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Abstract: Bcl2-associated athanogene 3 (BAG3) belongs to the BAG family and regulates many biologic behaviors of 
tumors. When tumor cells are in a hypoxic condition, BAG3 protein expression level increases, as does HIF-1α which 
is an important transcription factor induced by hypoxia. Glioblastoma is one of the typical solid tumors existing in 
a hypoxic microenvironment that can activate expression of BAG3 and HIF-1α. This research aimed to reveal the 
relationship between BAG3 and HIF-1α and their effects in glioblastoma multiforme. We found that down-regulated 
BAG3 inhibited proliferation and promoted apoptosis of glioblastoma multiforme U87 and U251 cell lines by de-
creasing HIF-1α expression level. The mechanism of BAG3 regulating HIF-1α is mainly through increasing degrada-
tion of HIF-1α by HSP70. When HIF-1α was up-regulated, induced by HIF-1α plasmid transfection on the basis of 
down-regulation of BAG3, the proliferation inhibition and apoptosis promotion were partially reversed. This novel 
result showed, for the first time, that down-regulation of BAG3 resulted in a low expression of HIF-1α under both 
normoxic or hypoxic conditions and finally caused inhibited proliferation and promoted apoptosis in glioblastoma. 
The mechanism of down-regulated BAG3 decreased HIF-1α protein expression through enhancing formation of 
HSP70-HIF-1α complex and promoting degradation of HIF-1α by HSP70.

Keywords: Bcl2-associated athanogene 3 (BAG3), hypoxia inducible factor 1 alpha (HIF-1α), heat shock protein 70 
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Introduction

Glioma is the most common central nervous 
system tumor, comprising about 80% of malig-
nant brain tumors. Despite improvements in 
diagnosis and treatment, the prognosis of glio-
ma remains dismal with a 5-year overall surviv-
al rate of less than 30% [1]. The tumor cells 
often invade adjacent brain tissue, which is 
largely responsible for the poor outcome of the 
disease [2]. Glioblastoma is the highest grade 
glioma variant, and is associated with high mor-
bidity, mortality, and recurrence. Like other 
solid tumors such as hepatocellular carcinoma, 
prostatic carcinoma, and cervical cancer, rapid 
proliferation of tumor cells and relative slow 
growth of tumor microvessels usually form a 
regional hypoxia microenvironment. 

In order to adapt this hypoxic microenviron-
ment, tumor cells express many kinds of cyto-

kines. Hypoxia inducible factor 1 alpha (HIF-1α) 
is one of the most active cytokines under 
hypoxic conditions. HIF-1α can serve as a tran-
scription factor promoting transcription of many 
genes including vascular endothelial growth 
factor (VEGF), platelet derived growth factor 
(PDGF) and matrix metalloproteinase 2 (MMP2) 
[3-5]. Under normoxic circumstances, HIF-1α 
protein is expressed at a very low level because 
of rapid degradation. However, the degradation 
of HIF-1α protein was significantly inhibited in 
hypoxia tumors. The reason for inhibited degra-
dation of HIF-1α protein was unclear until now.

Bcl2-associated athanogene 3 (BAG3) belongs 
to the BAG family of co-chaperones-encoding 
genes which was found by Takayama et al. in 
1999 [6]. BAG3 is expressed in many primary 
tumors, such as leukemia, thyroid, neuroblas-
toma, prostate carcinoma, pancreatic cancer, 
ovarian cancer, and glioblastoma [7-12]. It has 
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been reported that BAG3 may regulate diverse 
biologic processes including apoptosis, prolif-
eration, cytoskeleton organization, invasion, 
metastasis, and autophagy [7, 13, 14]. BAG3 
regulates a cancer related signaling network 
usually by interacting with heat shock protein 
70 (HSP70) which can form a co-chaperone 
with BAG3 [6]. Immunohistochemical detection 
of BAG3 protein in different grades of glioma 
showed that its expression level significantly 
increased according to the tumor grade [15]. 
Down-regulation of BAG3 promotes apoptosis 
by enhancing the expression of Bax, p21, p53, 
and many other apoptosis-associated proteins 
[13, 15, 16].

The literature reported that BAG3 and HIF-1α 
co-expression was detected in hepatocellular 
carcinoma after liver transplantation by immu-
nohistochemical technique. A significant asso-
ciation between high BAG3/HIF-1α levels and 
shorter overall survival was detected [17]. In 
hepatocellular carcinoma, BAG3 knockdown 
decreased HIF-1α protein expression level [18], 
but the mechanism was unclear. 

In glioma, little was known about the relation-
ship of BAG3 and HIF-1α. Thus, we hypothe-
sized that: (1) High expression level of BAG3 
was co-expressed with HIF-1α in glioblasto- 
ma mutiforme; (2) BAG3 can regulate HIF-1α in 
glioblastoma mutiforme; (3) Down-regulation of 
BAG3 inhibits proliferation and promotes ap- 
optosis of glioblastoma mutiforme by BAG3/
HSP70/HIF-1α proteasome pathway. To verify 
our hypotheses, we performed this research. 
U251and U87 cell lines were used as research 
models, because U251 and U87 are the most 
frequent human primary brain tumors and rep-
resent the most malignant stage of astrocyto-
ma progression.

Materials and methods

Main reagents

HA-HIF-1alpha-pcDNA3 plasmid was purchas- 
ed from Kaelin lab (Boston, USA). HA-pcDNA3 
plasmid was from our lab. EGFP-shBAG3-GV- 
248 and EGFP-GV248 plasmids were purch- 
ased from Genechem (Shanghai, China). HIF-
1alpha and BAG3 primary antibodies were  
purchased from Abcam Company. HSP70 pri-
mary antibody was purchased from Enzolife 
Company. Fluorescent secondary antibodies 
were purchased from Licor Biosciences Com- 

pany (Nebraska, USA). Transfection reagent 
was purchased from QIAGEN Company.

Specimens and patients

Specimens were collected at Renmin Hospital 
of Wuhan University (Hubei, China) from 20 
cases of glioma in patients who received surgi-
cal resection from January 2014 to February 
2015. The average age of glioma patients  
was 45 years old (range 19-75). Tumor sampl- 
es were harvested from the tumors at the ti- 
me of surgery and were subsequently snap  
frozen and stored at -80°C in 30 minutes.  
Our research was approved by the Ethics 
Committee of the Faculty of Medicine of Ren- 
min Hospital, Wuhan University. Informed con-
sent was obtained from the patients and/or 
guardians.

Cell culture and plasmid transfection

The U251 and U87 glioblastoma cell lines were 
from in our lab. Cells were grown in DMEM 
medium supplemented with 10% FBS in a 
humidified incubator at 37°C/5% CO2. When 
the cells were full, washed with PBS buffer, 
digested by trypsin (without EDTA) and seed- 
ed into either 6-well plates (Costar, USA) with 
20 thousand cells per well or 96-well plates 
(Costar, USA) with 8 thousand cells per well. 
When cells covered 80-90% proportion of 
plates, HA-HIF-1alpha-pcDNA3, HA-pcDNA3, 
EGFP-shBAG3-GV248 and EGFP-GV248 plas-
mids were transfected into U251 and U87 glio-
blastoma cell lines using Attactene transfec-
tion reagent according to the manufacturer’s 
instructions. To screen out the transfected 
cells, 0.5% puromicin was added into the medi-
um after tranfection.

RNA extraction and real time PCR

Total RNA was extracted using the Total RNA 
Isolation System from Promega according to 
the manufacturer’s instructions. Reverse tran-
scription and PCR amplification were done 
according to Takara Reverse transcription kit 
manufacturer’s instructions by the real time 
PCR System supplied by Promega. Based on 
the information of BAG3, HIF-1α, GAPDH, β- 
actin supplied on PubMed, four pairs of gene-
specific primers were designed: BAG3 sense 
5’-CCCATGACCCATCGAGAAACTGC-3’ and anti-
sense 5’-GCTGGGAGGACAAGGAACTG-3’; HIF-
1α sense 5’-AAGCCCTAACGTGTTATCTGTCG-3’ 
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and anti-sense 5’-ATGTAGTAGCTGCATGATCGT- 
CT-3’; GAPDH sense 5’-CGGAGTCAACGGATTT- 
GGTCGTAT-3’ and anti-sense 5’-AGCCTTCTCC- 
ATGGTGGTGAAGAC-3’; β-actin sense 5’-CCCAT- 
GACCCATCGAGAAACTGC-3’ and anti-sense 5’- 
GCTGGGAGGACAAGGAACTG-3’. Reverse tran-
scription was carried out in a reaction mixture 
containing 1 μl RNA, 1 μl oligo dT primer, 2 μl 
reaction buffer (5 ×), 1 μl reverse transcriptase, 
1 μl reverse transcriptase inhibitor, 10 μl 
ddH2O. Real time PCR was carried out in a reac-
tion mixture containing 2 μl cDNA, 10 μl SYBR 
Green PCR mix, 1 μl forward primer (5 pmol/
ml), 1 μl reverse primer (5 pmol/ml) and 6 μl 
ddH2O. Quantitative PCR was carried out in a 
reaction mixture containing 2.5 μl of cDNA, 
12.5 ml of SYBR Green qPCR mix, 2.5 μl of plus 
solution, 2 μl of primers (5 pmol/ml), 5.5 μl of 
ddH2O. Furthermore, PCR was performed on an 
ABI Prism 7500 Sequence Detection System 
(Applied Biosystems) using SYBR Green qPCR 
kit (Toyobo Biologics, Japan). The cycling condi-
tions were as follows: a denaturation step at 
95°C for 10 min, followed by 35 cycles at 95°C 
for 30 s, 57°C for 30 s, 72°C for 45 s, and a 
final extension step at 72°C for 10 min. Results 
were normalized relative to the amount of 
GADPH or β-actin mRNA and were plotted by 
the amount relative to the reference sample.

Western blotting

After treatments or transfections, total prote- 
in extracts were prepared by incubation of ce- 
lls in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 
mM NaCl, 1% Triton X-100 5 mM EDTA) for 30 
min at 0°C. Samples were normalized for pro-
tein content using BCA kit according to its man-
ufacturer’s instructions. 30 mg of lysates was 
separated on 12% polyacrylamide gels and 
electro-transferred onto PVDF membranes for 
2 hours (BAG3, HIF-1α, HSP70) or 1.5 hours 
(GAPDH, cleaved-caspase 3, NF-κBp65, BAD, 
p53, Bcl2, Bax). Membranes were blocked in 
5% BSA in TBS-Tween, incubated with primary 
antibody (1:2000 for HIF-1α; 1:1000 for BAG3, 
HSP70, GAPDH, cleaved-caspase 3, NF-κBp65, 
BAD, p53, Bcl2, Bax), followed by incubation 
with secondary antibody (Licor, 1:10000). The 
signals were visualized using Odyssey infrared 
imaging system (Odyssey, USA).

Immunofluorescence

Cells were planted into 6-well plates which laid 
a glass slide in each well. A wash of the cells 
three times using PBS (1 ×) was done when 

glioblastoma cells covered 80%-90% percent 
square of glass slides. Liquid was aspirated, 
and then cells were covered with 2 ml 4%  
formaldehyde to fix cells for 15 min at room 
temperature. Fixative was aspirated, and cells 
were rinsed three times in 1 × PBS. Specimens 
were blocked in blocking buffer (1 × PBS/5% 
BSA/0.3% Triton X-100) for 60 min. Blocking 
solution was aspirated and primary antibodies 
were added which were diluted to 5 mg/ml in 
antibody dilution buffer (1 × PBS/1% BSA/0.3% 
Triton X-100). One slide in each group had 
nuclear staining by DAPI. Primary antibodies 
were incubated overnight at 4°C. Cells were 
rinsed three times and incubated in fluoro-
chrome-conjugated secondary antibody for 60 
min at room temperature away from light. Slides 
were coverslipped using antifade mounting 
medium and photographed under fluorescent 
microscopy (OYMPUS BX51, Japan).

Immunoprecipitation

For immunoprecipitation, U251 glioblastoma 
cells were lysed by cold RIPA lysis buffer (50 
mM Tris-HCl; 1% Nonidet P-40; 0.25% Deo- 
xycholate Na; 120 mM NaCl; 1 mM EDTA; 1 mM 
PMSF; 1 μg/ml Leupeptin; 1 μg/ml Aprotinin; 1 
μg/ml Pepstatin; 1 mM Na3VO4; 1 mM NaF). 
500 μg total protein were incubated with 5 μg 
anti-BAG3 rabbit monoclonal antibody, anti-HIF-
1α rabbit monoclonal antibody, anti-HSP70 
rabbit monoclonal antibody, or control rabbit 
IgG at 4°C with gentle agitation. Following addi-
tion of 60 ml protein G-agarose and incubation 
for 3 hours at 4°C, the immunocomplexes were 
pelleted; the immunocomplexes were washed 
with cold RIPA lysis buffer for three times at 
4°C, and then subjected to SDS-PAGE and 
probed by western blotting for BAG3, HIF-1α 
and HSP70.

Evaluation of proliferation by CCK8 cell viability 
and 5-ethynyl-2’-deoxyuridine (EdU) incorpora-
tion assay

Cells were harvested at 48 hours post-transfec-
tion and cultured in 96-well plates (8000 cells 
per well). Cell viability was detected at 12, 24, 
48 and 72 hours post-cultured using Cell 
Counting Kit-8 (Dojindo, Japan) according to the 
manufacturer’s protocol. Absorbance values at 
the wavelength of 450 nm were measured by 
enzyme standard instrument (PERKIN ELMER 
VICTOR 1420, USA). Proliferating cells were 
detected using the Cell-Light EdU imaging 
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detecting kit (RiboBio, Guangzhou, China) ac- 
cording to the manufacturer’s instructions. 
Cells were incubated with 10 μM EdU for 24 
hours, and then fixed with 4% formaldehyde  
for 30 min at room temperature. After wash- 
ing, cells were incubated with staining reac- 
tion (EdU Apollo) for 30 min. Subsequently, ce- 

ll nuclei were stained with DAPI (5 μg/ml) for  
30 min and visualized under fluorescence 
microscope.

Evaluation of apoptosis by annexin-V-APC as-
say

48 hours after transfection, cells were harvest-
ed and washed by PBS buffer (1 ×) three times, 
and resuspended in 500 μl binding buffer (10 
mM Hepes/NaOH, 140 mM NaCl, 2.5 mM 
CaCl2). 5 μl Annexin-V-APC was added into 
Annexin-V binding buffer, and then added 10 μl 
propidium iodide (PI, 20 μg/ml). Reaction mix-
ture was mixed well lightly and incubated for 10 
min at room temperature away from light. Cells 
were analyzed by flow cytometry using a Becton 
Dickinson FACScan flow cytometer with Cell 
Quest software (Becton Dickinson, Mountain 
View, CA).

Statistical analysis

Data Are presented as mean ± SD. Statistical 
differences were calculated using the Student’s 
t-test. Statistics were performed using one-fac-
tor ANOVA test. The significance level was set to 

Table 1. Detailed information of the 20 glioma patients

Patient number Sex Age Pathologic diagnosis Tumor grade 
(WHO)

HIF-1α mRNA 
level*

BAG3 mRNA 
level*

1 Female 40 Astrocytoma I 5.452 5.173 
2 Male 19 Astrocytoma I 2.701 4.441 
3 Male 43 Astrocytoma II 0.875 0.211 
4 Female 24 Astrocytoma II 5.103 3.629 
5 Female 58 Astrocytoma II 0.913 0.347 
6 Female 58 Astrocytoma II 5.184 4.405 
7 Male 53 Astrocytoma II 2.377 1.383 
8 Male 58 Astrocytoma II 7.120 5.041 
9 Male 61 Astrocytoma II 0.346 0.352 
10 Male 73 Astrocytoma II 2.511 3.704 
11 Male 52 Glioblastoma IV 1.000 1.000 
12 Male 39 Glioblastoma IV 1.646 3.106 
13 Male 20 Glioblastoma IV 1.384 1.901 
14 Female 39 Glioblastoma IV 0.485 1.049 
15 Male 59 Glioblastoma IV 2.379 3.619 
16 Female 44 Glioblastoma IV 1.957 2.210 
17 Female 75 Glioblastoma IV 1.161 0.262 
18 Male 30 Glioblastoma IV 10.966 7.867 
19 Female 50 Glioblastoma IV 1.292 0.661 
20 Female 73 Glioblastoma IV 3.760 2.682 
Note: *HIF-1α and BAG3 mRNA expression levels were relative to β-actin.

Figure 1. Correlation between BAG3 and HIF-1α 
mRNA expression level in 20 glioma tissues. Results 
were normalized relative to the amount of β-actin 
mRNA. Statistical analysis was performed with Pear-
son’s test.



Down-regulation of BAG3 and glioblastoma multiforme

4309 Int J Clin Exp Pathol 2018;11(9):4305-4318

Figure 2. HIF-1α and BAG3 were up-regulated under hypoxic condition and HIF-1α cannot regulate BAG3 expression. A. HIF-1α and BAG3 mRNA expression level in 
U87 glioblastoma cell line under hypoxic and normoxic conditions. Hypoxic group was induced by CoCl2 (200 μM) and normoxic group was not treated with CoCl2. 
B. Relative expression level of HIF-1α and BAG3 mRNA in U87 glioblastoma cell line under hypoxic condition. C. HIF-1α and BAG3 protein expression level in U87 
glioblastoma cell line under hypoxic and normoxic condition. D. Relative expression level of HIF-1α and BAG3 protein in U87 glioblastoma cell line under hypoxic con-
dition. E. BAG3 mRNA cannot be regulated by HIF-1α in U87 glioblastoma cell line. Cells were transfected with cDNA3-HIF-1α plasmid or cDNA3 plasmid for control. 
F. Relative expression level of BAG3 mRNA in U87 glioblastoma cell line. G. BAG3 protein cannot be regulated by HIF-1α in U87 glioblastoma cell line. H. Relative 
expression level of BAG3 protein in U87 glioblastoma cell line. I. BAG3 protein cannot be regulated by HIF-1α in U251 glioblastoma cell line. J. Relative expression 
level of HIF-1α and BAG3 protein in U251 glioblastoma cell line. Protein expression level was tested by western blot and mRNA expression level was tested by RT-
PCR. Each experiment was repeated three times. Protein and mRNA expression level were normalized relative to the amount of GAPDH. Data were showed as mean 
± SD. *P < 0.05 represented statistical significance.
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P < 0.05. All experiments were repeated three 
times.

Results

Correlation between BAG3 and HIF-1α mRNA 
expression level in glioma

Samples from 20 patients with glioma receiv-
ing glioma resection in our hospital (Renmin 
Hospital of Wuhan University, Hubei, China) 
between 2012 and 2014 were collected for 
this study. Detail information of the 20 glioma 
patients was provided in Table 1. Giving priority 
to pathological examination, the rest of glioma 
resection tissues were collected to extract 
RNA. BAG3 and HIF-1α mRNA expression level 
were evaluated by qPCR, and data showed that 
BAG3 expression was significantly positively 
correlated with HIF-1α expression (Pearson, R2 
= 0.804, P < 0.001) in human glioma samples 
(Figure 1).

HIF-1α cannot regulate BAG3 expression in 
gliomblastoma

After we realized that BAG3 expression level 
was positive correlated to HIF-1α, we needed to 
do more research to explain the relationship 
between BAG3 and HIF-1α. When a hypoxic 
condition induced by cobalt dichloride (CoCl2, 
200 μM) was provided to U87 glioblastoma 
cells, we found that both the HIF-1α and BAG3 
mRNA expression level were significantly 
increased (Figure 2A, 2B), as well as HIF-1α 
and BAG3 protein (Figure 2C, 2D). So we tried 
to reveal whether HIF-1α could regulate the 
expression of BAG3, or the contrary. To verify 
our consideration, U87 and U251 glioblastoma 
multiforme cell lines were transfected with 
pcDNA3-HIF-1α and negative control pcDNA3 
plasmids. After 48 hours of transfection, U87 
and U251 glioblastoma multiforme cells were 
harvested to extract mRNA and protein. Real-
time PCR and western blot showed that up-reg-
ulation of HIF-1α did not affect BAG3 expres-
sion level (Figure 2E-H). Similarly, U87 and 
U251 cell lines were transfected with pEGFP-
shBAG3 plasmids to down-regulate BAG3 
expression level, and HIF-1α mRNA expression 
was not increased or decreased (Figure 3C-F). 

Down-regulation of BAG3 decreased HIF-1α 
protein expression level in glioblastoma

To explore whether BAG3 could regulate HIF-1α 
protein expression, we constructed U87 and 
U251 glioblastoma cell lines with stably low 

expression level of BAG3 by EGFP-shBAG3 plas-
mid transfection. Transfection rate was ob- 
served by fluorescence micrographs (Figure 
3A). Fluorescence demonstrated that the per-
centage of transfection was higher than 90%. 
Immunofluorescent micrographs of U87 glio-
blastoma cell line were performed to detect  
the expression of HIF-1α protein after EGFP-
shBAG3 plasmid transfection. Both the EGFP 
and EGFP-shBAG3 transfected groups were 
treated with BAG3 and HIF-1α primary antibod-
ies overnight and then stained with CY5 sec-
ondary antibody. Immunofluorescence was ph- 
otographed and data showed that HIF-1α pro-
tein was significantly decreased induced by 
down-regulated BAG3 (Figure 3B). In addition, 
BAG3 and HIF-1α protein expression level were 
detected by western blot and we also found 
that HIF-1α protein expression level decreased 
when BAG3 was down-regulated in U87 and 
U251 glioblastoma cell lines both under hypox-
ic and normoxic condition (Figure 3G-J). Thus, 
we found that BAG3 could regulate HIF-1α 
post-transcriptionally.

Down-regulation of BAG3 inhibits proliferation 
and promotes apoptosis of glioblastoma cells

To investigate the influence of down-regulation 
of BAG3 on glioblastoma, we tested prolifera-
tion and apoptosis rate of U87 and U251 glio-
blastoma cell lines transfected with pEGFP-
shBAG3 or pEGFP plasmid. Data of CCK8 assay 
showed that the proliferation rate of U87 and 
U251 glioblastoma cell lines significantly de- 
clined (Figure 4A, 4B); especially 72 hours aft- 
er plating into a 96-well plate (Figure 4C). EdU 
assay also showed that down-regulation of 
BAG3 decreased proliferation rate of gliobl- 
astoma cells (Figure 4D, 4E). Anexin V-APC 
assay was performed to detect the apoptosis 
rate, and data showed increased apoptosis of 
glioblastoma cells induced by down-regula- 
tion of BAG3 (Figure 5A, 5B). Western blot data 
showed that apoptosis-associated proteins 
including p53, NF-κB, cleaved-caspase 3, Bax, 
and BAD expression level significantly increased 
and anti-apoptosis protein Bcl2 decreased in 
the pEGFP-shBAG3 transfected group (Figure 
5C-F). 

Up-regulation of HIF-1α can partially reverse 
proliferation inhibition and apoptosis promo-
tion induced by down-regulation of BAG3

To confirm that the proliferation inhibition and 
apoptosis promotion induced by decreased 
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Figure 3. Down-regulation of BAG3 decreased HIF-1α protein expression level in glioblastoma. A. Fluorescence 
micrographs showing U87 and U251cells transfected with EGFP and EGFP-shBAG3 plasmid (original magnifica-
tion, 100 ×). B. Immunofluorescent micrographs of U87 glioblastoma cell line (original magnification, 100 ×). C. 
HIF-1α mRNA expression level in U87 glioblastoma cell lines transfected with EGFP-shBAG3 or EGFP plasmid. D. 
Relative expression level of HIF-1α mRNA in U87 glioblastoma cell line with down-regulation of BAG3. E. HIF-1α 
mRNA expression level in U251 glioblastoma cell lines transfected with EGFP-shBAG3 or EGFP plasmid. F. Relative 
expression level of HIF-1α mRNA in U251 glioblastoma cell line with down-regulation of BAG3. G. Down-regulation 
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BAG3 were obtained through down-regulation 
of HIF-1α, a reversal experiment was performed 
with secondary transfection of pcDNA3-HIF-1α 
on the basis of transfection of pEGFP-shBAG3 
both in U87 and U251 glioblastoma cell lines. 
Proliferation and apoptosis rate was tested by 
EdU assay and Annexin V-APC assay, and apop-
tosis associated proteins were tested by west-
ern blot. Data showed that up-regulation of HIF-
1α on the basis of down-regulation of BAG3 can 
partially reverse proliferation inhibition and 
apoptosis promotion compared to down-regu- 
lation of BAG3 alone (Figures 4A-E, 5A, 5B). 
Apoptosis proteins, such as cleaved-caspase 
3, Bax and p53 expression level were decreased 
after secondary transfection of pcDNA3-HIF-
1α, and anti-apoptosis protein Bcl2 expression 
was increased relatively (Figure 5G).

Down-regulated BAG3 decreased HIF-1α 
protein expression through enhancing more 
formation of HSP70-HIF-1α complex and pro-
moting degradation of HIF-1α by HSP70

Having demonstrated that BAG3 can modulate 
HIF-1α protein expression, we explored the 
mechanism. As we know, BAG3 can just regu-
late HIF-1α protein expression but not mRNA, 
so protein-protein interaction must be taken 
into consideration. We used a proteasome in- 
hibitor (MG132) to treat U87 and U251 glio-
blastoma cells. After treatment of MG132 (2.5 
μM), both BAG3 and HIF-1α protein expression 
level increased. With the extension of treat-
ment time of MG132, BAG3 and HIF-1α protein 
expression significantly increased both in U87 
and U251 cell lines (Figure 6A-D). HSP70 serv-
ing as co-chaperon with BAG3 was up-regulat-
ed by MG132. Thus, the relationship between 
BAG3, HIF-1α and HSP70 had to be clarified. To 
accomplish this, co-immunoprecipitation of 
BAG3, HIF-1α and HSP70 was done. Data 
showed that both of BAG3 and HIF-1α could 
bind to HSP70. However, BAG3 antibody could 
not precipitate HIF-1α protein and vice versa 
(Figure 6G). So we infer that BAG3 in the regula-

tion of HIF-1α may be reached through degra-
dation effect of HSP70 to HIF-1α. To confirm 
our inference, HSP70 inhibitor (KNK437) was 
used to treat U251 glioblastoma cell transfect-
ed with pEGFP or pEGFP-shBAG3 plasmid. 
When HSP70 expression was inhibited by 
KNK437, HIF-1α expression level was signifi-
cantly increased both in pEGFP and pEGFP-
shBAG3 group (Figure 6E, 6F). These data sug-
gest that down-regulated BAG3 can decrease 
HIF-1α which was reached by enhancing the 
degradation effect of HSP70 to HIF-1α.

Discussion

Similar to many other tumors such as hepato-
cellular carcinoma, prostatic carcinoma, and 
cervical cancer, glioblastoma usually grows 
with boundaries and forms a solid tumor. Tumor 
cells grow rapidly and microvessels grow rela-
tively slowly, which leads to a regional hypoxic 
microenvironment. Previous studies showed 
that BAG3 and HIF-1α expression were en- 
hanced under hypoxic condition [19]. HIF-1α is 
a regulatory subunit of the hypoxia inducible 
factor 1 (HIF1), which serves as a key transcrip-
tion factor in response to hypoxic stress by 
regulating genes involved in maintaining oxy-
gen homeostasis, as well as many other genes 
including VEGF, EPO, PDGF, and apoptosis-
associated genes. HIF-1α mRNA and protein 
expression level was increased and degrada-
tion of HIF-1α protein was inhibited under 
hypoxic conditions [20, 21]. BAG3 is a stress-
responsive gene which can be activated or up-
regulated under stress such as hyperthermia, 
ischemia, oxidation or hypoxia [22]. The reason 
that BAG3 is highly expressed under hypoxic 
stress may attribute to heat shock transcription 
factor 1 (HSF-1) which is a transcription factor 
of BAG3 [23]. Kawabe et al. reported that HSF-
1 mRNA was significantly up-regulated dur- 
ing hypoxia, and its expression level was posi-
tive relative to hypoxic time [24]. Thus, we infer 
that up-regulation of BAG3 under hypoxia was 
induced by HSF-1. Although eleven putative 

of BAG3 decreased HIF-1α protein expression level in U87 glioblastoma cell line both under normoxic and hypoxic 
conditions. H. Relative expression level of HIF-1α protein in U87 glioblastoma cell line with down-regulation of BAG3 
under normoxic and hypoxic conditions. I. Down-regulation of BAG3 decreased HIF-1α protein expression level in 
U251 glioblastoma cell line both under normoxic and hypoxic conditions. J. Relative expression level of HIF-1α pro-
tein in U251 glioblastoma cell line with down-regulation of BAG3 under normoxic and hypoxic conditions. Protein 
expression level was tested by western blot and mRNA expression level was tested by RT-PCR. Each experiment was 
repeated three times. Protein and mRNA expression level were normalized relative to the amount of GAPDH. Data 
were showed as means ± SD. *P < 0.05 represented statistical significance.
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Figure 4. Down-regulation of BAG3 inhibits proliferation of glioblastoma. A. CCK8 results of U87 glioblastoma cell line. U87 cells were double-transfected with 
pcDNA3/pEGFP, pcDNA3/pEGFP-shBAG3 or pcDNA3-HIF-1α/pEGFP-shBAG3. Absorbance values (A450) were detected at 12, 24, 48 and 72 hours after plating 
into 96-well plate. Data were showed as mean ± SD. B. CCK8 results of U251 glioblastoma cell line. C. Proliferation fold change of U87 and U251 glioblastoma cell 
lines at 72 hours after plating into 96-well plate. D. EdU assay result of U87 glioblastoma cell line. Double-transfected U87 cells were stained by DAPI or EdU 24 
hours after plating into 6-well plate. EdU-positive cells were stain as red. Representative images were shown (original magnification, 200 ×). E. EdU assay result of 
U251 glioblastoma cell line. Double transfected U251 cells were stained by DAPI or EdU 24 hours after planted into 6-well plate. Representative images were shown 
(original magnification, 200 ×). Data were showed as means ± SD. *P < 0.05 represented statistical significance.
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hypoxic response elements which are hypoxia-
inducible factor 1 (HIF-1) binding sequences 
were found located in the HSF1 promoter 
region in oysters, no direct evidence was pro-

posed to prove this in humans. Our research 
results draw an opposite conclusion that BAG3 
could not be modulated by HIF-1α in human 
glioblastoma multifome. 

Figure 5. Down-regulation of BAG3 promotes apoptosis of glioblastoma. A. Flow cytometry results of U87 and U251 
glioblastoma cell lines. Cells were double-transfected and planted into a 6-well plate and apoptosis was detected af-
ter 48 hours of culture. B. Percentage rate of apoptosis. C. The expression of apoptosis-associated proteins in BAG3 
down-regulated U87 glioblastoma cells. Cells in experimental group were transfected with EGFP-shBAG3 plasmid, 
and control group was transfected with EGFP plasmid. D. Relative expression level of apoptosis-associated proteins 
in U87 glioblastoma cells. E. The expression of apoptosis-associated proteins in BAG3 down-regulated U251 glio-
blastoma cells. F. Relative expression level of apoptosis-associated proteins in U251 glioblastoma cells. G. Reverse 
experiment of apoptosis-associated protein expression of U251 glioblastoma cells. Cells were double-transfected 
with plasmids. Protein expression level was tested by western blot. Each experiment was repeated three times. Pro-
tein and mRNA expression level were normalized relative to the amount of GAPDH. Data were showed as means ± 
SD. *P < 0.05 represented statistical significance.
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Figure 6. Down-regulated BAG3 decreased HIF-1α protein expression through enhancing more formation of HSP70-HIF-1α complex and promoting degradation 
of HIF-1α by HSP70. A. Proteasome inhibitor increased the expression of BAG3, HIF-1α, and HSP70 in U87 glioblastoma cell line. With the treatment duration of 
proteasome inhibitor MG132 (2.5 μM) extended, the expression of BAG3, HIF-1α and HSP70 increased. B. Relative expression level of BAG3, HIF-1α, and HSP70 in 
U87 glioblastoma cell line. C. MG132 increased the expression of BAG3, HIF-1α, and HSP70 in U251 glioblastoma cell line. With the treatment duration of MG132 
(2.5 μM) extended, the expression of BAG3, HIF-1α and HSP70 increased. D. Relative expression level of BAG3, HIF-1α, and HSP70 in U251 glioblastoma cell line. 
E. HSP70 inhibitor increased the expression of HIF-1α. With the concentration HSP70 inhibitor KNK437 increased, HIF-1α expression increased. F. Relative expres-
sion level of BAG3, HIF-1α, and HSP70 after a treatment of KNK437. G. Immunoprecipitation of U251 glioblastoma cell line. Whole protein was immunoprecipitated 
using BAG3, HIF-1α, HSP70 and IgG antibody, and immunoprecipitates were analyzed by western blot to detect BAG3, HIF-1α, and HSP70. Protein expression level 
was tested by western blot. Each experiment was repeated three times. Protein and mRNA expression level were normalized relative to the amount of GAPDH. Data 
were showed as means ± SD. *P < 0.05 represented statistical significance.
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High expression level of BAG3 protects tumor 
cells from apoptosis and inhibits proliferation 
usually by interacting with HSP70. In melano-
ma, BAG3 sustains cell survival by interfering 
with the binding of HSP70 to the IKK-γ subunit 
of the NF-κB and favoring IKK complex forma-
tion and preventing the proteasomal degra- 
dation of IKK-γ and finally enhancing NF-κB 
activation [25]. BAG3 promotes the binding of 
HSP70 to Bcl2 family member Bax, prevent- 
ing its translocation to mitochondria and pro-
tecting glioblastoma cells from apoptosis [15]. 
HIF-1α protects tumor cells from apoptosis by 
modulating Bcl2, Bax, p53, cleaved caspase 3, 
caspase-8, caspase-9, survivin and cytochro- 
me C [26-29]. Recently, Xiao et al. performed  
a research in human hepatocellular carcino- 
ma about the correlation between BAG3 and 
HIF-1α, and the conclusion showed a positive 
correlation between BAG3 and HIF-1α [17]. 
However, in human glioblastoma, this conclu-
sion and its mechanism were unclear. 

In the present study, we found that BAG3 and 
HIF-1α mRNA expression level was significantly 
correlated in human glioma tissue. However, in 
U87 and U251 glioblastoma cell lines, up-regu-
lation of HIF-1α cannot modulate BAG3 at tran-
scription level and vice versa. The reason of 
correlation between BAG3 and HIF-1α mRNA in 
human glioma tissue may attribute to hypoxia 
microenvironment, which was consistent with 
cell experiment in vitro during hypoxia condition 
[19, 30]. With more research, we found that 
down-regulation of BAG3 by shRNA plasmid 
decreased HIF-1α protein expression level in 
glioblastoma multiforme U87 and U251 cell 
lines. Proteasome inhibition and co-immuno-
precipitation test showed that both BAG3 and 
HIF-1α protein could bind to HSP70, but we 
failed to confirm a direct binding relationship 
between BAG3 and HIF-1α protein. When 
HSP70 was inhibited by HSP70 inhibitor, HIF-1α 
expression level significantly increased. The 
data indicated that the mechanism of down-
regulated BAG3 decreased HIF-1α protein 
expression was through enhancing more for-
mation of HSP70-HIF-1α complex and promot-
ing degradation of HIF-1α by HSP70.

When BAG3 expression was inhibited, inhibited 
proliferation and promoted apoptosis were 
observed in glioblastoma multiforme U87 and 
U251 cell lines. Several apoptosis-associated 
protein expression levels were changed incl- 

uding increased expression of p53, NF-κB, 
cleaved-caspase 3, Bax and Bad, and decr- 
eased expression of Bcl2. With the reversal of 
low expression level of HIF-1α protein induced 
by down-regulation of BAG3 through transfect-
ing HIF-1α plasmid on the basis of shBAG3 
plasmid, the proliferation inhibition and apo- 
ptosis promotion were partially reversed. We- 
stern blot data showed that apoptosis protein 
such as p53, NF-κB, cleaved-caspase 3, Bax 
and Bcl2 were reversed. This evidence demon-
strated that proliferation inhibition and apopto-
sis promotion of glioblastoma induced by down-
regulation of BAG3 was realized by enhancing 
degradation of HIF-1α protein, at least in part.

In summary, we have demonstrated that down-
regulation of BAG3 resulted in a low expression 
of HIF-1α both under normoxic or hypoxic condi-
tion and finally caused inhibited proliferation 
and promoted apoptosis. The mechanism of 
down-regulated BAG3 inhibited HIF-1α protein 
expression was through promoting degradation 
of HIF-1α by HSP70 by the BAG3/HSP70/HIF-
1α proteasome pathway.
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