
Abstract. Polycomb protein BMI-1 is often overexpressed in
various types of leukemia, and its depletion in those leukemic
cells leads to cell proliferation arrest, differentiation, and
apoptosis. These findings have led us to believe that Bmi-1
has potential as a therapeutic target for leukemia. In this study,
we tested multiple sets of synthetic siRNA oligo pairs for
downregulating the expression of Bmi-1 in U937 cells, and
explored the possible biological effects of BMI-1 suppression
on cell growth and proliferation. We found that one siRNA
oligo pair can efficiently knock down BMI-1 in U937 cells as
evaluated by real-time RT-PCR as well as Western blot
analysis. Furthermore, we found that BMI-1 depletion leads
to reduced cell growth and proliferation, and increased cell
apoptosis. Our proof-of-principle findings confirm that Bmi-1
siRNA can be used as a therapeutic target of any Bmi-1
expressing leukemia and other cancer cells.

Introduction

Bmi-1 is an oncogenic partner of c-Myc, which belongs to the
Polycomb group family (1,2). The Bmi-1 gene is located on
chromosome 10p13, a region involved in chromosomal trans-
locations in infant leukemia (3). Bmi-1 is a transcriptional
repressor, the most widely known to target the INK4a/ARF
locus, which encodes cell cycle regulators and tumor
suppressors p16INK4a and p19ARF (mouse homolog of human
p14ARF) (4,5). Bmi-1 is important for the maintenance of various
types of somatic stem cells due to its dominant expression, and
it is important in organogenesis owing to the phenotype of
Bmi-1 deficient mice. Downregulation of p16INK4a and p19ARF

inhibits cell apoptosis induced by p53 and pRb. Therefore,
overexpressed Bmi-1 could result in cell immortalization and
tumorigenesis (6,7). Bmi-1 is also essential for leukemic stem
cells and perhaps other type of cancer stem cells. It is over-
expressed in both hematological malignancies (8-10) and solid

tumors such as non-small cell lung cancer (11), liver (12),
breast (13), bladder cancer (14), prostate carcinomas (15) and
Ewing sarcoma (16). Therefore, BMI-1 plays an important
role in regulating the proliferation of both normal and leukemia
stem cells, which is useful as a novel molecular marker to
predict the progression and prognosis, and may become
clinically useful as a noninvasive diagnostic marker (17-21).
Lessard and Sauvageau (6) demonstrated that the proliferative
potential of acute myeloid leukemia (AML) stem and pro-
genitor cells lacking Bmi-1 was compromised because they
eventually underwent proliferation arrest and showed signs of
differentiation and apoptosis. In addition, the absence of Bmi-1
led to transplant failure of the leukemia, and these proliferative
defects could be completely rescued by Bmi-1. These findings
suggest that the Bmi-1 gene is a potential target for therapeutic
intervention in leukemia. siRNA has become a novel
therapeutic tool acting in the overexpression of genes. In the
present study, we investigated the efficacy of siRNA-mediated
silencing of Bmi-1 on U937 cell proliferation and apoptosis.

Materials and methods

Cell culture. The U937 (human leukemic monocyte lymphoma
cell line) was maintained in complete DMEM (low glucose,
Gibco) medium containing 10% fetal bovine serum (FBS,
Gibco), penicillin (100 U/ml) and streptomycin (100 μg/ml).
Cells were incubated at 37˚C in humid air with 5% CO2.

siRNA sequence designs. Three siRNA sequences targeting
Bmi-1 were designed and synthesized by Guangzhou Ribobio
Co., Ltd., China (Table I). 

In vitro transfection with siRNA. U937 cells were transfected
with siRNAs according to the manufacturer's instructions
(Invitrogen, USA). Briefly, U937 cells were seeded without
antibiotics at 1x106 cells in a 10-cm tissue culture dish
(Nunclon, Denmark). One hour before transfection, cells were
refreshed with serum-free medium, and then transfected.
Cells were divided into three groups: transfected with Bmi-1-
specific siRNA as test group (U937B), transfected with non-
specific siRNA (U937N) as a negative control and adding
Lipofectamine 2000 (U937L) alone as a control. Cells were
transfected with siRNA at a concentration of 50 nM. Cells
were incubated with siRNA plus Lipofectamine 2000 for 6 h in
transfection medium. Cells were harvested for further studies
72 h after the beginning of transfection. 

To evaluate the efficiency of transfection, FAM-siRNA
(Guangzhou Ribobio Co., Ltd, China) was used. After 16 h
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transfection, the number of FAM-labeled cells was estimated
with flow cytometry analysis.

Real-time quantitative RT-PCR. Total RNA was isolated using
Trizol reagent (Invitrogen, USA), and reverse transcription of
total RNA was carried out using MMLV-RT, SPCL (Invitrogen,
USA). A real-time quantitative PCR was performed by using
SYBR Green I. Reaction mixture consisted of 2.5 μl 10x PCR
buffer, 2.0 μl of 2.5 mM of each dNTP, 2.0 μl 25 mM MgCl2,
0.5 μl 10 pmol/μl each of primer (GAPDH and Bmi-1), 0.2 μl
5 U/μl Taq polymerase, 0.5 μl cDNA template and distilled
water for a total volume of 25 μl. PCR primer sequences
were as follows, human GAPDH, forward 5'-CCACCCATG
GCAAATTCCATGGCA-3' and reverse 5'-TCTAGACGGC
AGGTCAGGTCCAC-3'; Bmi-1, forward 5'-CTTCATTGAT
GCCACAACCATA-3' and reverse 5'-TCATTCACCTCCTC
CTTAGATT-3'. The thermal cycle conditions were, 94˚C for
5 min, 35 cycles of 94˚C for 30 sec, 56˚C (GAPDH)/59˚C
(Bmi-1) for 30 sec, and 72˚C for 60 sec and a final extension at
72˚C for 10 min. Triplicate was made for each sample, and all
reactions were repeated three times independently to ensure the
reproducibility of the results. The data were then viewed and
analyzed using the Rotor-Gene Real-Time Analysis Software
(Corbett Rotor-Gene 6000, Australia). For each sample,
amplification plot and corresponding dissociation curves were
examined. To obtain standardized quantitative results, external
controls were constructed consisting of cDNA plasmid standards.

Western blotting. U937 cells were collected by centrifugation
for protein extraction using RIPA lyses buffer and protease
inhibitor PMSF (Shanghai Shen Neng Bo Cai Co.). Extracted
total cellular protein was analyzed by Western blotting. Blotted
nitrocellulose film was incubated with mouse-anti BMI-1 IgG
antibody (Zymed® Laboratories Inc.) and then peroxidase
conjugated goat anti-mouse secondary antibody (1:5,000) was
added. Results of the blotting were visualized via chemi-
luminescent detection system (Western blotting luminal reagent,
Santa Cruz Biotechnology) and analyzed with GeneSnap/
Gene Tool software from Syngene (Cambridge, UK).

Cell proliferation assay. The U937B, U937N and U937L cells
were seeded in 24-well plates (1x104/well). Cell numbers and
viability were analyzed daily using the trypan blue exclusion
assay for 12 consecutive days.

Cell cycle analysis. Transfected and untransfected U937 cells
were washed twice with PBS, incubated with PI (500 μl/
106 cells) at room temperature for 30 min, and then analyzed
by flow cytometry. Cell cycle profiles were analyzed using
Cell Quest software (BD, USA).

Flow cytometric apoptosis assay. Samples were performed
according to the manufacturer's protocol (Invitrogen, USA).
U937 cells (1x105 cells) were harvested 72 h after tansfection,
washed with PBS and resuspended in 100 μl Annexin-binding
buffer. We added 5 μl annexinV and 1 μl of the 100 μg/ml PI
working solution to each 100 μl of cell suspension. Cells at
room temperature were incubated in the dark for 15 min.
After the incubation period, 400 μl of 1x annexin-binding
buffer was added, mixed gently and the samples were kept on
ice. Then the percentage of apoptotic cells were analyzed by
flow cytometry.

TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay.
For the TUNEL procedure, an in situ apoptosis detection kit
(Boehringer Mannheim, Germany) was applied following the
manufacturer's instructions. Pre-treated with siRNA and
untreated cells were plated on sterilized coverslips in 12-well
plates and fixed in 4% formaldehyde for 30 min at room
temperature. Nonspecific reactions were blocked with 3% H2O2

for 10 min at room temperature. Terminal deoxynucleotidyl
tranferase (TdT) and biotin-11-dUTP reactions were carried out
for 1 h at 37˚C. Removal of TdT from the procedure provided a
negative control. HRP-DAB was used for the TUNEL
procedure, and hematoxylin was used as a counter stain. Cell
apoptosis was calculated as a ratio of the number of TUNEL-
positive cells to the total number of U937 cells in each
coverslip.

Statistics. All data are expressed as the mean ± SD. The
difference between treated and control cells was analyzed
by t-test. P-value <0.05 was considered statistically significant.

Results

Exploration of targeting Bmi-1 through siRNA knockdown in
U937 cells. As the Bmi-1 is expressed in various leukemic
cells, we hypothesized that targeted knockdown of Bmi-1
intervenes in their growth and survival. To prove this we
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Table I. siRNA sequences targeting Bmi-1.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Gene Target mRNA (5'-3') siRNA Duplex
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
GAPDH (human) ATTCCATGGCACCGTCAAG Sense: AUUCCAUGGCACCGUCAAG dTdT

Antisense: dTdT UAAGGUACCGUGGCAGUUC
Negative (control) TTCTCCGAACGTGTCACGT Sense: UUCUCCGAACGUGUCACGU dTdT

Antisense: dTdT AAGAGGCUUGCACAGUGCA
siBmi-1 001 CCAATGGCTCTAATGAAGA Sense: CCAAUGGCUCUAAUGAAGAdTdT

Antisense: dTdT GGUUACCGAGAUUACUUCU
siBmi-1 002 AAATGGACATACCTAATAC Sense: AAAUGGACAUACCUAAUACd TdT

Antisense: dTdT UUUACCUGUAUGGAUUAUG
siBmi-1 003 AAATACAGAGTTCGACCTA Sense: AAAUACAGAGUUCGACCUA dTdT

Antisense: dTdT UUUAUGUCUCAAGCUGGAU
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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transfected 3 sets of siRNA duplexes into Bmi-1 expressing
U937 cells to transiently knock down Bmi-1 using pre-
optimized Lipofectamine 2000 transfection method since
stable knockdown could be detrimental to the cells. The
number of transfected cells increased with incubation time.
But the transformation plateaued at 16 h post transfection. At
this point the transfection efficiency was 44.91% (Fig. 1).

To determine the levels of Bmi-1 mRNA after siRNA
transfection by RT-PCR and real-time quantitative RT-PCR,
three Bmi-1 siRNA targeting the Bmi-1 gene (siBmi-1 001,
002 and 003) and added Lipofectamine 2000 (U937L) alone as
a control were tested for silencing in U937 cells, respectively.
siBmi-1 001 was determined as the most effective compared
to other groups. It induced a remarkable downregulation of
Bmi-1 transcript after 72 h in U937 cells (Fig. 2A). Bmi-1 001
specific siRNA was selected from three pairs for further
studies. To further validate the Bmi-1 knockdown at a protein
level, Western blot analysis showed that the reduction of
mRNA using siRNA-Bmi-1 001 (U937B) resulted in a
remarkedly decreased Bmi-1 protein level as compared with
non-transfected (U937L) or control-siRNA transfected cells
(U937N) considering only the transfection efficiency is ~44%.
The protein level was not influenced in U937L and U937N
cells compared with non-treated cells (U937) (Fig. 2B).

Effect of Bmi-1 siRNA transfection on the cell cycle. To explore
the role of Bmi-1 in cell growth and proliferation in more
details, we examined cell cycle profiles of Bmi-1
downregulated cells by flow cytometry (Fig. 3A). The
percentage of cells from U937B in the G0/G1 phase increased
compared with U937L or U937N cells (P<0.05, Fig. 3B), and
decreased in the S phase compared with U937L or U937N
cells (P<0.05, Fig. 3C). Our data suggest that Bmi-1 is an
important player in driving cell proliferative cycles. Since we
gate on Bmi-1 siRNA transfected cells in our analysis
indicating that those cells are relatively homogeneous.

Cell proliferation in U937 cells transfected with Bmi-1 siRNA.
To further detect the effect of downregulation of Bmi-1 on the
proliferation of U937 cells, the U937B, U937N and U937L
tranfected cells were analyzed for their total cell number counts
and viability by the trypan blue exclusion assay every day for
12 consecutive days. The results showed that the total cell
number decreased significantly in comparison with U937N and
U937L cells, while there was no difference in growth rate
between U937L and U937N cells (Fig. 3D). These results

suggest that BMI-1 is necessary for normal cell growth in
U937 cells.  

Effect of Bmi-1 siRNA transfection on cell apoptosis. Flow
cytometry assay was used to evaluate whether the decrease in
cell viability after 24 and 72 h transfection with Bmi-1 siRNA
resulted from apoptosis (Figs. 4A and 5A). The results show
that the percent of annexin V positive cells after 24 h of
transfection with Bmi-1 001 siRNA increased compared with
U937 cells incubated with Lipofectamine 2000 alone or non-
specific Bmi-1 siRNA (P<0.05, Fig. 4B), but the percent of
annexin V positive cells after 72 h transfection with Bmi-1 001
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Figure 1. The efficiency of transformation of U937 cells using Lipofectamine 2000. The efficiency of transformation of U937 cells was analyzed by flow
cytometry analysis after incubation with FAM-labeled unspecific siRNA over a period of 12 h. The number of transfected cells were increased with
incubation time, and the transformation plateaued at 16 h incubation. At this point the transfection efficiency was 44.91%.

Figure 2. (A) The quantification of Bmi-1 transcript 72 h after Bmi-1 siRNA
transfection. Bmi-1 mRNA experssion in U937 cells treated with siBmi-1 001,
siBmi-1 002, siBmi-1 003 and adding Lipofectamine 2000 alone (U937L) as a
control, respestively. Cells were transfected with siRNA at a concentration of
50 nM. After 72 h transfection, Bmi-1 mRNA expression was determined by
real-time RT-PCR and RT-PCR with normalization to GAPDH expression.
siBmi-1 001 was determined as the most effective compared to other groups.
It induced a remarkable downregulation of Bmi-1 transcript after 72 h in U937
cells. (B) Effect of Bmi-1 siRNA transfection on Bmi-1 protein levels in U937
cells. Lane 1, untreaed U937 cells; 2, U937 cells incubated with
Lipofectamine 2000 alone; 3, U937 cells incubated with non-specific Bmi-1
siRNA; 4, U937 cells incubated with siBmi-1 001 specific siRNA.
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Figure 3. Effects of Bmi-1 siRNA on cell proliferation and cell cycle of U937 cells. (A) DNA content analysis of U937 cells transfected with Bmi-1 001 siRNA.
(a) U937 cells incubated with Lipofectamine 2000 alone. (b) U937 cells incubated with non-specific Bmi-1 siRNA. (c) U937 cells incubated with siBmi-1 001
specific siRNA. (B) Cells at the G0/G1 phase, the percentage of cells transfected with Bmi-1 001 siRNA in G0/G1 phase increased  compared with U937 cells
incubated with Lipofectamine 2000 alone or non-specific Bmi-1 siRNA (*P<0.05). (C) Cells at S phase, the percentage of cells from transfected with Bmi-1 001
siRNA in G0/G1 phase decreased compared with U937 cells incubated with Lipofectamine 2000 alone or non-specific Bmi-1 siRNA (*P<0.05). Data represent
the means ± SD from triplicate measeurements. (D) Cell proliferation after Bmi-1 silencing. U937 cells treated with Lipofectamine 2000 alone, non-specific Bmi-1
siRNA and siBmi-1 001 specific siRNA, respectively.

Figure 4. Effect of Bmi-1 siRNA transfection on cell apoptosis by flow cytometric apoptosis assay on cell apoptosis after 24 h transfection with Bmi-1 001
siRNA. (A) (a-c) U937 cells treated with Lipofectamine 2000 alone, non-specific Bmi-1 siRNA and siBmi-1 001 specific siRNA, respectively. (B) The
percent of positive cells for annexin V were determined in (A), the percent of annexin V positive cells transfected with Bmi-1 001 siRNA increased compared
with U937 cells incubated with Lipofectamine 2000 alone or non-specific Bmi-1 siRNA (*P<0.05). (C) The percent of positive cells for both annexin V and PI
were determined in (A). The percent of both annexin V and PI positive cells transfected with Bmi-1 001 siRNA had no significant difference compared with
U937 cells incubated with Lipofectamine 2000 alone or non-specific Bmi-1 siRNA. Data represent the means ± SD from triplicate measeurements.
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siRNA had no significant difference compared with U937
cells incubated with Lipofectamine 2000 alone or non-specific
Bmi-1 siRNA (Fig. 5B). While the percent of both annexin V
and PI positive cells after 72 h transfection increased as
compared with U937 cells incubated with Lipofectamine 2000
alone or non-specific Bmi-1 siRNA (*P<0.05, Fig. 5C), the
percent of annexin V and PI positive cells after 24 h transfection
with Bmi-1 001 siRNA had no significant difference compared
with U937 cells incubated with Lipofectamine 2000 alone or
non-specific Bmi-1 siRNA (Fig. 4C). 

TUNEL assay presented similar results as the flow cyto-
metric apoptosis assay, Bmi-1 001 specific siRNA treatment
resulted in a significant increase in the percentage of cell
apoptosis than that in non-specific Bmi-1 siRNA and adding
Lipofectamine 2000 alone (Fig. 6A and B).

Discussion

BMI-1 is known to play a crucial role in sustaining hemato-
poietic stem and progenitor cells. It is a potent negative
regulator of Ink4a/Arf locus that encodes the cell cycle
regulators and tumor suppressors p16Ink4a and p19Arf
(p14ARF in humans), a cyclin-dependent kinase inhibitor
that regulates cellular senescence. Regarding the cell cycle,
BMI-1-positive cells proliferate more rapidly (6,22). BMI-1
may be useful as a molecular marker for the progression of

CML and could be a promising new target for therapeutic
treatment of several types of leukemia (6,18,23,24).
Yang et al (18) demonstrates that transcription from the
Bmi-1 promoter is significantly activated by SALL4 in a dose-
dependent manner and SALL4 binds to a specific region of the
Bmi-1 promoter. These findings suggest a novel link between
SALL4 and Bmi-1 in regulating self-renewal of normal and
leukemic stem cells.

Due to overexpression of Bmi-1 in U937 cells, we selected
it as the test cell line. In this study, Bmi-1 in U937 cells was
downreguled with siRNA. Real-time RT-PCR quantification
showed a downregulation of Bmi-1 mRNA in U937 cell up to
49% with siBmi-1 001 transfection, and the reduction of
mRNA resulted in a marked decrease of Bmi-1 protein level
compared with non-transfected (U937L) or control-siRNA
transfected cells (U937N). Cell proliferation assay in U937
cells transfected with Bmi-1 siRNA also indicated that the
cell growth of U937 cells decreased significantly in comparison
with control cells. Cell cycle analysis showed that the per-
centage of cells in the G1 phase was increased and that in the
S phase it was decreased significantly in siBmi-1 001 trans-
fected U937 cells. The results indicate that inhibition of U937
cell proliferation by BMI-1 siRNA is mediated by up-
regulation of p16 which arrested the cell at G1 to S phase in its
cell cycle (25,26). p16Ink4a is a downstream target of Bmi-1
(4,14), and in the absence of Bmi-1 the cyclin-dependent kinase
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Figure 5. Effect of Bmi-1 siRNA transfection on cell apoptosis by flow cytometric apoptosis assay on cell apoptosis after 72 h transfected with Bmi-1 001
siRNA. (A) (a-c) U937 cells treated with Lipofectamine 2000 alone, non-specific Bmi-1 siRNA and siBmi-1 001 specific siRNA, respectively. (B) The
percent of positive cells for annexin V were determined in (A), the percent of annexin V positive cells transfected with Bmi-1 001 siRNA had no significant
difference compared with U937 cells incubated with Lipofectamine 2000 alone or non-specific Bmi-1 siRNA (*P<0.05). (C) The percent of positive cells for
both annexin V and PI were determined in (A), the percent of both annexin V and PI positive cells transfected with Bmi-1 001 siRNA increased as compared
with U937 cells incubated with Lipofectamine 2000 alone or non-specific Bmi-1 siRNA. Data represent the means ± SD from triplicate measeurements.
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inhibitor gene p16Ink4a is upregulated (27). Both flow
cytometric apoptosis assay and TUNEL assay showed that
Bmi-1 specific siRNA treatment resulted in a significant
increase in the percentage of cell apoptosis. Downregulation of
Bmi-1 expression by means of siRNA transfection could
reduce cell viability and lead to apoptosis.

In order to suppress leukemic cell proliferation, inhibiting
its source and identifying the gene causing self-renewal of
leukemic stem cells would be a new approach. siRNAs have
become a promising tool in molecular medicine and a
method of molecular therapy for leukemia. Our data
revealed that Bmi-1 gene silencing reduces proliferation and
leads to apoptosis of U937 cells. These findings suggest that
Bmi-1 siRNA silencing might be useful for the treatment of
Bmi-1 overexpression in leukemia cells.
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