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Abstract Multidrug resistance (MDR) is a significant

problem underlying the poor prognosis associated with

gliomas. Hypoxia-inducible factor-1a (HIF-1a) is thought to

induce the genes expression involved in MDR. To evaluate

the effect of silencing HIF-1a in human glioma T98G cells,

cells were transfected with HIF-1a-small interference RNA

(HIF-1a-siRNA) and cultured under hypoxic conditions.

The effect of HIF-1a-siRNA on HIF-1a and multidrug

resistance-associated protein 1 gene (MRP1) and protein

levels was determined. Silencing rates of HIF-1a were 90%,

85%, and 88% at 24, 48, 72 h post-transfection, respec-

tively. Corresponding rates of HIF-1a protein were 74.5%,

61.1% and 59.1%. MRP1 protein levels decreased by 7.6%,

36.8% and 45.2%. HIF-1a-siRNA transfected cells were

significantly more sensitive to doxorubicin and etoposide

compared to non-transfected cells. These findings suggest

that the HIF-1a plays a role in mediating chemotherapeutic

drug resistance in glioma cells. HIF-1a silencing may prove

to be an effective therapeutic means of treating gliomas.
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Introduction

Gliomas are the most common and lethal type of primary

brain tumor [1], affecting approximately 20,000 people in

the United States annually and causing over 13,000 deaths

per year [2]. Due to the invasive nature of gliomas, a

multimodal therapeutic treatment approach has been

advocated [1]. The current regimen for treatment of primary

tumors recommended by the National Comprehensive

Cancer Network includes surgery combined with chemo-

therapy (i.e., carmustine wafer) and fractionated external

beam radiotherapy with or without adjuvant chemothera-

peutic agents such as etoposide [2]. Despite intervention,

gliomas are associated with very poor clinical outcomes.

The average survival time following diagnosis is between

12 and 18 months, with the majority (90–95%) of affected

individuals surviving less than 24 months [3–5].

One reason for the poor survival rate associated with

gliomas is the development of multidrug resistance (MDR)

[6–9]. While the exact mechanisms involved in MDR

remain elusive, induction of the MDR1 gene appears to

play a role. It encodes the protein P-glycoprotein (P-gp), an

ATP-dependent membrane efflux pump that transports a

variety of anti-cancer drugs to maintain low subtoxic

cytoplasmic levels [10]. Expression of one or more iso-

forms of multi-drug-associated protein (MRP), another

drug efflux pump, has also been demonstrated in many

cancer lines [11]. Decleves and colleagues reported that

both MRP1 mRNA and protein levels were over expressed

in glioma cell lines exhibiting drug resistance to vincristine
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(VCR) and etoposide (VP16) [12]. Findings from further

studies have indicated that MRP is highly expressed in

glioma cells, suggesting that MRP, rather than P-gp, may

be the primary drug resistance gene underlying the MDR

phenomenon [13]. As such, MRP has become an important

target of research in the field of drug resistance.

Previous studies have also shown that hypoxia, which is

often prevalent in the tumor microenvironment, induces the

nuclear transcription factor hypoxia-inducible factor-1a
(HIF-1a). HIF-1a subsequently initiates transcription of a

multitude of genes including P-gp and MRP1 [6, 7, 14].

Given this, HIF-1a is widely thought to be an important

target for anti-cancer therapy [6, 7, 15, 16]. Indeed, Song

and colleagues have demonstrated that hypoxia-induced

resistance to cisplatin and doxorubicin was reversed in

human non-small cell lung cancer (NSCLC) cells in which

the HIF-1a gene was silenced by RNA interference (RNAi)

[6].

To date, no study has clearly reported on the synchro-

nized, positive correlation between changes in MRP and

HIF-1a in glioma research. Considering the demonstrated

positive impact of HIF-1a silencing in non-small cell lung

cancer and the ubiquitous consensus that novel therapies

for gliomas are urgently required, the objective of this

study examine the role that the HIF-1a gene plays in

mediating human brain glioma drug resistance. HIF-1a
gene expression was altered using RNAi and drug resis-

tance was indicated by MRP1 expression. Studies were

performed using highly malignant human glioma T98G

cells, which exhibit high endogenous HIF-1a expression.

The chemotherapeutics doxorubicin (ADM) and VP16

were chosen as both are highly efficient glioma chemo-

therapeutic agents when used alone and are popular choices

for adjuvant chemotherapy. In addition, resistance to these

drugs is thought to involve MRP [17].

Materials and Methods

Synthesis of the siRNA/RNAi-Mate Complexes

The 3 pairs of HIF-1a gene interference oligonucleotide

sequences (siRNA) and the FAM labeled negative control

sequence (FAM-siRNA) were synthesized by Yingjun Inc.

(Shanghai, China: Table 1). Serum-free DMEM was used

to dilute 15 lg of RNAi-Mate cationic liposomes (Shang-

hai Genepharma Co., Ltd., Shanghai, China) and 5 lg of

the siRNAs. The mixtures was incubated at room temper-

ature for 30 min to generate the siRNA/RNAi-Mate

complexes that were subsequently used to transfect T98G

cells as described below.

HIF-1a siRNA Transfection and Hypoxic Culture

T98G cells (obtained from the West China Hospital

Transplant and Immunology Laboratory of Sichuan Uni-

versity) were plated onto 6 well plates (1.5 9 105 cells/

well) in DMEM (Sigma Chemical Company, St. Louis,

MO) supplemented with 5% fetal calf serum and main-

tained at 37�C, 19% O2 and 5% CO2 for 24 h before

transfection with siRNA. When 50–60% confluence was

attained, the medium was changed to serum-free DMEM

and the cells were transfected with the siRNA/RNAi-Mate

complexes (80 nM), and cultured for a further 6 h. The

medium was subsequently switched to DMEM supple-

mented with 5% fetal calf serum and the transfected

cultures were maintained in an incubator under hypoxic

conditions (37�C, 1% O2, 5% CO2 and 94% N2). The

blank controls(defined as non-transfected cells) consisted

of non-transfected cells, while negative controls cells were

transfected with FAM-siRNA.

The Effect of HIF-1a siRNA on HIF-1a
and MRP1 mRNA Expression

T98G cells were collected 24 h, 48 h and 72 h post-trans-

fection. TRIZOL (Invitrogen, Carlsbad, CA) was used to

extract total RNA from the cells. Reverse transcription and

real time PCR (RT-PCR) using SYBR green was then per-

formed to evaluate the expression of HIF-1a and MRP1.

Primers were designed according to the complete sequences

of HIF-1a and MRP1 provided by Embank using Primer

Premier 5.0 software. The primer sequences (including that

for the internal control, b-actin) are given in Table 2.

Reaction conditions for the RT-PCR were: 3 min at 94�C for

Table 1 HIF-1a gene

interference oligonucleotide and

FAM-labelled control sequences

HIF-1a-74 X Sense: 50-GCCAGAUCUCGGCGAAGUATT-30

Antisense: 50-UACUUCGCCGAGAUCUGGCTT-30

HIF-1a-1171 Y Sense: 50-GAAGGAACCUGAUGCUUUATT-30

Antisense: 50-UAAAGCAUCAGGU UCCUUCTT-30

HIF-1a-1804 Z Sense: 50-CCAGCAGACUCAAAUACAATT-30

Antisense: 50-UUGUAUUUGAGUCUGCUGGTT-30

Negative control siRNA Sense 50-UUCUCCGAACGUGUCACGUTT-30

Antisense 50-ACGUGACACGUUCGGAGAATT-30
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initial denaturation, 30 s at 94�C for denaturation, 30 s at

53�C for annealing, and 30 s at 72�C for elongation for a

total of 40 cycles, and lastly 1 min at 95�C and 1 min at

55�C. The comparative CT method was subsequently

employed to calculate relative mRNA expression [18].

Interference Rate = 1 – 2 - DDCT, CT is the number of

cycles where the amplification curve and the threshold value

intersects and DCT is the CT of the target gene minus the CT

of b-actin and DDCT is the DCT in the experimental group

-DCT in the control group. Therefore, 2(-DDCT) repre-

sents the difference in the experimental group’s gene

expression relative to that of the control group, and 1 - 2

(-DDCT) is the silencing efficiency.

The Effect of HIF-1a siRNA on HIF-1a and MRP1

Protein Levels

Western blotting was utilized to analyze HIF-1a and MRP1

protein levels in the transfected cells. Transfected cells

were lysed with lysis buffer (Triton-100 0.5%, Tris-Cl

50 mM, NaCl 150 mM, PMSF 50 lg/ml, Leupeptin 5 lg/

ml, Aprotinin 2/ml, Soybean Trypsin inhibitor 50 lg/ml)

on ice for 30 min and centrifuged. The supernatant was

collected and equal amount of protein were loaded onto a

10% SDS-PAGE gel then transferred to a polyvinylidene

difluoride membrane for immunohybridization. The mem-

brane was blocked with phosphate buffered saline with

Tween 20 (PBST) containing 10% skim milk for 2 h at

37�C and then washed 3 times (for 5–10 min each) with

PBST. HIF-1a antibody (1/100) and b-actin antibody (1/

400) obtained from Boster (Wuhan, China) were added and

incubated overnight at 4�C. The membrane was washed

again with PBST and the secondary antibodies, goat-anti-

rabbit (1/20000) and goat-anti-mouse (1/20000), were

added before incubation at 37�C for 1 h. The target

bands were detected by chemiluminescence (Pierce Bio-

technology, Rockford, IL) and the intensities determined

using Quantity One� analysis software (Bio-Rad, Hercules,

CA). The inhibition rate was calculated according to the

equation: inhibition = DHIF-1a interference - Dnegative

control/Dnegative control).

Effect of HIF-1a-siRNA on the Chemotherapeutic

Sensitivity of Glioma Cells

Log-phase cells were plated on 96 well plates at a density

of 1.0 9 104 cells/well. The siRNA/RNAi-Mate complex

was added to the wells and cells were cultured in DMEM at

37�C, 10% O2 and 5% CO2 for 6 h. The culture medium

was then replaced with DMEM supplemented with 5%

fetal calf serum containing either ADM (Shen Zhen Wan

Le Yao Ye Co., China) or VP16 (Ji Lu Zhi Yao Co.,

China). The following concentrations of ADM were used:

0.0, 0.125. 0.25, 0.5, 1.0, 2.0 and 4.0 lg/ml. The following

concentrations VP16 were used: 0.0, 7.5, 30.0, 60.0, 120.0

and 240.0 lg/ml. Three replicates were prepared for each

concentration. Negative controls were cells exposed to

FAM-siRNA. Cells were incubated under hypoxic condi-

tions (37�C, 1% O2, 5% CO2 and 94% N2) for an

additional 48 h.

Cell viability was determined using the MTT assay.

Twenty ll of MTT solution (5 mg/ml) was added to each

well. Four hours later, media was removed and 100 ll of

DMSO was added to each well before 15 min of agitation.

Absorbance of each well was then measured at 490 nm.

Viability was calculated by dividing the experimental well

absorbance value by the blank well absorbance value.

Statistical Analysis

Data are presented as the mean ± standard deviation (SD).

Normally distributed continuous variables were compared

by one-way analysis of variance (ANOVA). When a sig-

nificant difference between groups was apparent, multiple

comparisons of means were performed using the Bonfer-

roni test with type-I error adjustment. Two-way ANOVA

was used to compare the negative control and siRNA

transfection groups with regards to different concentrations

of ADM and VP16. General Lineal Model/Univariate

effect analysis was used to examine the interaction of the

effect of HIF-1a siRNA and ADM/VP16 on the survival

rate of glioma cells. All statistical assessments were

Table 2 Real time PCR primer

sequences
Gene primer Sequence Amplified

product size

HIF-1a (forward) TAAGAAACCACCTATGACCT 276 bp

HIF-1a (reverse) CTGTCCTGTGGTGACTTGT 276 bp

MRP-1 (forward) CCCTGCACTGTCCGTCAC 134 bp

MRP-1 (reverse) CTGAGTTCCTGCGTACCTAT 134 bp

b-actin (forward) AAGGCCAACCGCGAGAA 166 bp

b-actin (reverse) CCTCGTAGATGGGCACA 166 bp
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two-sided and evaluated at the 0.05 level of significance.

Statistical analyses were performed using SPSS 15.0 sta-

tistical software (SPSS Inc, Chicago, IL).

Results

Effect of HIF-1a Silencing on HIF-1a and MRP1 RNA

and Protein Levels

The HIF-1a and MRP1 RNA levels of glioma cells cul-

tured under hypoxic conditions following HIF-1a silencing

are presented in Table 3. Unsurprisingly, HIF-1a RNA

expression was significantly lower in HIF-1a-siRNA trea-

ted cells at each time point (as indicated by higher DCT

values) compared to both control cell groups. Inhibition

was maximal at 48 h. With regards to MRP1, RNA

expression was significantly decreased from control levels

at 72 h only.

The post transfection silencing efficiencies for HIF-1a
and MRP1 are illustrated in Fig. 1a and b, respectively.

HIF-1a silencing efficiency was consistently high ([80% at

each assessment point) and did not change with time.

MRP1 gene silencing efficiency increased significantly

with each 24 h time period (Fig. 1b) and was [60% at

72 h post-transfection.

Western blotting revealed that HIF-1a siRNA inhibited

expression of both HIF-1a and MRP1 protein. As shown in

Fig. 2a, the inhibition rates of HIF-1a protein expression

were 74.5 ± 4.2%, 61.1 ± 3.6% and 59.1 ± 2.2% at 24,

48, and 72 h post-transfection, respectively. Inhibition

rates of MRP1 protein were 7.6 ± 3.8%, 36.8 ± 6.1% and

45.2 ± 4.7%) at 24, 48, and 72 h post-transfection,

respectively (Fig. 2b). Representative Western blot images

for HIF-1a and MRP1 are shown in Fig. 2c.

Effect of HIF-1a siRNA on Cell Sensitivity to ADM

and VP16

The survival rates of the HIF-1a-siRNA transfected T98G

cells treated with various concentrations of ADM or VP16

are presented in Fig. 3a and b. With regards to ADM, sur-

vival rates were significantly lower in transfected compared

to negative control cells at all concentrations except for 0.0

and 0.5 lg/ml (P \ 0.05 for all). There were significant

overall effects detected for group, concentration and

group 9 concentration (P \ 0.001 for all). Survival rates

were significantly lower in transfected cells at all concen-

trations of VP16 bar 0.0 lg/ml (P \ 0.05 for all).

Significant group, concentration and group 9 concentration

Table 3 HIF-1a and MRP1 mRNA levels (DCT values) as deter-

mined by real time PCR following transfection with the siRNA

complexes

Transfected

(n = 3)

Negative

control

(n = 3)

Blank

control

(n = 3)

P-valueb

HIF-1a

24 h 6.17 ± 0.36 2.83 ± 0.10a 2.83 ± 0.29a \0.001*

48 h 5.47 ± 0.30 2.79 ± 0.19a 2.70 ± 0.18a \0.001*

72 h 5.57 ± 0.20 2.58 ± 0.29a 2.47 ± 0.27a \0.001*

MRP1

24 h 8.20 ± 0.28 7.83 ± 0.09 7.80 ± 0.28 0.138

48 h 7.90 ± 0.42 7.28 ± 0.34 6.96 ± 0.35 0.055

72 h 7.47 ± 0.22 5.95 ± 0.22a 5.99 ± 0.18a \0.001*

Data are presented as mean ± standard deviation
a Indicates a statistically significant difference between the indicated

treatment group and the HIF-1a group (P \ 0.05). Pair-wise multiple

comparisons between groups were made using Bonferroni’s test with

a = 0.017 adjustment
b P-values were determined following analysis of variance testing
* Indicates a significant difference (P \ 0.05)

Fig. 1 Silencing efficiency of the HIF-1a (a) and MRP1 (b) genes at

24, 48 and 72 h post transfection with HIF-1a siRNA. * indicates a

significant between time difference (P \ 0.05)
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effects were also detected for VP16 (P \ 0.001 for all). For

both drugs, the difference in viability between the negative

control and treatment groups increased with increasing drug

concentration. Factorial analysis of variance revealed that

there was a significant relationship between the effect of

HIF-1a siRNA and the effect of ADM/VP16 on the survival

rate of glioma cells (Table 4). Furthermore, the combined

treatments were synergistic.

Discussion

While the MDR1 gene and P-gp protein are not abundantly

expressed in glioma cells, gliomas are characterized by

high expression of MRP which might explain the occur-

rence of MDR in this tumor type [12]. In this study, we

found that there was a relationship between expression of

HIF-1a and MRP1 in human glioma cells. Specifically,

siRNA technology was utilized to silence the HIF-1a gene

in T98G cells, after which we observed decreases in MRP1

gene expression and increased cellular susceptibility to the

chemotherapeutic actions of ADM and VP16.

In 2002, Comerford reported that tumor cells are capa-

ble of directly modulating MDR1/P-gp expression under

hypoxic conditions [7]. Further to this, induction of HIF-1a
is also known to enhance expression of MDR1/P-gp, con-

tributing to the development of MDR. Song and colleagues

later reported that under hypoxic, compared to normoxic

conditions, the NSCLC cell lines SPCA1 and A549

exhibited significantly higher expression levels of HIF-1a

Fig. 2 Inhibition rates of HIF-1a (a) and MRP1 (b) protein at 24, 48

and 72 h post transfection with HIF-1a siRNA as determined by

Western blotting. Representative blots (c) are shown for inhibition of

HIF-1a (upper panel) and MRP1 (lower panel) protein. Lanes 1, 4,

and 7 were samples from cells respectively at 24, 48 and 72 h post

transfection with HIF-1a siRNA; lanes 2, 5, and 8 were negative

controls respectively at 24, 48 and 72 h post transfection with FAM-

siRNA; lanes 3, 6, and 9 were blank controls

Fig. 3 Survival curves of T98G cells transfected or not transfected

(control) with HIF-1a siRNA and treated with various concentrations

of doxorubicin (ADM, panel A) or etoposide (VP16, panel B).

* indicates a significant between group difference for a given drug

concentration (P \ 0.05)
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and displayed increased MDR to cisplatin and ADM [6].

After these cells were treated with HIF-1a-siRNA, HIF-1a
expression decreased and drug resistance was reversed,

suggesting that the hypoxia-induced chemotherapeutic

resistance was possibly mediated via the HIF pathway [6].

In this study, transfected and non-transfected human

glioma cells were cultured in a hypoxic environment in

medium containing ADM and VP16 at various concentra-

tions for 48 h. Silencing of the HIF-1a gene through

transfection resulted in significant decreases in MRP1 gene

and protein expression over the ensuing 72 h. The impor-

tance of MRP1 in mediating MDR was evidenced by our

finding that sensitivity of the transfected cells to treatment

with both ADM and VP16 was heightened. Although this

study only utilized a relatively small sample size, by

combining the overall trend of the survival curve and

specific knowledge regarding MDR, we were able to

determine that resistance of HIF-1a-siRNA transfected

cells to ADM and VP16 was reversed. Our findings also

indicated that HIF-1a-siRNA appears to enhance the

cytotoxic effects of ADM and VP16. Further studies are

required to determine whether simple HIF-1a silencing is

capable of inhibiting cell growth.

In a human hepatocellular carcinoma cell line HepG2

study, Zhu et al. discovered that MRP1 and HIF-1a
exhibited synchronous changes in mRNA and protein

levels within 6–48 h of culture under hypoxic conditions

[14]. We found that MRP1 expression decreased 24–48 h

after HIF-1a expression decreased, suggesting that the

decrease in HIF-1a expression is not the only mediator of

decreased MRP1 expression. Further investigation is war-

ranted to determine other possible contributing mediators.

Regardless of the precise mechanisms involved in MDR, in

this study we demonstrated that MRP1 expression was

significantly inhibited in HIF-1a silenced human glioma

cells. Based on these findings, we suggest that MRP1

expression might contribute to underlying glioma drug

resistance and that this resistance may be reduced through

HIF-1a gene silencing. Future studies performed by our

research group will aim to utilize dsRNA expressed in a

recombinant vector to overcome the relatively short-lived

effects of chemically synthesized siRNA. It is anticipated

that the RNAi effect could then be expressed and propa-

gated through generations of mammalian cells to maintain

inhibition [19–22].

Compared to the conventional antisense nucleotide

technique, RNAi has a higher specificity and silencing

efficiency. It is widely applied in functional genomics,

gene therapy, drug discovery, and other areas. Chemically

synthesized siRNA is currently the simplest RNAi appli-

cation. Typical RNAi sequences are 19–21 nucleotides

long and do not cause non-specific gene silencing [23].

Unfortunately, chemically synthesized siRNA can only

produce temporary RNAi effects.

In summary, this study employed RNAi technology to

inhibit the expression of HIF-1a in human glioma cells.

The key findings of this study were significantly decreased

MRP1 expression 24–48 h after HIF-1a-siRNA transfec-

tion and subsequent increased sensitivity of glioma cells to

ADM and VP16. Although further study of other glioma

cells lines is warranted, the current findings suggest that the

HIF-1a gene plays a role in mediating chemotherapeutic

drug resistance in glioma cells. Given this, treatment

strategies involving targeted downregulation of this gene

may ultimately prove to be efficacious in the clinical set-

ting. Such treatment could be employed as an alternative to

conventional therapy targeting MRP or used as an adjuvant

for human glioma.
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