showed an increase in median survival compared with mice that received BMPR1a-intact
transformed astrocytes (52.5 vs 16 days). In vitro analysis showed that deletion of BMPR1a in oncogenic astrocytes resulted in
decreased proliferation, decreased invasion, decreased migration, and increased expression of stemness markers. In addition, in-
hibition of BMP signaling in murine cells and astrocytoma cells with a small molecule BMP receptor kinase inhibitor resulted in
similar tumor suppressive effects in vitro.

Conclusion. BMP inhibition may represent a viable therapeutic approach in adult HGG.
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High-grade gliomas (HGGs) are aggressive tumors with a dismal
prognosis despite treatment with surgery, radiation, and chemo-
therapy. Glioblastoma (GBM), a grade IV astrocytoma, is the most
common malignant CNS tumor, with only a 5% five-year survival
rate, underscoring our poor understanding of glioma biology and
the obvious need for more effective therapies.1

Bone morphogenetic proteins (BMPs) are members of the
transforming growth factor-beta (TGFb) family. During canonical
BMP signaling, BMP ligands bind to BMP type I and type II

serine-threonine kinase receptor complexes. Upon ligand bind-
ing, the type I receptor phosphorylates the regulatory Smads1,
5, and 8. These regulatory Smads bind to the co-Smad
(Smad4), and the complex is translocated to the nucleus.
BMP signaling regulates the transcription of genes affecting
critical cell processes including proliferation, differentiation,
and apoptosis.2,3 Id1–4 gene transcripts are induced in most
types of cells by BMP ligands.2 BMP signaling is tightly regulated
by both extracellular antagonists and intracellular modulators

Received 6 July 2015; accepted 14 November 2015
# The Author(s) 2015. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com.

Neuro-Oncology
Neuro-Oncology 18(7), 928–938, 2016
doi:10.1093/neuonc/nov310
Advance Access date 18 December 2015

928



such as the inhibitory Smad, Smad6, which acts in a negative
feedback manner in response to active BMP signaling.2

In many types of cancer, BMPs play both tumor-promoting
and tumor-suppressing roles, similar to TGFb signaling.4,5 Vari-
ous lines of evidence suggest that BMP signaling may be impor-
tant in glioma biology, although contradictory findings appear
in the literature.6 – 8 For example, increased expression of BMP
signaling molecules has been associated with HGG.6,7 Expres-
sion of the BMP type IB receptor and the ligand BMP2 were
both found to be expressed more frequently and at higher in-
tensity in grade IV gliomas than in low-grade gliomas.6,7 Addi-
tionally, BMP type IA receptor has been implicated as a tumor
driver in gliomas.9 Conversely, expression of BMP4 has been as-
sociated with low-grade gliomas and positive association with
survival.8 In addition, several studies have reported that BMP
signaling acts as a tumor suppressor on the subpopulation of
glioma cells known as glioma stem cells (GSCs) by inhibiting
proliferation and promoting differentiation10,11

Here we present evidence that BMP signaling is present and
active in the vast majority of human HGG cells. Furthermore, in
a novel transgenic, orthotopic model we show that BMP signal-
ing in transformed astrocytes promotes aggressive tumor
behavior via regulation of tumor cell proliferation and migra-
tion. Taken together, these findings provide evidence that
there are major differences in the role of BMP signaling in the
regulation of GSCs and more differentiated neoplastic cells.

Materials and Methods

Transgenic Mice

All animals were housed in the animal care facility at Vanderbilt
University, and all experiments were approved by the Vanderbilt
Institutional Animal Care and Use Committee. All procedures
followed the Association for Assessment and Accreditation
of Laboratory Animal Care guidelines. Cre/KrasG12D/p53fl/fl

mice were generated and genotyped as described previously.12

Cre/KrasG12D/p53fl/fl mice were bred with conditional Bmpr1afl/fl

mice.13 Cre/KrasG12D/p53fl/fl and Cre/KrasG12D/p53fl/fl/Bmpr1afl/fl

mice were bred to mT/mG mice, a double-fluorescent Cre re-
porter mouse.14 Mice were bred on a mixed background.

Astrocyte Cell Culture

Astrocytes were harvested from neonatal (,7 days old) GFAP-
Cre/KrasG12D/p53fl/fl/mT+ or GFAP-Cre/KrasG12D/p53fl/fl/Bmpr1afl/

fl/mT+ pups as previously described.12 Astrocytes were harvest-
ed from 3 mice per group to establish 3 cell lines per genotype.
Astrocytes were grown as monolayer cultures in T75 cell culture
flasks. Recombined cells (GFP-positive, RFP-negative) were iso-
lated using fluorescence-activated cell sorting (FACS) with a
FACSAria III flow cytometer (BD). Flow cytometry experiments
were performed in the Vanderbilt Medical Center Flow Cytome-
try Shared Resource. DNA was extracted from cultured astro-
cytes, and PCR was performed to detect the recombined
Bmpr1a allele using the following primers:

5′}-GGGTAGGTGTTGGGATAGCTG-3′}
5′}- TCCGAATTCAGTGACTACAGATGTACAGAG-3′}.
U87 MG and T98G human GBM cells were obtained from ATCC.

GBM xenograft lines 10, 22, and 46 were obtained from the
Mayo Clinic. The cells were maintained by serial transplantation
in mice and were characterized as previously described.15

Orthotopic Injections

Three-month-old female, adult C57BL6 mice were purchased
from Charles River Laboratories and anesthetized with a keta-
mine (100 mg/kg) and xylazine (10 mg/kg) mixture. Using a
stereotactic frame (Kopf Instruments), 200 000 dissociated as-
trocytes (resuspended in 2.5 mL sterile phosphate-buffered sa-
line were implanted into the left corpus striatum at a depth of
2.5 mm from the dural surface.12 The animals were monitored
for neurological signs or weight loss for at least 75 days and eu-
thanized if there were signs of significant neurological dysfunc-
tion or 20% weight loss.

Histology and Immunohistochemistry

Mice were euthanized, and their brains were fixed, sectioned,
and stained with hematoxylin and eosin. Immunohistochemi-
cal staining was performed as previously described.12 Antibod-
ies are listed in Supplementary material, Table S1. Sections
processed without primary antibody served as controls.

Tissue Microarray

The tissue-microarray was constructed from archived surgical
pathology material derived from tumor resections at Vanderbilt
University Medical Center. It was composed of 30 GBMs and 5
grade III gliomas. Two to four cores per specimen were repre-
sented, with 14 nontumor tissue controls. Ages of patients ranged
from 18 to 77 years. The tissue-microarray was constructed with
approval of the Vanderbilt Institutional Review Board, IRB number:
131389. The percentage of positive p-Smad1/5/8 tumor cells
within each core was estimated based on the presence of nuclear
signal. The intensity of the signal was scored as 0, 1+, 2+, or 3+.

Western Blotting Analysis

Astrocytes or brain tumor tissue were lysed in Roche Complete
Lysis-M buffer. Approximately 35 mg of protein from each sam-
ple were used to perform Western blots, as previously de-
scribed.12 Proteins were visualized using a chemiluminescent
detection system (PerkinElmer). Actin levels were determined
for each condition to verify that equal amounts of protein
were loaded. Antibodies are listed in Supplementary material,
Table S1.

Quantitative Real-time PCR

Astrocytes were seeded at �500 000 cells/well in 6-well plates.
Cells were lysed using the RNeasy mini kit (Qiagen). cDNA syn-
thesis and quantitative real-time PCR (qPCR) were performed as
previously described.16 Primer sequences are listed in Supple-
mentary material, Table S2.

Trypan Blue Exclusion

Approximately 50 000 cells were plated in 200 uL supplement-
ed DMEM F:12. Cells were trypsinized and 0.4% trypan blue
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stain was added. Percent viability was determined using the
Invitrogen Countess.

MTT Assay

Cell proliferation was measured using the MTT Cell Proliferation
Assay (ATCC). �10 000 cells were plated in a 96-well plate in
triplicate in 100 uL supplemented DMEM F:12. Cells were treat-
ed with DMSO, BMP4(100 ng/uL) or DMH1(3 uM–100 uM) for
48 hours at 378C. The MTT assay was performed following the
ATCC protocol.

Thymidine Incorporation

Approximately 25 000 cells were plated in a 24-well plate in
500 uL supplemented DMEM F:12 media. 24 hours after plating,
cells were treated with DMSO or DMH1 (3 uM–100 uM) for
24 hours. The cells were then subjected to [3H] thymidine in-
corporation assay as previously described.17

Invasion Assay

25 000 cells were seeded on Matrigel invasion chambers in qua-
druplicate (BD BioCoat 8.0 mm) for 24 hours. Cells that had mi-
grated to the opposing side of the filter were fixed in 10%
buffered formalin overnight and were stained with hematoxylin
overnight. All cells that had migrated per invasion chamber were
counted and means per cell line and group were calculated.

Scratch Assay

Cells were plated in duplicate at �500 000 cells per well in 6
well-plates. Once cells reached .90% confluency, they were
treated with 4 mg/ml of mitomycin-C (Sigma) for 2 hours in nor-
mal media. Scratch assay was performed as previously de-
scribed.16 Images of the same area were captured at 0 and
24 hours after the scratch.

Results

The BMP Signaling Pathway Is Active in the Majority of
Tumor Cells in Human HGG

Activation of the BMP signaling pathway was assessed by im-
munohistochemistry for p-Smad1/5/8 using a tissue-microarray
composed of 30 GBMs and 5 grade III gliomas. Signal represent-
ing p-Smad1/5/8 was present in all samples and was restricted
to the cell nucleus. An average of 90% of all tumor cells stained
positively within each core. However, a range of staining intensity
was observed, with tumor cells staining at low, medium, or high
levels of intensity (Fig. 1). The average percentage of tumor cells
that stained positively ranged from 71–100% within each tumor
(data not shown).

Astrocytes Cultured From Transgenic hGFAP-Cre/
KrasG12D/p53fl/fl/Bmpr1afl/fl Mice Show Loss of the BMP
Receptor and Impaired Response to BMP Ligand

We previously established a transgenic, orthotopic transplant
model in our laboratory using the human GFAP (hGFAP) promoter

and Cre/lox technology to simultaneously drive oncogenic Kras
(KrasG12D) expression while deleting p53 in astrocytes.12 To test
the hypothesis that BMP signaling promotes gliomagenesis,
mice harboring floxed BMP type IA receptor (Bmpr1a) alleles
were used to establish quadragenic, hGFAP-Cre/KrasG12D/p53fl/fl/
Bmpr1afl/fl mice (Fig. 2A). Both hGFAP-Cre/KrasG12D/p53fl/fl and
hGFAP-Cre/KrasG12D/p53fl/fl/Bmpr1afl/fl mice were mated with
mTom+ mice to introduce a Cre reporter gene to monitor
recombination.

Astrocytes from the cortex of neonatal hGFAP-Cre/KrasG12D/
p53fl/fl/mTom (BMPR1a-intact) or hGFAP-Cre/KrasG12D/p53fl/fl/
Bmpr1afl/fl/mTom (BMPR1a-KO) pups (,7 days old) were har-
vested and grown under standard conditions as adherent
monolayers.18 Similar culture methods resulted in cultures
that were .98% astrocytes.19 Astrocytes of both genotypes
grew robustly under these conditions.

Primary astrocyte cultures were subjected to FACS, gating on
the mGFP+/RFP2 population (Supplementary material, Fig. S1A).
Sorted mGFP+RFP2 astrocytes were maintained in culture, and
subsequent experiments were conducted with pure populations
of recombined astrocytes.

Recombination PCR performed on DNA isolated from astro-
cytes showed recombination of Bmpr1a in all BMPR1a-KO astro-
cyte cell lines (Supplementary material, Fig. S1B). In addition,
qPCR analysis showed the presence of Bmpr1a mRNA transcript
at varying levels in BMPR1a-intact astrocyte cell lines, while
Bmpr1a mRNA transcripts were undetectable in BMPR1a-KO as-
trocyte lines (Fig. 2B). Loss of canonical BMP signaling was as-
sessed by examining the mRNA expression for the primary BMP
downstream targets Id1 and Smad6. In response to BMP ligand
(BMP4) treatment, both Id1 and Smad6 expression was signifi-
cantly lower in BMPR1a-KO astrocytes than in BMPR1a-intact
cells (P , .001, P , .05, respectively, Fig. 2C). In addition, we an-
alyzed phosphorylation of Smads1/5/8 by Western blot. Treat-
ment of BMPR1a-intact astrocytes with BMP4 resulted in robust
phosphorylation of Smads1/5/8 (Fig. 2D). However,
phospho-Smads1/5/8 were undetectable by Western blot in
BMP4-treated BMPR1a-KO cells, indicating loss of canonical
BMP signaling (Fig. 2D).

Deletion of BMPR1a Increases Survival in
Immunocompetent Mice With Orthotopic Implants

Recombined astrocytes were injected into the striata of immu-
nocompetent adult host mice (n¼ 10 per group). The control
group received transformed BMP-intact astrocytes, while the
other group received BMPR1a-KO astrocytes. Tumors formed
as a result of both BMPR1a-intact and BMPR1a-KO injections.
All tumors that formed were highly invasive, with gross hemor-
rhage and necrosis. (Fig. 3A). However, BMPR1a-intact astro-
cytes were more effective in forming tumors than BMPR1a-KO
astrocytes (9/10 vs 4/10, P¼ .06, Fig. 3C). In addition,
BMPR1a-intact astrocytes formed more aggressive tumors,
with a median survival of 16 days compared with 52.5 days
in the BMPR1a-KO group (P¼ .015, Fig. 3B).

Histopathologically, the tumors that developed from
BMPR1a-intact and BMPR1a-KO astrocytes were similar in ap-
pearance (Fig. 4A, a,b,c,d). Tumors showed the characteristic
features of human HGG including infiltrating pleomorphic
cells, (arrow Fig. 4A, d), necrosis, and many mitotic figures
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(arrow Fig. 4A, c). Tumors were highly infiltrative, often invading
both cerebral hemispheres as well as the brainstem. Immuno-
histochemical analysis showed GFP expression in tumor cells of
both groups of mice, consistent with recombination of the mTo-
mato reporter (Supplementary material, Fig. S2A).

We examined BMP signaling as measured by phosphoryla-
tion of Smads1/5/8. There were diminished p-Smads1/5/8 in
BMPR1a-KO tumor cells compared with BMPR1a-intact tumors,
which indicated decreased BMP signaling in BMPR1a-KO tumor

cells (Fig. 4A, e,f). We also examined the expression of GFAP, an
intermediate filament, which is the primary marker for astro-
glial cells and universally expressed within human astrocytic tu-
mors. GFAP expression was equally expressed in both types of
tumors (Fig. 4A, g,h). Western blot analysis from tumor lysates
confirmed the immunohistochemistry findings (Fig. 4B and C).

Because BMPs play a crucial role in mediating differentiation
of neural and glioma stem cells, we examined the expression of
the neural stem cell markers nestin and OLIG2. We observed a

Fig. 1. Bone morphogenetic protein (BMP) signaling is active in most tumor cells in human high-grade glioma (HGG). Immunohistochemistry with
an antibody against p-Smad1/5/8 was performed on a tissue microarray consisting of 35 samples of human HGG. p-Smad1/5/8 expression was
observed in all HGGs at varying levels of intensity in most of the tumor cells. Examples of low (A and D), intermediate (B and E), and high (C and F)
intensity staining are shown in tumors from 3 glioblastoma patients at 40x (A–C, scale bar¼ 100 microns) and 100x (D–F, scale bar¼ 100
microns) magnification.
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subset of cells that were positive for nestin and OLIG2; however,
there were no apparent differences in expression levels between
the BMPR1a-intact and BMPR1a-KO tumors based on immuno-
histochemistry (Supplementary material, Fig. S2B and C).

BMP Signaling Promotes Proliferation and Migration of
Transformed Astrocytes

As loss of BMPR1a markedly increased survival in the orthotopic
transplant model, we investigated (in vitro) the effect of
BMPR1a loss on 2 hallmarks of cancer: proliferation and inva-
sion. BMPR1a-intact astrocytes proliferated at approximately

twice the rate of BMPR1a-KO cells (P¼ .04, Fig. 5A). Similar re-
sults were obtained with the MTT assay, and cell counts showed
no difference in viability between BMPR1a-intact and BMPR1a-KO
cells (Supplementary material, Fig. S3A and B).

Next, we compared BMPR1a-intact and BMPR1a-KO astro-
cytes using a Matrigel invasion assay. Loss of BMPR1a inhibited
the ability of transformed astrocytes to migrate and invade,
with a 2-fold reduction in the number of invading BMPR1a-KO
astrocytes compared with BMPR1a-intact astrocytes (P ¼
.001, Fig. 5B). In addition, the mean wound closure in a
scratch assay was 73% for BMPR1a-intact cells compared
with a mean of 47% by BMPR1a-KO cells (P¼ .002, Fig. 5C

Fig. 2. Generation and characterization of transformed astrocytes with genetic loss of BMPR1a. (A) Breeding scheme used to generate mice with
constitutively active Kras (KrasG12D) and homozygous deletion of p53 (p53fl/fl) with and without homozygous deletion of the type IA BMP receptor
(Bmpr1afl/fl). Mice with oncogenic Kras and homozygous deletion of p53 are termed “BMPR1a-intact.” Mice with the addition of Bmpr1afl/fl are
termed “BMPR1a-KO.” (B–D) Validation of BMPR1a KO. (B) mRNA expression of Bmpr1a in 3 BMPR1a-KO transformed astrocyte cell lines was
not detected (ND). (C) The mRNA expression of the downstream signaling targets of the BMP pathway Id1 and Smad6 were significantly
decreased in BMPR1a-KO transformed astrocytes compared with BMPR1a-intact transformed astrocytes in response to 24-hour BMP4
treatment (n¼ 3 per group). A 2-tailed Student t test was performed to compare the mean mRNA expression. Bars indicate SEM. *P , .05,
**P , .01. mRNA is normalized to Gapdh levels and relative to BMPR1a-intact expression. (D) As shown by Western blot, BMPR1a-KO astrocytes
do not phosphorylate Smads1/5/8 in response to BMP4 treatment (1 h) showing the absence of canonical BMP signaling.
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and D). In parallel, qPCR was performed for a panel of genes
known to be involved in migration. Loss of BMPR1a in trans-
formed astrocytes resulted in diminished expression of
mRNA for the integrin beta subunits 4 and 7 (Supplementary
material, Fig. S3C and D).

Loss of BMP Signaling Increases mRNA Expression for
Stemness Markers in Transformed Astrocytes

BMP signaling is known to regulate neural and glioma stem and
progenitor cell differentiation. Therefore, we analyzed tran-
scripts for several established neural stem cell markers. Expres-
sion levels of Prom-1 (CD133), Olig1, and Olig2 mRNA were
significantly greater in BMPR1a-KO astrocytes. Olig1 and Olig2
gene expression were increased �8- and 23-fold respectively

(Fig. 5E and F). Prom-1 mRNA levels were 4-fold higher in
BMPR1a-KO cells (Fig. 5G).

DMH1, a Small Molecule Inhibitor of BMP Signaling,
Inhibits Astrocytic Proliferation and Migration in Vitro

To complement the genetic approach to inhibition of BMP sig-
naling, cells were treated with dorsomorphin homologue
1 (DMH1), a highly selective BMP type I receptor small mole-
cule inhibitor.20 BMPR1a-intact transformed murine astro-
cytes and a human glioma cell line (U87) were treated with
either vehicle (dimethylsulfoxide [DMSO]) or DMH1 for 24 hours.
In all cell lines, DMH1 treatment (10 mm) decreased the
BMP ligand-induced expression of BMP-target genes Id1
and Smad6 (Fig. 6A and B Supplementary material, Fig. S4A).

Fig. 3. Reduced engraftment and prolonged survival in mice receiving orthotopic injections of BMPR1a-KO versus BMPR1a-intact astrocytes. (A)
Mice receiving orthotopic injections of BMPR1a-intact (a–d) or KO (e–h) transformed astrocytes formed tumors (a–h), which often appeared on
the surface of the brain as hemorrhagic masses (a,e). Coronal sections showed highly infiltrative tumors with multifocal hemorrhage and diffuse
hemorrhage (b,d,f,h). (B) Kaplan-Meier curves showing survival of mice injected with BMPR1a-intact (black line) versus BMPR1a-KO (gray line)
tumorigenic astrocytes. The median survival for mice injected with BMPR1a-intact cells was 16 days compared with 52.5 days in mice injected
with BMPR1a-KO cells (P¼ .015). (C) Nine of ten mice injected with BMPR1a-intact cells formed tumors compared with only 4 of 10 mice injected
with BMPR1a-KO cells.
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In addition, DMH1, in a dose-dependent manner, inhibited
proliferation in tumorigenic murine cell lines and 2 human
GBM cell lines as measured by MTT assay (Fig. 6C and D
Supplementary material, Fig. S4B and S5A). To ensure that
these effects were due to decreased proliferation and not
drug toxicity, we confirmed the decrease in proliferation by
3H-thymidine incorporation in the 3 transformed murine as-
trocyte lines (Fig. 6E). No effects on cell viability were ob-
served in U87 cells treated with DMH1 (Supplementary
material, Fig. S4C). As DMH1 inhibits all BMP type I receptors,
we also observed decreased proliferation of BMPR1a-KO as-
trocytes upon DMH1 treatment as measured by MTT assay
(Supplementary material, Fig S5B). However, we treated 3
human GBM cell lines grown as neurospheres with varying
concentrations of DMH1and saw no effect on proliferation
(Supplementary material, Fig. S5C).

Finally, the effect of DMH1 on cell migration was tested in a
scratch assay. DMH1 treatment significantly decreased the
migratory ability of BMPR1a-intact cells compared with un-
treated controls. We observed an average of 30% closure in
DMH1-treated cells compared with a mean wound closure of
79% in untreated controls (P , .0001, Fig. 6F, Supplementary
material, Fig. S4D).

Discussion
BMP signaling is critical for neural development and the regula-
tion of neural progenitor cells.3 Several lines of evidence sug-
gest an important role for this pathway in gliomagenesis as
well, although the details are poorly understood. Previous stud-
ies have indicated that BMP receptors are present on human gli-
oma cells and that BMP receptor quantity correlates with tumor
grade.6 The majority of studies regarding BMP signaling in glio-
mas focus on human GSCs in orthotopic transplant models, im-
plicating BMP signaling in the differentiation of GSCs and hence
as a tumor suppressor in this paradigm.10,11 However, like other
members of the TGF-b superfamily, pro- or antitumorigenic ef-
fects of BMP may depend on the cellular context in which the
pathway is active.5 Here, we provide evidence that BMP path-
way activity extends beyond the GSC compartment and that
BMP signaling fosters tumorigenesis in neoplastic astrocytes
through promotion of proliferation and invasion. These data
suggest that BMPs may differentially regulate the GSC and
‘bulk tumor’ compartments in HGG.

To assess active BMP signaling in human HGG tissue, we used
immunohistochemistry for p-Smad1/5/8 on a series of HGGs. Our
results showed the presence of nuclear phospho-Smads1/5/8, at

Fig. 4. Intracranial tumors derived from BMPR1a-intact and BMPR1a-KO injections show histopathological features characteristic of human
high-grade glioma). (A) Representative H&E-stained sections of BMPR1a-intact (a,c) and BMPR1a-KO tumors (b,d). Tumors are highly
infiltrative, with necrosis, mitotic figures (arrow in c), and pleomorphic cells (arrow in d). The histopathology is reminiscent of a human giant
cell glioblastoma. BMPR1a-intact tumors show increased p-Smad1/5/8 staining (e) compared with BMPR1a-KO tumors (f) indicating higher
levels of bone morphogenetic protein signaling (e). GFAP expression is similar in BMPR1a-intact and KO tumors, indicating astrocytic
differentiation (g,h). Scale bar 2 mm (a,b) Scale bar 200 mm(c-h) (B and C) Western blot analysis on tumor tissue lysates confirms the
immunohistochemistry findings.
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varying levels of intensity in all tumors. Although others have
shown the presence of BMP pathway-signaling components, in-
cluding BMP ligands and receptors, the presence of these com-
ponents is not directly related to pathway activity.6 – 8 Our data
suggest that active BMP signaling is present in the majority of
human HGG.

In addition, our data show that BMP signaling is active in
�90% of the tumor cells within a given tumor. The proportion
of glioma cells with stem cell-like properties is estimated to
range from ,1% to 30%.21,22 Therefore, it follows that many
of the phospho-Smad1/5/8-expressing cells in the tumor
samples we analyzed reside in the non-GSC or bulk tumor

compartment. These data underscore the importance of un-
derstanding the regulation by BMP of glioma biology in the
more differentiated glioma compartment.

To address the functional role of BMP signaling in tumorigenic
astrocytes, we used a transgenic model highly relevant to
human HGG. While KRAS mutations are not frequent in human
GBMs, Ras pathway activation, by several mechanisms including
copy number gains and/or mutation and upregulation of up-
stream receptor tyrosine kinases, is known to occur in .80%
of human GBMs.23,24 In addition, alterations in cell cycle regula-
tion are common, with p53 alterations in up to 87% of human
GBMs.23 Using various methodologies for activating Ras and

Fig. 5. Abrogation of BMP signaling in transformed murine astrocytes inhibits proliferation, invasion, and migration and increases mRNA expression
of stemness markers. (A)Tritiated thymidine incorporation assay shows that proliferation is inhibited in BMPR1a-KO astrocytes (gray bars)
compared with BMPR1a-intact cells (black bars). Results are expressed as mean counts per minute (CPM) for quadruplicate samples at each
time point for 3 cell lines per group. (B) In a 24-hour Matrigel transwell invasion assay, BMPR1a deletion results in a 50% reduction in the
number of cells able to invade. Results are expressed as the mean number of cells able to invade with quadruplicate transwells and 3 cell lines
per group. (C) Scratch assay was performed in 6-well plates with .90% confluent BMPR1a-intact and KO astrocytes. The BMPR1a-intact cells
migrated into the wound, resulting in a smaller gap at 24 hours compared with the BMPR1a-KO cells. All cells were treated with mitomycin-C
2 hours prior to performing the scratch assay. (D) Representative images of BMPR1a-intact and BMPR1a-KO astrocytes at time of the original
scratch (0 h) and at 24 hours (4x). (E,F,G)The mRNA expression levels of Olig-1 (E), Olig-2(F), and Prom-1 (G) were higher in BMPR1a-KO
astrocytes compared with BMPR1a-intact astrocytes (n¼ 3 cell lines per group). A 2-tailed Student t test was performed to compare the mean
mRNA expression. mRNA is normalized to Gapdh levels and relative to BMPR1a-intact expression. Error bars indicate SEM. *P , .05 **P , .01.
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interfering with cell cycle regulation in neural cells, we and others
have developed transgenic murine models of glioma that faith-
fully recapitulate key clinical and histopathological features of
human glioma, allowing us to study BMP signaling in a highly
relevant HGG model system.12,25–27

Previously, we showed that fatal HGG forms when astrocytes
from hGFAP-Cre/KrasG12D/p53fl/f mice are harvested, maintained in

short-term culture, and injected orthotopically into immunocom-
petent mice. In the present study, we incorporated BMPR1afl/fl

transgenic mice into a breeding strategy to generate quadragenic
hGFAP-Cre/KrasG12D/p53fl/fl/BMPR1afl/fl mice (BMPR1a-KO mice).
We then harvested astrocytes from these animals for further
experiments, comparing them with transgenic hGFAP-Cre/
KrasG12D/p53fl/fl/BMPR1awt/wt (BMPR1a-intact) cells. We targeted

Fig. 6. Pharmacological inhibition of decreases proliferation and migration of oncogenic astrocytes. (A and B) DMH1 treatment (10 mM) decreases
bone morphogenetic protein-induced Id1 and Smad6 expression in murine BMPR1a-intact transformed astrocytes and human glioblastoma (GBM)
astrocytes (U87) as measured by quantitative real-time PCR. A 2-tailed Student t test was performed to compare the mean mRNA expression.
mRNA is normalized to Gapdh levels and relative to untreated expression. (C and D) Transformed astrocytes were treated with various
concentrations of DMH1. DMH1 inhibited proliferation, in a dose-dependent manner, in both transformed, murine astrocytes and human GBM
cells. Significance was determined by ANOVA followed by post hoc t tests. (E) Treatment with DMH1 (30 mM) decreased proliferation in
transformed murine astrocytes as measured by tritiated thymidine incorporation. Results are expressed as mean counts per minute for
quadruplicate samples for 3 cell lines. Significance was determined by ANOVA followed by post hoc t tests. (F) Treatment with DMH1 (10 mM)
inhibited migration of transformed astrocytes as determined by a scratch assay. All cells were treated with mitomycin-C 2 hours prior to
performing the scratch assay. Cells were treated with DMH1 at the time of the original scratch. Significance was determined by a 2-tailed
Student t test. Bars indicate SEM. *P , .05, **P , .01.
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BMPR1a specifically as it is a critical and necessary receptor dur-
ing CNS development, whereas other BMP type I receptors, such
as BMPR1b, are not.28 In addition, BMPR1a has been shown to
promote tumor growth in multiple systems including gliomas9,16

As expected, BMPR1a-intact astrocytes formed aggressive
gliomas when injected orthotopically into immunocompetent
hosts. In contrast, BMPR1a-KO astrocytes engrafted at a
lower rate, and survival was prolonged in the host mice. The
median survival for mice receiving BMPR1a-KO astrocytes was
52.5 days, which is more than a 3-fold increase compared with
the mice that received BMPR1a-intact astrocytes. The data
strongly suggest that BMP signaling via the BMPR1a receptor
promotes tumorigenesis in transformed astrocytes.

To investigate the functional role of BMPR1a in transformed
astrocytes, we conducted a series of in vitro experiments with
transgenic astrocytes and 2 human GBM cell lines. Both genetic
deletion of BMPR1a and pharmacologic inhibition of BMP signal-
ing with DMH1 inhibited the proliferation of transformed murine
astrocytes in vitro. In addition, DMH1 inhibited proliferation in
U87 and T98G cells. Because DMH1 inhibits all BMP type I recep-
tors, we observed its effects on BMPR1A-KO cells and found
that inhibition of all BMP type I receptors further suppresses
proliferation.

Similarly, both genetic deletion of BMPR1a and DMH1 treat-
ment impaired the ability of transformed astrocytes to migrate
and invade. Taken together, using both genetic and pharmaco-
logical inhibition of BMP signaling in mouse and human cells,
our findings suggest that BMP signaling regulates 3 elements
of tumor cell behavior that are essential components in astro-
cytoma formation and progression: proliferation, invasion, and
migration. Similar results were recently published in which re-
duction of BMPR1a by microRNA-656 resulted in decreased
tumor growth, proliferation, and migration.9

HGGs are characterized by a high proliferation index and a
rapidly growing tumor mass.29 Our data strongly suggest that
BMP signaling promotes proliferation in tumorigenic astrocytes,
including U87 cells. This contrasts with previous work with
GSCs, in which BMP signaling decreased proliferation and en-
hanced differentiation in this population of tumor cells.10,11

Our findings are consistent, however, with studies in lung and
breast cancer in which BMPs promote proliferation, while inhibi-
tion of BMP signaling reduces cell proliferation.30,31 Moreover,
these findings are in line with published data showing differen-
tial effects, depending on developmental context, of signaling
through pathways that are implicated in development and
cancer.4,12

Malignant gliomas are highly invasive neoplasms, and infil-
tration of surrounding brain tissue contributes to tumor recur-
rence. Here we show that BMP signaling increases cell motility
and the ability of astrocytoma cells to invade. These findings
are consistent with studies of pancreatic and breast cancer
cells.31,32 In astrocytes, BMP signaling may be driving this effect
through regulation of integrins as the reduction in cell mobility
we observed in BMPR1a-KO cells was associated with a marked
reduction in integrins beta 4 and 7 gene expression. Integrin
beta 4 has been shown to be inversely correlated with survival
in GBM.33

BMP signaling is a well-known driver of astrocytic differenti-
ation in normal neural stem/progenitor cells.3 In the present
study, abrogation of BMP signaling in transformed astrocytes

was associated with increased gene expression of stem cell
markers including Olig1, Olig2, and Prom-1(CD133). In concor-
dance with our findings, studies of neural progenitor cells have
shown that BMP signaling suppresses the expression and activ-
ity of Olig1 and Olig2.31 CD133, a cell surface antigen, has been
touted as the primary marker of glioma stem cells, and BMP
treatment has been shown to reduce the number of
CD133-positive cells in glioma.10

In addition, CD133-positive glioma cells may be resistant to
radiotherapy, which highlights the importance of understand-
ing the biology of CD133-expressing cells in glioma.34 Our
data suggest that the BMP pathway may be a mediator of
CD133 expression in the more differentiated glioma compart-
ment. The changes in stemness markers were not observed
in the tumors, which may be a result of the type of cells that
engrafted, the effects of the tumor microenvironment, or the
differences in protein and gene expression.

Our in vivo model and in vitro studies suggest that pharma-
cological inhibition of BMP signaling could be a promising new
therapeutic modality in HGG for the non-GSC component of the
tumor by reducing proliferation and invasion. Conceivably, the
reduction in invasive properties of glioma cells would increase
the effectiveness of standard therapies such as surgery and ra-
diotherapy. Our studies also highlight the concept that the
stem/progenitor-like glioma compartment may respond differ-
ently than the bulk tumor to BMP-based and other thera-
pies.10,11 For example, when we treat human GBM cells grown
as neurospheres with DMH1, we see no effect on proliferation
supporting this hypothesis. This suggests that for effective
treatment, multiple therapies may be required to target the dif-
ferentiated and progenitor populations separately. Indeed, an
understanding of the mechanisms that maintain glioma cells
in more or less differentiated populations, while governing tran-
sitions from one compartment to the other, may lead to pro-
gress in glioma therapies.
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