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Glioblastoma multiforme, which represents 80% of
malignant gliomas, is characterized by aggressiveness
and high recurrence rates. Despite therapeutic ad-
vances, patients with glioblastoma multiforme show a
poor survival, and identification of novel markers
and molecular targets for therapy is needed. A role for
BAG3, a member of the BAG family of HSC/HSP70
co-chaperones, in promoting tumor cell growth in
vivo has recently been described. We analyzed BAG3
levels by IHC in specimens from patients affected by
brain tumors and we found that BAG3, although neg-
ative in normal brain tissues, was highly expressed in
astrocytic tumors and increasingly expressed in more
aggressive types of cancer; it was particularly high in
glioblastomas. Down-regulating BAG3 both in vitro
and in vivo in a rat glioblastoma model resulted in
increased sensitivity to apoptosis, suggesting that
BAG3 is a potential target for novel therapies. Finally,
we determined that the underlying molecular mech-
anism requires the formation of a complex of BAG3,
HSP70, and BAX that prevents BAX translocation to
mitochondria, thus protecting tumor cells from
apoptosis. Our data identify BAG3 as a potential
marker of glial brain tumor sensitivity to therapy and
thus also an attractive candidate for new molecular
therapies. (Am J Pathol 2011, 178:2504–2512; DOI:
10.1016/j.ajpath.2011.02.002)
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Glioblastoma multiforme (GBM) is the most aggressive
and most common tumor of the brain, accounting for
approximately 25% of all brain tumors, 50% to 60% of all
astrocytic tumors, and 80% of all malignant gliomas.1,2

Poorly circumscribed margins, microinvasion, and the
infiltrating nature of astrocytes are contributing factors for
the notorious aggressiveness and high rates of recur-
rence of glioblastomas; moreover, the severe neurologi-
cal dysfunctions that accompany this tumor compromise
both quality of life and survival. Despite significant ad-
vances in neurosurgical techniques, including the intro-
duction of gamma knife surgery, and aggressive multi-
modal treatments, the median survival time for GBM is
approximately 56 weeks.3,4 Recent studies elucidating
some of the molecular abnormalities underlying the
pathogenesis of glioblastomas are contributing to the
development of novel therapeutic approaches.5–7 Thera-
pies targeting a single pathway, however, seem to lack
clinical benefits,8 and therefore future directions in the
treatment of these devastating neoplasms call for the
characterization of novel targets and the design of mul-
tiple target approaches.9,10

Among proteins that sustain cell survival and promote
in vivo growth of several tumors, a role has recently been
described for BAG3.11,12 This is a 74-kDa cytoplasmic
protein belonging to the BAG family of co-chaperones. All
family members share a conserved domain of 110 to 124
amino acids (BAG domain),13,14 through which they bind
to the heat shock protein 70 (HSP70) ATPase do-
main.13,15 In addition, BAG3 contains a WW domain and
a proline-rich repeat (PXXP), through which it interacts
with other proteins.16 BAG3 expression is induced in
leukocytes and other normal cell types in response to
stress.17–19 Notably, however, BAG3 is constitutively ex-
pressed in several tumors, including leukemia, lym-
phoma, myeloma, pancreas and thyroid carcinomas, and
melanomas.18,20–23 Several lines of evidence indicate that
BAG3 plays a role in tumor cell survival. Indeed down-
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regulation of BAG3 in primary samples of B-cell chronic
lymphocytic leukemia and acute lymphoblastic leukemia
results in increased basal as well as drug-induced apop-
tosis.22,23 Furthermore, in thyroid carcinomas, BAG3
down-regulation sensitizes cells to tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)-dependent
apoptosis.21 The role of BAG3 in cell survival is, at least
in part, mediated by the regulation of HSC70/HSP70
function.11 We have recently shown that BAG3 sustains
melanoma cell survival by interfering with the binding of
HSP70 to the IKK-� subunit of the NF-�B-activating IKK
complex, thus favoring IKK complex formation and pre-
venting the proteasomal degradation of IKK-� and finally
enhancing NF-�B activation.12 It is likely that in different
tumors BAG3 can interfere with the binding of HSP70 with
other partners known to sustain cell survival, preventing
their degradation.

Here we show that BAG3 is robustly expressed in a
large proportion of astrocytomas and glioblastomas and
that its expression increases with tumor grade. Further-
more, we demonstrate that BAG3 promotes the binding
of HSC/HSP70 to the proapoptotic BCL2 family member
BAX, preventing its translocation to mitochondria and
protecting glioblastoma cells from apoptosis, and that
silencing of BAG3 results in a dramatic decrease in cell
proliferation in vitro and in vivo.

Materials and Methods

Antibodies

Antibodies used to detect BAG3 protein were a mouse
monoclonal antibody (AC-1) and a rabbit polyclonal an-
tibody (TOS-2) distributed by Enzo Life Sciences
(Lausen, Switzerland; Farmingdale, NY) and a mouse
monoclonal antibody clone AC-2 produced in our labo-
ratories. Polyclonal antibodies recognizing BAX, cleaved
caspase-3 (Asp175), and BAD were obtained from Cell
Signaling Technology (Danvers, MA). An anti-�-tubulin
monoclonal antibody was obtained from Sigma-Aldrich
(St. Louis, MO). Secondary antibodies were obtained from
Pierce (Thermo Fisher Scientific, Rockford, IL). Anti-GAPDH
and -HSP60 antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). An anti-HSC/HSP70 poly-
clonal antibody was obtained from Stressgen (Victoria, BC,
Canada; now Enzo Life Sciences).

Cell Cultures and Reagents

The rat malignant glial tumor cell line C6 and the human
glioblastoma cell lines A172, T98G, and DBTRG-05MG
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). The C6 and A172 cells were
grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS); the T98G
cells were grown in Eagle’s minimal essential medium
supplemented with 10% FBS, 1% Na-pyruvate, and 1%
nonessential amino acids; the DBTRG-05MG cells were
grown in Roswell Park Memorial Institute growth medium
(RPMI-1640) supplemented with 10% FBS. All of the cell

lines were maintained in 5% CO2 at 37°C in a humidified
incubator. All of the growth media and supplements were
obtained from Gibco-Invitrogen (Carlsbad, CA). Cisplatin
[cis-diamminedichloroplatinum(II) (CDDP)] was obtained
from Sigma-Aldrich.

Cell Viability, Apoptosis Assay, and
Mitochondrial Membrane Potential
Measurement

Cell viability was measured by Trypan Blue exclusion
using a Bürker counting chamber. Apoptosis was ana-
lyzed by propidium iodide incorporation in permeabilized
cells and flow cytometry was performed as described
previously.12 Mitochondrial membrane potential was as-
sessed by flow cytometry using tetramethylrhodamine
ethyl ester as described previously.24 Briefly, cells were
exposed to tetramethylrhodamine ethyl ester (Molecular
Probes, Eugene, OR) for 1 hour at 37°C. Changes in dye
fluorescence were analyzed with a FACScan flow cytom-
eter (BD Biosciences, San Jose, CA).

Co-Immunoprecipitation

For co-immunoprecipitation assays, cells were lysed in
HNT buffer (HEPES 20 mmol/L pH 7.5, NaCl 150 mmol/L,
Triton 0.1%) supplemented with a protease inhibitor
cocktail (Sigma-Aldrich) on ice for 20 minutes. After 5
cycles of freeze and thaw, cell membranes were centri-
fuged at 15,000 � g. Next, 500 �g of soluble proteins
were subjected to immunoprecipitation with 1 �g of poly-
clonal anti-BAX antibody or 1 �g of rabbit IgG as control
in HNTG buffer (HNT buffer, 10% glycerol), overnight at
4°C. Protein A-Sepharose was then added (45 minutes at
4°C), and immunocomplexes were precipitated by cen-
trifugation at 15,000 � g. Next, immunoprecipitated pro-
teins were washed with a low-salt buffer (0.1% SDS, 1%
Triton, 20 mmol/L EDTA, 20 mmol/L Tris pH 8.0, 150
mmol/L NaCl), a high-salt buffer (0.1% SDS, 1% Triton, 20
mmol/L EDTA, 20 mmol/L Tris pH 8.0, 500 mmol/L NaCl),
and a LiCl buffer (0.25 mol/L LiCl, 1% NP-40, 1% deoxy-
cholate, 1 mmol/L EDTA, 10 mmol/L Tris pH 8.0), followed
by two final washes with HNT buffer. Obtained proteins
were then loaded onto SDS-PAGE gels and were ana-
lyzed for presence of HSC/HSP70 and BAG3 protein by
Western blotting.

Densitometry

Scanning densitometry of the bands was performed with
image scanning software (SnapScan 1212; Agfa-Gevaert,
Mortsel, Belgium). The area under the curve related to each
band was determined using Gimp 2 software version 2.6
(available at http://www.gimp.org). Background was sub-
tracted from the calculated values. Results are ex-
pressed as means of at least three separate experiments.

IHC

A brain tumor microarray was obtained from US Biomax

(Rockville, MD). The TMA represented 151 cases: 13

http://www.gimp.org
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grade I glial tumors, 85 low-grade diffuse astrocytomas
(grade II), 17 anaplastic astrocytomas (grade III), and 36
glioblastomas (grade IV), as well as 8 samples of normal
brain adjacent to a brain tumor and 8 normal brain tis-
sues, along with pathology diagnosis and tumor grade
data. Immunohistochemistry (IHC) was performed using
the avidin-biotin-peroxidase system, according to the
manufacturer’s instructions (Leica Microsystems, Ban-
nockburn, IL). Our modified protocol included deparaffi-
nation in xylene, rehydration through descending de-
grees of alcohol up to water, nonenzymatic antigen
retrieval in citrate buffer, pH 6.0, for 30 minutes at 95°C,
and endogenous peroxidase quenching with H2O2 in
methanol for 20 minutes. After rinsing with PBS, the sam-
ples were blocked with 5% normal horse serum in 0.1%
PBS/bovine serum albumin.

To detect BAG3, samples were incubated for 1 hour at
room temperature with the monoclonal antibody AC-1
(1:100 dilution, Enzo Life Sciences). After a thorough
washing with PBS, sections were incubated with a biotin-
ylated secondary anti-mouse IgG for 20 minutes, then
were rinsed, incubated with avidin-biotin-peroxidase (ABC)
complexes, and developed with diaminobenzidine (Sigma-
Aldrich). Finally, the sections were counterstained with he-
matoxylin, dehydrated in alcohol, cleared in xylene, and
mounted with Permount (Thermo Fisher Scientific, Wal-
tham, MA). Ten nonoverlapping high-power fields (�400)
were evaluated, and a labeling index of tumor cells was
calculated for each specimen. The labeling index was
defined as the percentage of positive cells out of the total
number of cells counted in all fields. Only neoplastic cells
were counted; to avoid nontumoral cells, margins and
areas of infiltration into the brain were excluded. The
number of positive cells were divided into three groups:
BAG3 negative (�5% positive cells), low expression (5%
to 40% positive cells), and high expression (�40% pos-
itive cells). The results from the IHC experiments were
evaluated separately by two observers (R.F. and L.D.V.),
blinded to the histological diagnosis and grading of the
tumors.

siRNAs and Transfections

A specific small interfering RNA (siRNA) (5=-AAGGUU-
CAGACCAUCUUGGAA-3=) targeting bag3 mRNA and
a control, nontargeted (NT) RNA (5=-CAGUCGCG-
UUUGCGACUGG-3=) were obtained from Dharmacon
(Thermo Fisher Scientific, La Fayette, CO). Glioma cell
lines were transfected with siRNAs at final concentra-
tion of 100 nmol/L using TransIT-TKO reagent (Mirus
Bio, Madison, WI). Cells were harvested at indicated
time points.

Statistical Analysis

Results are expressed as means � SD or � SE. Data
were analyzed by Student’s t-test or �2 test using Graph-
Pad Prism statistical software version 4.01 (La Jolla, CA).
P values from 0.01 to 0.05 were considered significant, P

values from 0.001 to �0.01 were considered very signif-
icant, and P values of �0.001 were considered highly
significant.

Stereotactic Surgeries, C6 Cell Implants, and
siRNA Treatments

Rats were housed in an animal facility and were main-
tained in a temperature-controlled and light-controlled
environment with an alternating 12-hour light/dark cycle.
All protocols were approved by the local Ethical Commit-
tee (DiFarma). For the surgical procedures, all instru-
ments were sterilized beforehand and sterile small-ani-
mal surgical techniques were used. The rats were
allowed to feed and drink freely until the time of the
surgery. Animals were anesthetized by intraperitoneal
injection with a ketamine/xylazine solution (200 mg ket-
amine and 20 mg xylazine in 10 mL of saline solution) at
a dosage of 0.15 mg per 10 g body weight. Once the
rats were anesthetized, the head of the animals was
shaved and positioned in a stereotactic frame with a rat
teeth adaptor (World Precision Instruments, Sarasota,
FL). The skin was prepared with povidone-iodine 10%
and alcohol and a 2- to 3-mm incision was made at the
midline and anterior to the interaural line, for clear
identification of the bregma and lambda sutures. A burr
hole was drilled in the skull at 1.4 mm anterior to
bregma and 2.5 mm lateral to the midsagittal suture
(the coordinates for the caudate putamen), as de-
scribed previously.25 A guide screw with an 0.5-mm
channel (Plastics One, Roanoke, VA) was inserted into
the drilled hole. The top of the screw was approxi-
mately 1 mm above the skull surface, and its shaft
protruded through the dura and into the brain surface.
For glioma formation, 1 � 106 C6 cells suspended in 10
�L of PBS were placed in a 26-gauge Hamilton syringe
and inoculated through the guide screw, 4.5 mm down
from the surface, to reach the caudate putamen, with
an automated microinfuser pump (World Precision In-
struments). Finally, a cross-shaped stylet was placed
in the central hole of the guide screw, to prevent neo-
plastic cells from growing into the guide screw hole.

After 2 weeks, the animals were separated into two
groups for treatment, with one group receiving BAG3
siRNA and the second group a nontargeted (NT) siRNA
as control. The animals were again anesthetized and
placed into the stereotactic frame as described above.
After removal of the stylet, siRNA was delivered in a
Hamilton syringe through the hole in the screw. The guide
screw ensured that the tip of the needle penetrated the
glioma cells implant and that, as a result, the siRNAs
were delivered directly into the tumor. Treatments were
performed three times per week for 3 weeks, after which
the animals were euthanized. Rat brains were removed
from the cranial cavity, bisected coronally at the injection
site, fixed in 10% formalin for 3 days, and embedded in
paraffin; sections (4 �m thick) were stained with H&E for
routine histological evaluation. The maximum cross-sec-
tional area of the intracranial glioblastomas was used to
determine tumor area by computer-assisted image anal-

ysis (Olympus cellSens version 1.4).
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Subcellular Fractionation and Western Blot
Analysis

Cells were harvested and washed twice with PBS 1�
solution (Mediatech, Herndon, VA). Total proteins were
extracted in Tris 250 mmol/L, pH 7.6, supplemented with a
protease inhibitor cocktail (Sigma-Aldrich), using five cycles
of freeze and thaw. The lysates were centrifuged at
15,000 � g at 4°C and the soluble fractions were col-
lected. Protein concentrations were measured using a Bio-
Rad protein assay (Bio-Rad Laboratories, Hercules, CA).
Equal amounts of total protein (30 �g) from each sample
were separated electrophoretically in a 12% SDS-PAGE
and were blotted on a nitrocellulose membrane (Hybond;
Amersham Life Sciences, St Louis, MO). Immunodetection
was performed using an enzymatic chemiluminescence kit
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Figure 1. IHC detection of BAG3 in human glial brain tumors. A: BAG3 is
detected in the cytoplasm of neoplastic astrocytes, and its expression signif-
icantly increases according to the tumor grade, but is barely detectable in the
normal brain. Original magnification, �400 (all images). B: The percentages
of BAG3-positive cells were evaluated in all specimens from tumors of the
same grade and the mean percentage � SE was calculated. *P � 0.05 versus
grade I; ***P � 0.001 versus grade II.
(ECL Plus; Amersham Biosciences, Piscataway, NJ) ac-
cording to the protocol provided by the manufacturer. Cell
cytosolic and mitochondrial fractions were generated by a
digitonin-based subcellular fractionation technique as de-
scribed previously.26

TUNEL Assay

Labeling of apoptotic cells from the tumor glioma cells im-
planted in the rat brain was performed using a TUNEL
ApopTag peroxidase in situ apoptosis detection kit following
the manufacturer’s instructions (Intergen, Purchase, NY).
Briefly, deparaffinized sections were pretreated with 30
�g/mL of proteinase K (Roche Diagnostics, Indianapolis,
IN). After endogenous peroxidase quenching, sections
were treated with digoxigenin nucleotide-containing reac-
tion buffer, terminal deoxynucleotidyl transferase, and the
modified nucleotides were then detected by immunolabel-
ing with anti-digoxigenin antibody. Finally, sections were
developed with diaminobenzidine (Dako, Carpinteria, CA)
and counterstained with hematoxylin. A breast carcinoma
sample provided by the manufacturer was used as a pos-
itive control for apoptosis. Incubation of the sections with
reaction buffer, but without terminal deoxynucleotidyl trans-
ferase, was performed as a negative control.

Results

Using a BAG3-specific monoclonal antibody, we inves-
tigated BAG3 expression in patients affected by glio-
mas of various grades, taking advantage of a TMA
representing 151 cases of tumors (13 grade I astrocyto-
mas, 85 grade II astrocytomas, 17 malignant astrocyto-
mas, and 36 glioblastomas), along with 8 cancer-adja-
cent normal tissue samples and 8 normal brain tissues.
Positivity to BAG3 staining increased in more aggressive
tumors, whereas normal brain samples were completely
BAG3 negative (Figure 1A). The number of BAG3 positive
cells within the tumor samples increased with tumor ag-
gressiveness, and a statistically significant difference
was observed when comparing glioblastomas to low
grade astrocytomas (P � 0.0003, versus grade I;
P � 0.017, versus grade II) (Figure 1B). We defined a
scoring system to analyze biopsy samples based on the
percentage of positive cells: BAG3 negative (�5% pos-
itive cells), low expression (5% to 40% positive cells), and
high expression (�40% positive cells). Distribution of
BAG3 positivity based on these criteria is summarized in
Table 1. Over all tumor samples studied, 81% were BAG3
positive; the percentage of positive cells increased in
more aggressive tumors, reaching 63.9% of high-positive
biopsy samples in the GBM group (Table 1). A �2 test
confirmed significance of the differences among tumor
groups.

Because BAG3 has a well-established antiapoptotic
effect,11,12 we analyzed its influence on glioblastoma cell
survival by reducing its levels using a BAG3-specific
siRNA. To this end, the rat glioblastoma cell line C6 was
transfected with a BAG3-specific siRNA or a nontargeted
control sequence (NT siRNA) and cell death was mea-

sured in cells grown in 1% FBS. BAG3 was strongly
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expressed in C6 cells, and its levels were significantly
reduced on treatment with a specific siRNA after 48 hours
(Figure 2A). The number of viable cells was reduced by
�40% in BAG3 siRNA-treated cells, compared with con-
trol (nontransfected) and NT siRNA-treated cells. Further-

Table 1. Clinicodemographic and Pathology Data, with Distribut

Age
(years � SD) (

Tissue type
NBT 31.6 � 16.3
NBT adjacent to brain tumor 45.5 � 11.2
Brain tumor tissue (combined N � 151) 46.2 � 10.4 7

Astrocytoma grade I
Astrocytoma grade II
Anaplastic astrocytoma (grade III)
Glioblastoma multiforme

BAG3 negative, �5% positive cells; low expression, 5% to 40% posit
NBT, normal brain tissue.
*P � 0.013. 3�3 contingency table for BAG3 levels distribution betwe

groups.
more, a marked increase of caspase-3 cleaved form in
BAG3 siRNA-treated cells indicates that these cells were
undergoing apoptotic death. C6 cells were also grown in
10% FBS and transfected with BAG3 siRNA for 48 hours;
no change in cells viability was observed, compared with

Figure 2. Effect of BAG3 siRNA on glioblastoma
cells in vitro. A: C6 cells were plated at 30% of
confluence, transfected with a BAG3 siRNA or a
nontargeted (NT) siRNA (100 nmol/L), and main-
tained in medium supplemented with 1% FBS for
at least 48 hours. Cell total extracts were obtained
and BAG3 levels were analyzed by Western blot.
Cell viability and caspase-3 cleavage were ana-
lyzed by Trypan Blue dye exclusion and by West-
ern blotting, respectively. Graph depicts the mean
percentage � SD. B: A172 cells were treated as
described for C6 cell line. The percentage of
sub-G1 cells was assessed by flow cytometry anal-
ysis of propidium iodide-stained, fixed cells.
Graph depicts the mean percentage � SD. C:
T98G and DBTRG-05MG cells were plated at 30%
of confluence, transfected with a BAG3 siRNA or a
nontargeted (NT) siRNA (100 nmol/L), and main-
tained in normal culture conditions or treated with
cisplatin (CDDP; 5 �g/mL) for 72 hours. Total cell
extracts were obtained and BAG3 levels were an-
alyzed by Western blot. The percentage of sub-G1
cells was assessed by flow cytometry analysis of
propidium iodide stained, fixed cells. Graph de-
picts the mean percentage � SD. Data are repre-
sentative of at least three independent experi-
ments.

BAG3 Positivity

Samples,
no.

BAG3
negative,
no. (%)

BAG3 positive, no. (%)

BAG3� low BAG3� high BAG3�

8 8 (100) 0 (0)
8 8 (100) 0 (0)

151 14 (9) 137 (91)
13 3 (23) 6 (46) 4 (31)
85 6 (7) 43 (50.6) 36 (42.4)
17 1 (5.9) 6 (35.3) 10 (58.8)
36 4 (11.1) 9 (25) 23 (63.9)*

; high expression, �40% positive cells.

blastoma Multiforme, Anaplastic astrocytoma, and Astrocytoma grade II
ion of

M/F
no.)

1/7
6/2
7/74

ive cells
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control cells (data not shown). These data indicate that
loss of BAG3 sensitizes glioblastoma cells to apoptosis.
This effect is not restricted to this particular cell line; A172
cells also showed increased apoptosis in low serum on
BAG3 reduction (Figure 2B). Moreover, down-regulation
of BAG3 sensitizes cells to different death inducers, as
shown by increased sensitivity to cisplatin treatment of
two different glioblastoma cell lines (Figure 2C). Of note,
in the T98G cells the reduction of BAG3 levels was suf-
ficient to induce death, in the absence of any additional
stimulus.

We then analyzed the molecular mechanism underly-
ing the proapoptotic effects of BAG3 down-regulation.
Antiapoptotic proteins of the BCL-2 family, and particu-
larly BAX, are known to regulate glioblastoma cell surviv-
al/death balance.27–29 We therefore analyzed BAD and
BAX protein levels in C6 cells cultured in high or low
serum (10% or 1% FBS). Although the levels of BAD
protein remained unaltered, those of BAX increased in
cells grown in 1% FBS (Figure 3A). Despite increased
BAX levels on serum starvation, no changes in cell via-
bility were observed in these cells unless BAG3 was also
down-regulated, indicating that BAG3 can interfere with
BAX signaling. Because in the apoptotic process BAX
translocates to the mitochondria and induces the depo-
larization of mitochondrial membrane,30 we determined
whether BAG3 siRNA affected these events. Cell treat-
ment with BAG3 siRNA did not result in a significant

Figure 3. Effect of BAG3 knockdown on BAX translocation to mitochondr
in normal (FBS 10%) or reduced (FBS 1%) serum conditions. B: C6 cells were
were analyzed by Western blot using anti-BAD and -BAX antibodies. Antibod
of the mitochondrial and cytosolic fractions. Densitometry analysis of the ob
separate experiments. ***P � 0.001. BAX levels in NT siRNA treated cells ver
with BAG3 siRNA or a nontargeted (NT) siRNA and cultured in medium co
measured by tetramethylrhodamine ethyl ester inclusion and expressed as
maintained in 1% FBS medium. D: Proteins (500 �g) from C6 cells maintain
antibody. Co-immunoprecipitation of BAG3, HSP70, and BAX proteins was

were maintained for 48 hours in 1% FBS medium and treated with BAG3 siRNA or N
to immunoprecipitation using a BAX-specific antibody. Presence of HSP70 protein
regulation of total levels of BAX and BAD proteins (data
not shown), although down-regulation of BAG3 levels
promoted BAX localization to the mitochondrial mem-
brane (Figure 3B). BAD localization did not change. In
accord with these results, depolarization of the mitochon-
drial membrane was significantly enhanced in BAG3
siRNA-treated cells (Figure 3C).

Next, we explored the mechanism through which re-
duction of BAG3 levels promotes BAX translocation to
mitochondria. HSP70 binds to BAX, preventing its trans-
location to mitochondria and thus promoting cell sur-
vival.31 We therefore investigated whether, in glioblas-
toma cells, BAX is complexed with HSP70 in the cytosol
and whether BAG3 participates in the complex. To this
end, we immunoprecipitated BAX protein from lysates of
C6 cells maintained for 48 hours in medium containing
1% FBS. Both HSP70 and BAG3 were found to co-immu-
noprecipitate with BAX (Figure 3D). We then analyzed the
effect of BAG3 siRNA on the formation of BAX/HSP70
complex. HSP70 protein did not co-immunoprecipitate
with BAX from lysates of cells in which BAG3 was down-
regulated (Figure 3E); co-immunoprecipitation was
clearly detectable in lysates from cells treated with a
control NT siRNA. These findings indicate that BAG3 is
required for HSP70 binding to BAX, preventing its trans-
location to the mitochondria. Reducing BAG3 levels dis-
rupts the interaction among these three proteins, frees
BAX, and sensitizes cells to apoptosis.

estern blot analysis of BAX and BAD proteins in cells cultured for 48 hours
as described for A; subcellular fractions were obtained and fraction proteins
d against HSP60 and GAPDH were used to monitor equal loading conditions
ands and statistical significance was calculated from measurements of three
3 siRNA treated cells. C: C6 cells were plated at 30% confluence, transfected
10% or 1% FBS for 48 hours. Mitochondrial membrane depolarization was

percentage � SD. *P � 0.05. NT siRNA versus BAG3 siRNA treated cells
8 hours in 1% FBS medium were immunoprecipitated using a BAX-specific
by Western blot. An anti-GAPDH antibody was used as control. E: C6 cells
ia. A: W
treated

ies raise
tained b
sus BAG
ntaining

mean
ed for 4
assessed
T siRNA. Cell extracts were obtained and 200 �g of proteins were subjected
was assessed by Western blot.
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To investigate the possibility that interfering with this
pathway may result in tumor cell death in vivo, C6 cells
were stereotactically implanted into the caudate putamen
of immunocompetent rats. After 2 weeks, the animals
were separated into two groups for treatment, with one
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Figure 4. Effect of BAG3 siRNA on C6 rat glioblastoma cells in vivo.
A: H&E-stained sections of rat brain show significant reduction of glioma tumors
implanted into the caudate putamen of BAG3 siRNA-treated rats, compared with
the larger tumors in NT siRNA-treated animals. The difference in tumor area
(reported as means � SD) was significant (**P � 0.01). B: Histological evaluation
of the tumors reveals abundant areas of cell death and pycnotic nuclei in the
BAG3 siRNA-treated tumors compared with solid sheaths of neoplastic cells
in the NT siRNA-treated animals. Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay revealed a large number of cells
undergoing apoptosis in the BAG3 siRNA-treated tumors.

Trasloca�on to
mitochondria

Gro
w

Figure 5. Proposed mechanism for BAG3-mediated regulation of BAX activity. Und
translocation to the mitochondria. When BAG3 is down-regulated, BAX is able to tr
group receiving the BAG3 siRNA and the second group
receiving the NT siRNA as control. The siRNAs were
delivered directly into the tumor via a guided screw sys-
tem. Treatments were performed three times per week for
3 weeks, after which the animals were euthanized and the
brain was extracted and analyzed. Control animals
showed larger tumors, occupying the entire basal gan-
glia, whereas animals treated with BAG3 siRNA showed
smaller tumors (Figure 4A). Indeed, BAG3 siRNA-treated
animals showed at least an 80% reduction in tumor size,
compared with control animals. Histologically, the tumors
of control animals were characterized by abundant, large
neoplastic cells with pleomorphic nuclei and eosinophilic
cytoplasm; BAG3 siRNA-treated tumors showed a re-
duced cytoplasm and abundant pycnotic nuclei, charac-
teristic of cells undergoing apoptosis (Figure 4B). A ter-
minal deoxynucleotidyl transferase dUTP nick end
labeling assay revealed numerous positive cells in BAG3
siRNA-treated tumors, confirming that they are undergo-
ing apoptosis (Figure 4B). These findings serve as proof
of principle, that a therapy aimed at reducing BAG3 lev-
els or targeting its interaction with other proteins could be
effective in treating these tumors.

Discussion

Successful therapy of high-grade brain tumors is likely to
require a combination of therapeutic approaches, be-
cause GBM cells are notoriously infiltrating and are resis-
tant to single conventional radio and chemotherapeutic
treatments. A deeper understanding of glioblastoma bi-
ology and physiopathology is necessary to identify new
molecular targets for a rational drug design. Here we
have reported increased expression of BAG3 in astrocy-
tomas and glioblastomas, compared with normal brain
tissues, with a particularly significant increased expres-
sion in high-grade glioblastomas. A lower percentage of
BAG3-positive cells was also detected in lower grade
astrocytomas. Caution is advised when analyzing ex-
pression of BAG3 in these particular tumors, because
trapped non-neoplastic elements can be abundant in
many of these neoplasms, and neoplastic versus non-
neoplastic cells are sometimes not reliably distinguish-
able even to an expert eye, especially in the case of
single neoplastic cells infiltrating the adjacent normal
brain parenchyma. A proportion of BAG3-negative cells
identified as malignant could instead be normal glial
cells, leading to underestimation of the number of posi-
tive tumor cells, and BAG3-expressing cells in the normal
brain could constitute infiltrating single GBM cells. None-
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theless, we think that BAG3 might still prove to be a
helpful marker, despite this bias (which could lead to an
overestimation of the differences in positivity across dif-
ferent grade lesions). Further studies are needed to an-
alyze the relevance of BAG3 as a prognostic marker in
these tumors, correlating its expression to tumor recur-
rence after resection, response to standard therapies,
and patient survival.

More importantly, our results point to BAG3 as a po-
tential candidate target for therapy, because its reduction
in vitro sensitizes cells to death. As a proof of principle,
we showed that BAG3 knockdown by local siRNA deliv-
ery induces apoptosis in a rat glioblastoma model in vivo.
In contrast to cancers in other locations, GBM is an at-
tractive target for local gene therapy because of its re-
stricted anatomical location and absence of metastases
outside the central nervous system. This allows delivery of
vectors directly to the desired site, with only a small risk of
systemic toxicity,32 thus supporting the idea of developing
a BAG3-targeting strategy, eventually in combination with
other drugs. Even though our in vivo data suggest that
reduction of BAG3 alone results in tumor cells death, our
in vitro data indicate that this may not be sufficient. More-
over, a complete eradication of the tumor might require
combinational therapies. These might include triggering
other antiapoptotic proteins that might synergize with
BAG3, as we have shown before in other systems.11

Investigating potential therapeutic combinations that can
synergize with BAG3 is a focus for future studies planned
in our laboratory.

We also addressed the molecular mechanism under-
lying the antiapoptotic activity of BAG3 in glioblastoma,
which appears to rely on BAG3 requirement for BAX
retention by HSP70 in the cytosol, thus preventing the
translocation to the mitochondria that is required for
apoptosis induction. Down-regulation of BAG3 would free
BAX, allowing its activation in response to a number of
proapoptotic stimuli. In some cells in which a latent killing
signaling (eg, oncogenic stress) is present, this might be
sufficient to activate the death program in the absence of
additional stimuli. This is in agreement with the co-chap-
erone role of BAG3, which binds the heat shock protein
and cooperates in several of its functions,33 and with
the relevant role of BAX in regulating glioblastoma cell
survival/death balance.27–29 BAG3-dependent reten-
tion of BAX in the cytosol represents a novel mecha-
nism through which BAX action can be regulated in
tumors (Figure 5).

In conclusion, the present study identified a novel
function for BAG3 and its involvement in the biology of
malignant central nervous system tumors. Moreover, in
addition to establishing BAG3 as a potential marker for
astrocytomas and glioblastomas, our findings strongly
suggest that BAG3 could be a target for new therapies.
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