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Abstract: Hypoxic microenvironment of solid tumors is known to shape malignant phenotypes of cancer cells through 
the dimeric transcription factor hypoxia-inducible factor (HIF)-1. In the present study, the therapeutic effect of target-
ing α subunit of HIF-1 in glioma cells via lentiviral delivery of small hairpin RNA (shRNA) was evaluated. Data from 
quantitative real-time PCR and immunohistochemistry demonstrated that HIF-1α was progressively upregulated 
during the development of gliomas. Lentiviral shRNA targeting HIF-1α led to substantial loss of cell viability, G0/G1-
phase cell cycle arrest, apoptosis, and impairment of cell motility and invasiveness in human glioma U87MG cells. 
Xenograft experiments in nude mice further showed that HIF-1α-shRNA inhibited tumor growth and caused persis-
tent repression of HIF-1α and its target genes, including VEGF, GLUT1 and MMP2, up to 25 days post-inoculation. 
Taken together, lentiviral delivery of shRNA is a promising therapeutic approach for targeting HIF-1α in glioma.
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Introduction

Many solid tumors contain regions of hypoxia 
where the supply of oxygen fails to meet the 
metabolic need of actively proliferating tumor 
cells, leading to the formation of central necrot-
ic zone surrounded by a rim of viable cells. Such 
hypoxic intratumoral microenvironment has 
been shown to modulate the intracellular sig-
naling of tumor cells and promote the acquisi-
tion of aggressive phenotypes, such as 
unchecked cell proliferation, evasion of apopto-
sis, increased cell motility and invasiveness, 
stemness, and enhanced ability to recruit new 
blood vessels [1]. Emerging evidence suggests 
that tumor hypoxia is assoicated with poor 
responses to chemotherapy and radiotherapy 
as well as lower overall patient survival. The 
mechanism by which hypoxic conditions con-
tribute to tumor aggressiveness is manifold 
and may include induction of endoplasmic 
reticulum stress [2], increased DNA damage 

and impaired DNA mismatch repair [3], activa-
tion of mitogen-activated protein kinase (MAPK) 
signaling [4], and induction of transcription fac-
tors, such as activator protein (AP)-1 [5], nucle-
ar factor (NF)-κB [6] and hypoxia-inducible fac-
tor (HIF)-1 [7].

HIF-1 is a heterodimeric transcription factor 
composed of an oxygen-regulated α subunit 
and a constitutively expressed β subunit. Under 
normoxic conditions, proline residues 402 and 
564 of HIF-1α are hydroxylated, allowing inter-
action with the E3 ubiquitin ligase von Hippel-
Lindau protein that tags HIF-1α with polyubiqui-
tin for proteasomal degradation. In hypoxic 
conditions, proline hydroxylation of HIF-1α is 
impaired and thereby stabilizing the protein [8]. 
In addition to hypoxia, HIF-1α is known to be 
upregulated by transforming viruses (e.g. 
Epstein-Barr virus, hepatitis B virus, and human 
papilloma virus) and bioactive lipid mediators 
(e.g. prostaglandin E2 and leukotrienes) [7]. 
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Upon activation, HIF-1 translocates into the 
nucleus where it induces expression of genes 
(e.g. VEGF, GLUT1, MMP2) related to angiogen-
esis, de-differentiation, glycolysis, and metas-
tasis, through binding to the consensus 
sequence 5’-RCGTG-3’ [9-12].

Malignant gliomas are the most common pri-
mary brain tumors, which are associated with 
high mortality and morbidity. Despite recent 
advancements in chemotherapy, radiotherapy 
and neurosurgery, the prognosis of patients 
with malignant gliomas remains dismal, high-
lighting an urgent need to develop novel and 
effective therapeutics [13]. Hypoxia is a pre-
dominant feature of gliomas and has been 
found to maintain glioma stem cells and confer 
resistance to therapy [14]. Thus, targeting dys-
regulated signals associated with tumor hypox-
ia has been promulgated as a therapeutic 
approach for glioma. To this end, accumulating 
evidence suggest that HIF-1α is an attractive 
molecular target. A small hairpin RNA (shRNA) 
is a sequence of RNA that self-anneals to form 
a hairpin structure that can be employed to 
silence target gene expression via RNA interfer-
ence [15]. The development of lentiviral vectors 
for ectopic expression of shRNA has been a 
recent advance in the field of gene therapy. The 
therapeutic application of lentiviral delivery of 
shRNA to target HIF-1α in gliomas, however, 
has not yet been explored. In the present study, 
we first show that HIF-1α was increasingly 
upregulated during the progression of gliomas. 
We also demonstrate that targeting HIF-1α with 

shRNA delivered by a lentiviral vector could 
cause sustained reversal of malignant pheno-
types and prolonged repression of HIF-1α and 
its target genes in glioma cells.

Materials and methods

Cell line and reagents

The human glioblastoma cell line U87MG and 
U251 were obtained from the Institute of 
Biochemistry and Cell Biology, Chinese 
Academy of Science (Shanghai, China). Primary 
antibodies were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). All other 
chemicals were purchased from Sigma unless 
otherwise specified.

Patient samples and immunohistochemistry

Paraffin-embedded tissue samples consisting 
of a total of 5 decompression brain tissues as 
control and 55 glioma tissues (20 cases of glio-
blastoma multiforme, 13 cases of astrocytoma, 
8 cases of oligodendroglioma and 4 cases of 
ependymoma) were used. The average age of 
the glioma patients was 47 years and the male 
to female ratio was 1.2:1. Immunohistochemical 
staining of HIF-1α was performed using poly-
clonal anti-HIF-1α antibody (sc-13515, Santa 
Cruz) with standard avidin-biotin method. A pro-
portion score based on staining intensity and 
percentage of positively stained cells was used 
to assess the expression of HIF-1α. Age-
matched normal and cancer tissues were 
obtained from anonymised excess tissues that 

Figure 1. Successful cloning of HIF-1α-shRNA-encoding sequences into lentiviral vector was confirmed by Sanger 
sequencing.
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were no longer needed for diagnostic or clinical 
purposes. Use of these tissues was approved 
by the Ethics Committee of Nanjing Medical 
University (reference number: 2013-2).

Construction of HIF-1α-shRNA-expressing 
lentiviral vector

The shRNAs targeting HIF-1α mRNA were 
designed online (www.invitrogen.com/rnai): 
homo-LV-shRNA-HIF-1α-1168, 5’-GTGATGAA- 
AGAATTACCGAAT-3’; homo-LV-shRNA-HIF-1α- 
1577, 5’-GAAGGAACCTGATGCTTTA-3’; homo-
LV-shRNA-HIF-1α-2264, 5’-CCAGTTATGATTG- 
TGAAGTTA-3’; A scrambled sequence that 
shared no homology with the mammalian 
genome was used as control. Successful clon-

well in 96-well plates. After incubation for 2 h to 
allow cell attachment to the bottom of the well, 
10 μl CCK-8 solution were added to each well 
at the indicated time points, and the plates 
were incubated for another 2 h. The optical 
density was then determined at 450 nm using 
a microplate reader. For cell cycle analysis, 
U87MG cells were fixed with ice-cold 70% etha-
nol in phosphate-buffered saline, followed by 
incubation with 50 μg/ml propidium iodide, 3.8 
mmol/l sodium citrate and 0.5 μg/ml RNase A 
at 4°C for 3 h and analyzed by flow cytometry. 
To quantify apoptosis, annexin V/7-amino-
actinomycin (7-AAD) staining was performed, 
and apoptosis was evaluated by flow cytometry 
analysis. Briefly, after transduction, both float-
ing and attached cells were collected and sub-
ject to annexin V/7-AAD staining using an 
annexin V-FITC Apoptosis Detection kit 
(BioVision, Palo Alto, CA), according to the man-
ufacturer’s protocol. The resulting fluorescence 
was measured by flow cytometry using a FACS 
flow cytometer (BD Biosciences, San Jose, CA).

Cell migration and invasion assays

A monolayer cell migration assay and BD 
BioCoat Matrigel invasion chambers (8-μm 

Figure 2. Upregulation of HIF-1α in glioma tissues. A: promi-
nent diffuse expression of HIF-1α protein was detected in 
high-grade glioma tissues as revealed by immunohistochemis-
try. HIF-1α protein expression was negligible in non-cancerous 
intradecompression brain (IDB) tissues. B: HIF-1α mRNA was 
upregulated in glioma tissues in a tumor grade-dependent 
manner as measured by real-time PCR. **P < 0.01, signifi-
cantly different from IDB group.

ing of these sequences into the pLV-
U6-Puro-GFP lentivector was confirmed 
by Sanger sequencing (Figure 1). The 
expression of shRNA was driven by U6 
promoter. This vector also encoded a 
green fluorescence protein (GFP). The 
pPACK-H1 Lentivector Packaging System 
(SBI) and the 293TN cell line (SBI) were 
used for the production of pseudoviral 
particles according to the manufacturer’s 
instructions. U87MG cells were then 
transduced at a multiplicity of infection 
(MOI) of 2.

Cell culture and assays for cell prolifera-
tion, cell cycle and apoptosis

The U87MG human glioma cells were 
maintained in DMEM (Invitrogen, Carl- 
sbad, CA, USA), supplemented with 10% 
fetal bovine serum (Thermo Scientific), 
100 U/ml penicillin and 100 μg/ml strep-
tomycin (Invitrogen) at 37°C in a humidi-
fied atmosphere of 5% CO2 and 95% air. 
Cell proliferation was measured by the 
colorimetric Cell Counting Kit-8 (CCK-8) 
assay (Dojindo). The transfected cells 
were plated at a density of 5,000 cells/

Table 1. Scoring of HIF-1α immunoreactivity in 
intra decompression brain and glioma tissues

Sample 
no.

HIF-1α expression Positivity 
(%)- + ++ +++

IDB 5 5 0 0 0 0
Grade I~II 20 17 3 0 0 15
Grade III 16 1 3 10 2 93.78
Grade IV 19 0 2 6 11 100
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pores) (BD Biosciences) were used to measure 
the effects of HIF-1α knockdown on the lateral 
motility and invasiveness of U87MG cells, 
respectively. For cell migration assay, U87MG 
cells were seeded onto 24-well plates and cul-
tured in complete medium until confluent. The 
confluent monolayers were washed twice with 
PBS and incubated in a serum-free medium. 
Small linear wounds were created by gently 
striking a pipette tip across the monolayers. 
The healing of the wounds through cell migra-
tion was assessed by measuring the wound dis-
tance. For cell invasion assay, the transduced 
cells were seeded on the top chamber of each 
insert with complete medium added to the bot-
tom chamber. After 48 h, cells on the mem-
brane were wiped off with a cotton swab. Fixed 
and stained with H&E, cells on the underside of 
the membrane were counted from 4 micro-
scope fields (magnification, x 200). The mean 
number of invading cells was expressed as a 
percentage relative to the control.

RNA extraction and real-time reverse transcrip-
tion-PCR

Total RNA was isolated after transduction with 
Trizol reagent (Invitrogen, USA). A nanodrop 
spectrophotometer (Gene, USA) was used to 
measure the concentration of total RNA. 
Relative levels of mRNA were examined using 
SYBR green real-time quantitative reverse tran-
scription-PCR (qRT-PCR) (Applied Biosystems) 
and normalized with GAPDH. The amplification 
reaction was performed using MJ real-time PCR 
(Bio-Rad, Hercules, CA, USA) for 40 cycles. 
Relative expression was calculated using the 
2-∆∆Ct method.

Western blots

Total proteins were extracted after solubiliza-
tion in lysis buffer containing 62.5 mM Tris-HCl 
(pH 6.8), 2% SDS, 10% glycerol, 1 mM sodium 
vanadate, and 1 mM sodium fluoride. Protein 

Figure 3. Validation of transduction efficiencies and knockdown efficacies of HIF-1α-shRNA-encoding lentiviral 
vector in U87MG cells. A: transduction efficiencies of lentivirus were confirmed to be over 99% by fluorescence  
microscopic detection of lentiviral expression of GFP. B: All three HIF-1α-shRNA-encoding constructs reduced HIF-1α 
mRNA expression as determined by real-time PCR. C: The knockdown efficacies were further confirmed by Western 
blots for HIF-1α. The results are the representative of three independent experiments. **P < 0.01, significantly dif-
ferent from LV-control group.



Lentiviral shRNA silencing of HIF-1α in glioma

2327 Int J Clin Exp Pathol 2013;6(11):2323-2332

extracts were resolved on Tris-HCl gels and 
Western blotting was performed using stan-
dard methodologies. Blots were developed 
using the enhanced chemiluminescence (ECL) 
reagents (Amersham Pharmacia, Bucking- 
hamshire, UK) and visualized using the Gene-
Genius Imaging System (Syngene, Frederick, 
MD, USA).

Nude mice xenograft model

Transduced U87MG cells stably expressing fire-
fly luciferase were trypsinized, collected and re-
suspended in PBS. Then 1 × 107 U87MG cells 
in 0.2 ml PBS were injected subcutaneously 
into the flank region of 6-week-old female 
BALB/c nu/nu mice. After inoculation, the mice 
were maintained under sterile condition and 
the size of tumor formed was measured by bio-
luminescence detection using the Xenogen IVIS 
system. Tumor volume (V) was also estimated 

according to the following formula: V = L × 
W2/2, where L is the mid-axis length and W is 
the mid-axis width. At the end of the experi-
ment, the mice were sacrificed and the tumors 
were excised. All experimental procedures were 
conducted in conformity with institutional 
guidelines for the care and use of laboratory 
animals, and protocols were approved by the 
Institutional Animal Care and Use Committee of 
Nanjing Medical University. Undertaken or 
supervised by trained animal technicians and 
performed so as to minimize any discomfort to 
the mice.

Results

Progressive upregulation of HIF-1α during the 
progression of gliomas

Intermediate-to-high levels of cytoplasmic and 
nuclear expression of HIF-1α were observed in 

Figure 4. Reversal of in vitro malignant phenotypes of U87MG cells by lentiviral delivery of HIF-1α-shRNA. A: LV-
HIF-1A-1168 significantly reduced cell viability as determined by CCK-8 colorimetric assay. B: The same lentiviral 
construct induced U87MG cell cycle arrest in the G0/G1-phase. C: LV-HIF-1A-1168 prominently induced apoptotic cell 
death as shown by increased proportion of annexin V-positive cells. D: Lateral cell motility was impaired by LV-HIF-
1A-1168 as measured by wound healing assay. The number on the lower right corner of each micrograph indicates 
the wound size. E: Cellular invasion through Matrigel-coated transwells was reduced by LV-HIF-1A-1168. The number 
on the lower right corner of each micrograph indicates the number of cells invading through the membrane. The 
results are the representative of three independent experiments. *P < 0.05; **P < 0.01, significantly different from 
LV-control group.
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glioma tissues as revealed by immunohisto-
chemical staining. By contrast, there was only 
negligible expression of HIF-1α in non-cancer-
ous intradecompression brain tissues (Figure 
2A). The upregulation of HIF-1α was assoicated 
with tumor grade (Table 1) but not histological 
subtypes. Concordant with immunohistochemi-
cal staining, real-time PCR showed the stage-
dependent upregulation of HIF-1α mRNA in glio-
ma tissues, with more than 15-fold increase of 
HIF-1α mRNA in grade IV glioma samples as 
compared with intradecompression brain tis-
sues (Figure 2B). 

Effective knockdown of HIF-1α and repression 
of HIF-1α target genes by shRNA in U87MG 
glioma cells

Three shRNA-encoding constructs, namely HIF-
1Α-1168, HIF-1A-1577 and HIF-1A-2264, tar-
geting different sites of HIF-1α transcript were 
packaged into pseudotyped lentiviral particles. 
The transduction efficiencies of all three lentivi-
ral vectors as well as the control vector were 
confirmed to be more than 99% in U87MG glio-
ma cells by fluorescence microscopy (Figure 
3A). Transduction of U87MG cells with HIF-1α-
shRNA-encoding lentiviral vectors also signifi-
cantly reduced the mRNA levels of HIF-1α 
(Figure 3B). Among these three shRNA-encod-
ing vectors, HIF-1Α-1168 showed the strongest 
inhibition, with more than 80% repression of 
HIF-1α mRNA expression. The reduction of HIF-
1α mRNA levels was paralleled by decreased 

HIF-1α protein levels as measured by Western 
blots (Figure 3C), in which HIF-1Α-1168 also 
exhibited the strongest inhibitory effect. The 
HIF-1Α-1168-encoding lentiviral vector was 
therefore used in subsequent experiments.

Induction of cell cycle arrest and apoptosis 
and impairment of cell motility and invasive-
ness by HIF-1α-shRNA in U87MG

Functional assays were performed to charac-
terize phenotypic changes after knockdown of 
HIF-1α. The viability of U87MG cells transduced 
with HIF-1Α-1168-encoding or control vector 
was measured by CCK-8 assay. Knockdown of 
HIF-1α significantly reduced the viability of 
U87MG cells from day 3 to day 5 post-transduc-
tion (Figure 4A). In line with this finding, cell 
cycle analysis revealed that knockdown of HIF-
1α induced G0/G1-phase cell cycle arrest with 
concomitant reduction of proportion of cells in 
S and G2/M phases (Figure 4B). In addition to 
the effect on cell cycle, HIF-1α knockdown 
induced apoptosis in U87MG where phosphoti-
dylserine externalization was increased by ~9- 
fold as measured by Annexin V staining (Figure 
4C). As enhanced cell motility and invasiveness 
have been implicated in the oncogenic action 
of HIF-1α, these malignant phenotypes were 
determined by monolayer wound healing and 
transwell invasion assays, respectively. Results 
showed that HIF-1α knockdown substantially 
reduced the lateral motility and invasiveness of 
U87MG cells (Figure 4D and 4E).

Figure 5. Modulation of HIF-1α target genes in U87MG cells by LV-HIF-1A-1168. A: Downregulation of GLUT-1, VEGF, 
Bcl-2 and MMP2 and upregulation of Bax mRNAs were confirmed by real-time PCR. B: Western blots showed a 
concordant deregulation of protein expression of HIF-1α target genes by LV-HIF-1A-1168. The results are the repre-
sentative of three independent experiments. **P < 0.01, significantly different from LV-control group.
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Modulation of HIF-1α target genes by HIF-1α-
shRNA

HIF-1α has been shown to induce GLUT-1, VEGF, 
Bcl-2 and MMP2 but repress the expression of 
Bax. To confirm if HIF-1α-shRNA could inhibit 
the transcriptional activity of HIF-1α, the mRNA 
and protein levels of these important cancer-
related genes were determined. Results 
showed that HIF-1Α-1168-encoding vector sub-
stantially reduced both the mRNA and protein 
expression of GLUT-1, VEGF, Bcl-2 and MMP2 
but induced Bax in U87MG cells (Figure 5).

Sustained repression of glioma growth and tar-
get gene HIF-1α expression in vivo by shRNA

To determine whether lentiviral delivery of 
shRNA could elicit sustained repression of HIF-
1α and persistent inhibition of malignant phe-
notypes of glioma cells in vivo, firefly luciferase-

expressing U87MG cells transduced with 
HIF-1Α-1168-encoding or control lentivirus 
were inoculated subcutaneously into immuno-
deficient mice in which tumor growth was moni-
tored by bioluminescence. At 25 days post-
inoculation, the bioluminescence and tumor 
volume of U87MG xenograft transduced with 
HIF-1Α-1168-encoding vector were significantly 
lower that those transduced with the control 
vector (Figure 6A). Importantly, HIF-1α-shRNA 
persistently reduced the mRNA and protein lev-
els of GLUT-1, VEGF, Bcl-2 and MMP2 but in- 
duced Bax in the xenograft tissues (Figure 6B).

Discussion

Hypoxia is a common feature of glioma in which 
extensive hypoxic areas predict poor clinical 
outcomes. Increased tumor expression of  
HIF-1α, a transcription factor whose proline  
hydroxylation and proteasomal degradation are 

Figure 6. In vivo tumor-suppressing and gene-modulating effects of LV-HIF-1A-1168 on U87MG xenograft in nude 
mice. A: Bioluminescence emitted by LV-HIF-1A-1168-transduced luciferase-expressing U87MG xenograft (right) 
was prominently reduced when compared with control (left) on day 25 post-inoculation. B: measurement of tumor 
size after xenograft removal from nude mice on day 25 post-inoculation confirmed the tumor-suppressing effect of 
LV-HIF-1A-1168. C: LV-HIF-1A-1168 prominently reduced mRNA level of HIF-1α and modulated the mRNA expression 
of HIF-1α-target genes in xenograft tissues. D: Western blots showed a concordant deregulation of protein expres-
sion of HIF-1α and its target genes in xenograft tissues. The results are the representative of three independent 
experiments. **P < 0.01, significantly different from LV-control group.
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reduced in hypoxic conditions, has been report-
ed in glioma patients and is positively correlat-
ed with tumor progression and poor prognosis. 
In line with these findings, immunohistochemi-
cal staining revealed that HIF-1α protein expres-
sion was upregulated in glioma tissues in a 
tumor grade-dependent manner. In addition to 
post-translational regulation, sustained hypox-
ia has been shown to induce the transcription 
of HIF-1α [16]. To address if transcriptional acti-
vation is involved in HIF-1α upregulation in glio-
ma tissues, HIF-1α mRNA level was determined 
by real-time PCR and found to be elevated. This 
finding indicates that transcriptional mecha-
nism at least in part accounts for HIF-1α upreg-
ulation in glioma. In this respect, upregulation 
of HIF-1α mRNA has been sporadically reported 
in other types of solid tumors, such as gastric 
and prostate cancer [17, 18]. However, it is the 
first time to observe such a phenomenon in gli-
oma. The mechanism by which hypoxia induces 
the mRNA expression of HIF-1α remains unclear 
but reactive oxygen species-mediated overex-
pression and activation of Rho GTPase has 
been reported to induce HIF-1α mRNA in hypox-
ic renal cell carcinoma [19]. Our finding also 
corroborated the idea that targeting HIF-1α 
mRNA by shRNA-mediated RNA interference is 
a sound approach of therapeutic intervention.

In the present study, lentiviral delivery of HIF-
1α-shRNA triggered substantial phenotypic 
changes in glioma cells, including lowered cell 
proliferation, G0/G1-phase cell cycle arrest, 
apoptosis and reduced cell motility and inva-
siveness. These observations are concordant 
with previous findings that HIF-1α plays a cen-
tral and pleotropic role in shaping oncogenic 
phenotypes of cancer cells through its exten-
sive signaling network. In this regard, HIF-1α-
mediated expression of GLUT-1, a glucose 
transporter, has been implicated in the meta-
bolic adaptation of cancer cells to hypoglyce-
mic microenvironment [20]. Aberrant activation 
of HIF-1α also represses apoptosis through 
deregulating the balance between pro- (e.g. 
Bax) and anti-apoptotic (e.g. Bcl-2) members of 
the Bcl-2 family [21]. In addition, HIF-1α may 
promote angiogenesis and cellular invasive-
ness through induction of VEGF and MMP-2, 
respectively [9, 22-24]. Importantly, all these 
HIF-1α-associated molecular abnormalities 
could be abrogated by lentiviral delivery of  
HIF-1α-shRNA in glioma cells. Our findings  

substantiated the therapeutic value of target-
ing HIF-1α in the treatment of glioma.

HIF-1α is a promising therapeutic target for 
cancer treatment. Research effort has been 
put forth to identify novel inhibitors for inhibit-
ing this oncogenic transcription factor. Existing 
small-molecule inhibitors mainly mediate their 
actions through decreasing HIF-1α protein 
level, DNA binding or transactivation. Never- 
theless, their off-target actions may undermine 
the clinical utility [7]. Novel methods are there-
fore urgently needed for specific targeting of 
HIF-1α. In this regard, gene-specific silencing of 
shRNA together with the high efficiency of gene 
transfer and long-term expression of trans-
genes by lentivirus open a window of cancer 
gene therapy. Lentivirus also has relatively low 
immunogenicity when compared with other 
viral vectors [25]. Nevertheless, insertional 
mutagenesis caused by transgene integration 
may still pose some clinical concerns. The use 
of integrase-defective lentivirus may circum-
vent this issue but the stability of transgene 
expression remains questionable [26].

In summary, our results demonstrate that lenti-
viral delivery of shRNA to target HIF-1α signifi-
cantly reduces the malignant phenotypes of 
glioma cells and restores the deregulation of 
multiple target genes of HIF-1α. Such antican-
cer effects persist after xenograft implantation 
into nude mice 25-day post-inoculation. Our 
findings support that the delivery of HIF-1α-
shRNA through lentivirus may be a clinically 
useful treatment approach for glioma patients.
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