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Paclitaxel (Taxol) is an effective chemotherapeutic agent for
treatment of cancer patients. Despite impressive initial clinical
responses, the majority of patients eventually develop some
degree of resistance to Taxol-based therapy. The mechanisms
underlying cancer cells resistance to Taxol are not fully under-
stood.MicroRNA (miRNA) has emerged to play important roles
in tumorigenesis and drug resistance. However, the interaction
between the development of Taxol resistance and miRNA has
not been previously explored. In this study we utilized amiRNA
array to compare the differentially expressedmiRNAs in Taxol-
resistant and their Taxol-sensitive parental cells. We verified
that miR-125b, miR-221, miR-222, and miR-923 were up-regu-
lated in Taxol-resistant cancer cells by real-time PCR. We fur-
ther investigated the role andmechanisms ofmiR-125b inTaxol
resistance.We found that miR-125b was up-regulated in Taxol-
resistant cells, causing a marked inhibition of Taxol-induced
cytotoxicity and apoptosis and a subsequent increase in the
resistance to Taxol in cancer cells. Moreover, we demonstrated
that the pro-apoptotic Bcl-2 antagonist killer 1 (Bak1) is a di-
rect target of miR-125b. Down-regulation of Bak1 suppressed
Taxol-induced apoptosis and led to an increased resistance to
Taxol. Restoring Bak1 expression by either miR-125b inhibitor or
re-expression of Bak1 inmiR-125b-overexpressing cells recovered
Taxol sensitivity, overcomingmiR-125-mediatedTaxol resistance.
Taken together, our data strongly support a central role for miR-
125b in conferring Taxol resistance through the suppression of
Bak1 expression. This finding has important implications in the
development of targeted therapeutics for overcomingTaxol resist-
ance in a number of different tumor histologies.

Breast cancer is themost common cancer and the second lead-
ing cause of cancer-related deaths inAmericanwomen. Paclitaxel

(Taxol) has recently emerged as an important chemotherapeutic
agent in the treatment of breast cancer as well as other tumor
histologies, such as ovarian, prostate, and non-small cell lung can-
cers (1, 2). The resistance of cancer cells to Taxol and other che-
motherapeutic agents frequently results in the subsequent recur-
rence and metastasis of cancer (3). One known mechanism
involvedwith cancer cell resistance toTaxol is the high expression
of the membrane P-glycoprotein that functions as a drug-efflux
pump (4). Other mechanisms include the alterations of tubulin
structure (5, 6), changes in the drug binding affinity of the micro-
tubules (7), andcell cyclederegulation (8, 9).However, thedetailed
molecularmechanisms thatmay contribute to Taxol resistance of
cancer cells are still not fully understood.
MicroRNA (miRNA)3 is the non-coding, single-stranded

RNA of �22 nucleotides, which regulates gene expression and
constitutes a novel class of gene regulators (10).MaturemiRNA
molecules are partially complementary to one ormoremessen-
ger RNA (mRNA)molecules and translationally down-regulate
gene expression (11, 12) or induce the degradation of mRNAs
bearing fully complementary target sites (13). Among hundreds
of miRNAs, some have been shown to play a role in a variety of
biological processes including proliferation, differentiation,
migration, cell cycle, and apoptosis (14, 15). In recent years,
somemiRNAs have been reported to be involved in drug-resis-
tance, acting as potential oncogenes or tumor suppressors (16–
18). The “knockdown” and inhibition of miR-221 or miR-222
expression has been shown to sensitize MDA-MB-468 cells to
tamoxifen-induced cell growth arrest and apoptosis (17).
Ectopic miR-34a expression resulted in cell cycle arrest and
growth inhibition and attenuated chemoresistance to the anti-
cancer drug, camptothecin, by inducing apoptosis (18). Todate,
however, the interaction between miRNAs and Taxol resis-
tance in cancer cells has not been explored.
We aimed to examine the role ofmiRNAs inTaxol resistance

in breast cancer cells through the screening of differentially
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expressed miRNAs between Taxol-resistant and Taxol-sensi-
tive cancer cells. We found that miR-125b is up-regulated in
Taxol-resistant cancer cells, with its overexpression inhibiting
Taxol-induced cytotoxicity and apoptosis, subsequently
increasing the resistance of cancer cells to Taxol. Moreover, we
demonstrate that Bak1 is a direct target of miR-125b in breast
cancer cells. Restoring the expression of Bak1 recovered Taxol
sensitivity in counteracting miR-125b-mediated Taxol resis-
tance. Taken together, miR-125b plays a critical role in Taxol
resistance through suppression of Bak1 expression, and it may
serve as a potential target for overcoming Taxol resistance in
human breast cancer.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—Human breast cancer cell lines,
MDA-MB-435 (MDA-435), MDA-MB-231 (MDA-231),
MDA-MB-436 (MDA-436), MCF7, SKBr3, and BT474 were
purchased from American Type Culture Collection (ATCC).
Taxol-resistant 435TR1 (single clone) and 435TRP (pooled
clones) cells were developed fromMDA-435 cells by treatment
with gradually increasing concentrations of Taxol in cell cul-
ture medium. Cell viability assay showed that 435TR1 and
435TRP cells could tolerate much higher concentrations of
Taxol compared with MDA-435 cells, with their IC50 concen-
trations found to be more than 30-fold higher than those of
parental MDA-435 cells (19). Two more Taxol-resistant cell
variants, 436TRP and SKBr3-TRP (both are pooled clones),
were developed from MDA-436 and SKBr3 cell lines, respec-
tively, using the same methods as for 435TRP. The cells were
cultured in Dulbecco’s modified Eagle’s medium/F-12 (Medi-
atech, Inc.) supplemented with 10% fetal bovine serum and
penicillin/streptomycin.
miRNA Microarray Expression Analysis—Total RNA was

extracted from MDA-435, 435TR1, and 435TRP cells using
TRIzol reagent (Invitrogen), and the total RNAwas labeledwith
Hy3 and Hy5 fluorescent dyes. Pairs of labeled samples were
hybridized to miRCURY LNATM microRNA array slides with
coverage of 428 unique humanmicroRNAs (Exiqon, 208201-A)
by using miRCURY LNATM Power labeling kit and miRCURY
LNATM microRNA array kit (Exiqon) according to the manu-
facturer’s protocol. A miRNA detection signal threshold was
defined as twice the maximum background signal. Normaliza-
tion was done using a cyclic LOWESS (locally weighted regres-
sion) method to remove the system-related variations. Data
adjustments included data filtering, log2 transformation, and gene
centering and normalization. Student’s t test analysis was con-
ducted between MDA-435 and 435TR1 and MDA-435 and
435TRP samples, andmiRNAswith p values� 0.05were selected
for cluster analysis. The clustering analysis was done using a hier-
archical method and average linkage and Euclidean distance
metrics.
Pre-miRNA or Anti-miRNA Transfection—miRNA precur-

sors (pre-miRNAs) and miRNAs antisense RNAs (anti-
miRNAs) were purchased from Applied Biosystems. Pre-miR-
negative and anti-miR-negative were used as negative controls.
Oligofectamine transfection reagent or Lipofectamine 2000
(Invitrogen) was used for the transfection of pre-miRNAs or
anti-miRNAs. Forty-eight hours after transfection, the expres-

sion of miR-125b was detected by real-time PCR, and the
expression of Bak1, a target of miR-125b, was tested by real-
time PCR and/or Western blotting.
Quantitative Real Time PCR (qRT-PCR) andRT-PCR—Total

RNA was isolated from cultured cells using the TRIzol reagent
(Invitrogen). For miRNA expression analysis, qRT-PCR was
done by using the TaqMan� microRNA reverse transcription
kit (Applied Biosystems) and TaqMan� microRNA assays kit
(Applied Biosystems) following the manufacturer’s protocols.
RNU6B served as an internal control. End-point PCR was per-
formed to analyze the expression of miR-125b by using a
mirVana qRT-PCR miRNA detection kit and mirVana qRT-
PCR Primer Sets (Applied Biosystems) according to the manu-
facturer’s protocols. Human U6 served as an internal control.
For the expression of Bak1 and glyceraldehyde-3-phosphate
dehydrogenase, cDNAs were synthesized from 1 �g of total
RNA using Cloned AMV First-Strand cDNA Synthesis kit
(Invitrogen). For quantitative PCR, cDNA was mixed with 2�
SYBR Green PCR Master Mix (Applied Biosystems) and vari-
ous sets of gene-specific primers and then subjected to RT-PCR
quantification by using the iQ5 real timePCR system (Bio-Rad).
The sequences of the primers used were as follows: Bak1, 5�
primer (5�-GCTCCCAACCCATTCACTAC-3�) and 3� primer
(5�-TCCCTACTCCTTTTCCCTGA-3�); glyceraldehyde-3-
phosphate dehydrogenase, 5� primer (5�-ATCCCATCACCA-
TCTTCCAG-3�) and 3� primer (5�-ATGAGTCCTTCCACG-
ATACC-3�). For semiquantitative PCR, the cDNA was mixed
with PCR SuperMix (Invitrogen) and gene-specific primers.
The PCR conditions were 25–30 cycles at 95 °C for 30s, 56 °C
for 30s, and 72 °C for 1 min. The PCR products were separated
on a 2% agarose gel. All reactions were performed in triplicate.
The relative amounts of mRNA were calculated by using the
comparative CT method. The results are presented as –fold
change of each miRNA or mRNA in the 435TR1 and 435TRP
cells relative to the parental MDA-435 cells.
siRNA Experiments—siRNA oligonucleotides for Bak1 were

purchased fromSigma, with a scrambled siRNA (Sigma) used as a
control. Transfection was performed using the Oligofectamine
Transfection reagent (Invitrogen) according to themanufacturer’s
protocol. Forty-eight hours after transfection, the cell lysates were
prepared for further analysis byWestern blotting.
mRNA Stability—MDA-435 cells were transfected with 100

nM pre-miR-125b or pre-miR-negative. After 12 h, cells were
treated with actinomycin (5 �g/ml). The stability of endoge-
nous Bak1 mRNA was examined with real-time RT-PCR by
measuring Bak1 mRNA levels at the indicated time.
Activity of Caspase 3—MDA-435 cells were transfected with

100 nM pre-miR-125b or pre-miR-negative and seeded into
96-well plates at 8 � 103 cells per well in triplicates. After 8 h,
cells were treatedwith or without 20 nMTaxol for 24 h. Caspase
3 activity was measured by Caspase-Glo� 3/7 assay kit (Pro-
mega) according to the manufacturer’s instructions.
Apoptosis Assay—Cells were transfected with 100 nM miR-

125b precursor (pre-miR-125b), 100 nM pre-miR-125b in com-
bination with 100 nMmiR-125b inhibitor (anti-miR-125b), or 4
�g of Bak1-expressing vector, respectively, and 24 h after trans-
fection the cells were followed with the indicated concentra-
tions of Taxol treatment for 48 h and then were subjected to an
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apoptosis assay. Apoptosis was determined by annexin V/pro-
pidium iodide staining with the apoptosis detection kit (BD
Pharmingen). Briefly, 1 � 105 treated cells were incubated with
annexin V/propidium iodide for 15 min at room temperature.
The cells were then analyzed by flow cytometry using two-color
fluorescence-activated cell sorting analysis (BD LSR II).
Luciferase Reporter Assay—The pMIR-reporter luciferase

vector containing the 3�-UTR of Bak1 and the empty vector
were generous gifts from Dr. deVere White (20). For the lucif-
erase assay, cells at the density of 1.2 � 105 per well in 24-well
plates were cotransfected with pMIR-REPORT luciferase
reporters with or without 3�-UTR of Bak1, pre-miR-125b, or
pre-miR-negative using Lipofectamine 2000 reagent. Twenty-
four hours later, cells were harvested and lysed with passive
lysis buffer (Promega). Luciferase activity was measured by
using a dual luciferase reporter assay (Promega). The pRL-TK
vector (Promega) was used as an internal control. The results
were expressed as relative luciferase activity (firefly Luc/Renilla
Luc).
Western Blotting—Cells were harvested and lysed in buffer

containing 50mMTris-HCl, pH7.5, 150mMNaCl, 2mMEDTA,
1% Triton, 1 mM phenylmethylsulfonyl fluoride, and protease
inhibitor mixture (Sigma) for 20 min on ice. Lysates were
cleared by centrifugation at 14,000 rpm at 4 °C for 10 min.
Supernatants were collected, and protein concentrations were
determined by the Bradford assay (Bio-Rad). The proteins were
then separated with a SDS/polyacrylamide gel and transferred
to a nitrocellulose membrane (Bio-Rad). After blocking in
phosphate-buffered saline with 5% nonfat dry milk for 1 h, the
membranes were incubated overnight at 4–8 °C with the pri-
mary antibodies in phosphate-buffered saline with 5% nonfat
dry milk. The following antibodies were utilized: anti-Bak1
monoclonal antibody (1:1000, Cell Signaling), anti-cleaved
PARP monoclonal antibody (1:1000, Cell Signaling), and anti-
�-actin monoclonal antibody (1:2000, Sigma). Membranes
were extensively washed with phosphate-buffered saline and
incubated with horseradish peroxidase-conjugated secondary
anti-mouse antibody or anti-rabbit antibody (dilution 1:2000,
Bio-Rad). After additional washes with phosphate-buffered
saline, antigen-antibody complexes were visualized with the
enhanced chemiluminescence kit (Pierce).
Cell Viability Assay—A total of 5 � 103�1 � 104 cells/well

were seeded in 96-well plates. Twenty-four hours later, the
mediumwas replacedwith freshmediumwith orwithoutTaxol
and incubated for 48 h. Cell viability was determined using
CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit
(Promega) as previously reported (21).
Statistical Analysis—Statistical evaluation for data analysis

was determined by unpaired Student’s t test. All data were
shown as the means � S.E.. A statistical difference of p � 0.05
was considered significant.

RESULTS

Profiles of miRNAs in Taxol-sensitive and Resistant Cancer
Cells—To search for the critical miRNAs involved in Taxol
resistance, the total RNA extracted from Taxol-resistant
435TR1 and 435TRP cells and their Taxol-sensitive parental
MDA-435 cells were hybridized withmiRNA array chips. Eight

miRNAs were up-regulated in Taxol-resistant cells by more
than 1.5-fold, and 13 miRNAs were down-regulated in Taxol-
resistant cells by more than 1.5-fold (Fig. 1A and sup-
plemental Table S1). Notably, the profiling results are correla-
tive with the reported functions of miRNAs. For example,
miRNAs with oncogenic function, such as miR-100 (22), miR-
125b (20, 23–26), miR-106b (27), miR-221, and miR-222 (28,
29), were up-regulated, whereas miRNAs with tumor suppres-
sor functions, such as miR-16 (30, 31), miR-27a (32), miR-20a
(33), miR-29a/b (34), and miR-146a/b (35), were down-regu-
lated in Taxol-resistant cells. To further validate the miRNA
array results, we randomly selected four miRNAs, miR-923,
miR-125b, miR-221m, and miR-222, from the up-regulated
miRNAs and measured their expression levels by real-time
PCR. The results of real-time PCR for all of the four selected
miRNAs were consistent with the miRNA array results (Fig.
1B). Furthermore, we examined the expression of miR-125b
in two more Taxol-resistant cancer cell variants, 436TRP
and SKBr3-TRP, that were derived from MD-MB-436 and
SKBr3 breast cancer cell lines, respectively. More than 2-fold
higher expression of miR-125b was found in Taxol-resistant
436TRP and SKBr3-TRP cells compared with their parental
MDA-436 and SKBr3 cells, respectively (Fig. 1C), indicating
that the correlation between miR-125b and Taxol resistance
is not a single cell line-specific effect. These results sug-
gested that the differential expression profiles screened by
the miRNA array are reliable, and some of them may play a
role in Taxol resistance.
Involvement of miR-125b in Taxol Resistance in Breast Can-

cer Cells—We investigated the role of miR-221, miR-222, and
miR-125b in Taxol-induced cytotoxicity. Compared with neg-
ative control, overexpression of miR-221 and miR-125b mark-
edly inhibited Taxol-induced cell cytotoxicity in MDA-435
cells (Fig. 2A). Because miR-125b showed a stronger inhibition
to Taxol-induced cytotoxicity, we first focused on miR-125b
and further investigated its role and mechanism in Taxol
resistance.
To confirm and extend our findings, two more breast cancer

cell lines, MDA-231 and BT474, were used to investigate the
effect of overexpression of miR-125b on Taxol resistance.
Overexpression of miR-125b markedly inhibited Taxol-in-
duced cytotoxicity in all of the cell lines tested (Fig. 2B). More-
over, overexpression of miR-125b dramatically decreased
Taxol-induced cytotoxicity and increased Taxol resistance in a
miR-125b dose-dependent manner in MDA-435 cells (Fig. 2C,
top). Furthermore, the expression ofmiR-125b (Fig. 2C, bottom
inset) decreased Taxol-induced cytotoxicity and increased
Taxol resistance under various concentrations of Taxol treat-
ment in MDA435 cells (Fig. 2C, bottom). Similar experiments
were performed inMDA-231 cells with similar results obtained
(Fig. 2D).
Although overexpression of miR-125b confers Taxol resist-

ance to cells, we asked whether down-regulation of miR-125b
may increase Taxol sensitivity. miR-125b antisense (anti-miR-
125b) was expressed in Taxol-resistant 435TR1 cells followed
by treatment with increasing concentrations of Taxol for 48 h.
We found that the knockdown of miR-125b by anti-miR-125b
increasedTaxol-induced cytotoxicity in these cells known to be
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highly resistant to Taxol (supplemental Fig. S1). These results
clearly demonstrate that miR-125b plays an important role in
Taxol resistance in breast cancer cells.
Involvement of miR-125b in Taxol-induced Apoptosis—

Taxol is known to exert its cancer cell killing effect through
induction of apoptosis (36). Next, we examined whether
overexpression of miR-125b was capable of inhibiting Taxol-
induced apoptosis. MDA-435 cells were transfected with
pre-miR-negative or pre-miR-125b and then treated with
increasing concentrations of Taxol. Cell morphological
change was observed with a microscope, showing markedly
less cellular debris and non-viable cells in miR-125b-trans-
fected cells compared with negative controls (Fig. 3A). Poly
(ADP-ribose) polymerase (PARP) is an important marker of
apoptosis, and it is cleaved downstream of caspases when
cellular apoptosis happens (37, 38). We next detected the
protein levels of the cleaved PARP and total PARP by West-
ern blotting in pre-miR-125b transfected MDA-435 and
control cells after Taxol treatment. Compared with the neg-
ative control, the protein level of cleaved PARP was dramat-
ically reduced in pre-miR-125b-transfected cells (Fig. 3B).
The activity of caspase 3 was further detected using the
Caspase-Glo� 3/7 assay system in pre-miR-125b-transfected
MDA-435 cells after Taxol treatment for 24 h. Lower caspase
3 activity was found in miR-125b-transfected cells compared
with the control cells (Fig. 3C). Moreover, apoptosis assays
with annexin V staining revealed that significantly less apo-
ptotic cells were detected in pre-miR-125b-transfected
MDA-435 and MDA-231 cells compared with negative con-
trols (Fig. 3D). Furthermore, knockdown of endogenous
miR-125b enhanced Taxol-induced apoptosis in Taxol-re-
sistant 435TRP cells (supplemental Fig. S2). These results
indicated that miR-125b confers Taxol resistance in cancer
cells by blocking Taxol-induced apoptosis.
Bak1 Is a Direct Target of miR-125b in Breast Cancer Cells—

Because miR-125b is capable of suppressing Taxol-induced
apoptosis and increasing the resistance of cancer cells to
Taxol, we searched miRNA databases for potential
miR-125b targets that may possibly contribute to Taxol
resistance. The three public miRNA databases (TargetScan,
Pictar, and MicroRNA) all predicted that Bak1 might be a
target for miR-125b, and the 3�-UTR of Bak1 contains a
highly conserved binding site from position 629 to 635 for
miR-125b (supplemental Fig. S3). To determine whether
miR-125b could target Bak1 in breast cancer cells, we trans-
fected the pre-miR-125b into MDA-435, MDA-231, MCF7,
and SKBr3 cells. The expression of miR-125b significantly
down-regulated Bak1 protein in a dose-dependent manner
in all tested cells (Fig. 4, A and B). Moreover, knockdown of
miR-125b up-regulated the expression of Bak1 in bothFIGURE 1. Profiles of miRNAs in Taxol-sensitive and -resistant cancer

cells. A, shown is a Heatmap of a total of 21 miRNAs that were significantly
up-regulated (n � 8) or down-regulated (n � 13) in Taxol-resistant 435TR1
and 435TRP cells compared with those in their parental MDA-435 cells (p �
0.05), which are listed in supplemental Table S1. Heatmap colors represent
relative signal ratio of miRNA expression between Taxol-resistant 435TR1 or
435TRP to their parental MDA-435 cells as indicated in the color key for each
panel. The expression ratio values for a given sample group of interest were
summarized by their mean. Rows, miRNAs; columns, signal ratio of miRNA
expression of Taxol-resistant cells to their parental cells. For each miRNA the
red color means an expression of miRNA in Taxol-resistant cells higher than
their parental cells, and the green color means a lower expression value.

B, qRT-PCR was performed to validate the expression of miR-125b, miR-221,
miR-222, and miR-923 in Taxol-resistant 435TR1 and 435TRP and their paren-
tal MDA-435 cells. RNU6B was used as an internal control and for normaliza-
tion of the data. C, qRT-PCR was performed to validate the expression of
miR-125b in Taxol-resistant 436TRP and SKBr3-TRP and their parental MDA-
436 and SKBr3 cells. RNU6B was used as an internal control and for normal-
ization of the data. Columns, mean of three independent experiments; bars,
S.E. ***, p � 0.001.
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FIGURE 2. Involvement of miR-125b in Taxol resistance in breast cancer cells. A, MDA-435 cells were transfected with 100 nM pre-miR-negative (Ctr),
pre-miR-125b, pre-miR-221, and pre-miR-222. 24 h after transfection, cells were seeded into 96-well plates at the density of 8 � 103 per well. Twelve
hours later cells were treated with 0, 4, 8, and 16 nM Taxol for 48 h. Then the cell viability was detected using a MTS reagent. B, breast cancer cells,
MDA-435, MDA-231, and BT474, were seeded into 96-well plates 24 h after the transfection of 100 nM pre-miR-125b and then followed with the indicated
concentrations of Taxol for 48 h. Pre-miR-negative served as a negative control. The cell viability was detected using MTS reagent. C, MDA-435 cells were
transfected with 0, 25, 50, and 100 nM pre-miR-125b (top). Twenty-four hours after transfection, the cells were seeded into 96-well plates at the density
of 8 � 103 cells/well. Twelve hours later cells were treated with 16 nM Taxol for 48 h. Then, the cell viability was detected. MDA-435 cells were transfected
with 100 nM pre-miR-negative or pre-miR-125b (bottom). Twenty-four hours after transfection, some of cells were collected for detection of miR-125b
level by end-PCR (inset). Some of cells were seeded into 96-well plates at the density of 8 � 103 cells/well. Twelve hours later cells were treated with 0,
4, 8, 16, and 32 nM Taxol for 48 h. Then the cell viability was detected. D, similar experiments were performed in MDA-231 cells as described in panel C.
Data are presented as the percentage of viability inhibition measured in cells treated without Taxol. Columns, mean of three independent experiments;
bars, S.E. *, p � 0.05, **, p � 0.01, ***, p � 0.001.
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MDA-231 and 435TRP cells with
high expression of endogenous
miR-125b (Fig. 4C). These results
demonstrate that Bak1 is a target
of miR-125b in breast cancer cells.
We, therefore, investigated

whether miR-125b directly targets
the 3�-UTR of Bak1 mRNA, and we
performed luciferase reporter anal-
ysis by co-transfecting a vector con-
taining pMIR reporter-luciferase
fused with or without the 3�-UTR of
Bak1 mRNA and pre-miR-125b or
pre-miR-negative. Overexpression
of miR-125b decreased the lucifer-
ase activity of the reporter with
3�-UTR of Bak1 by about 60% in
both MDA-435 and MDA-231 cells
(Fig. 4D, left). However, no inhibi-
tory effect ofmiR-125b on the activ-
ity of the reporter without 3�-UTR
of Bak1was detected (Fig. 4D, right),
indicating that Bak1 mRNA is a
direct target ofmiR-125b.

miR-125b was examined for its
capacity to suppress the expression
of Bak1 at the mRNA level. Quanti-
tative PCR was performed to detect
Bak1 mRNA expression in MDA-
435 and MDA-231 cells after
transfection with pre-miR-125b or
pre-miR-negative. We found that
miR-125b decreased the expression
of Bak1 mRNAwith a similar inhib-
itory efficiency to the Bak1-specific
siRNA in both cell lines, indicating
that miR-125b inhibits the expres-
sion level of Bak1 mRNA (Fig. 4E).
To explore the possibility that miR-
125b decreases the stability of Bak1
mRNA, MDA-435 cells were trans-
fected with or without pre-miR-
125b and then treated with tran-
scription inhibitor actinomycin D.
The endogenous Bak1 mRNA level
was determined by qRT-PCR. We
found that after treatment of actino-
mycin D for 10 h, the Bak1 mRNA
expression level was lower in miR-
125b-overexpressing cells com-
pared with that of the control cells
(Fig. 4F), indicating that miR-125b
decreases the stability of Bak1
mRNA. To test whether an in-
creased expression of miR-125b
would correlate with a decreased
expression of Bak1 protein and
mRNA levels in Taxol-resistant

FIGURE 3. Overexpression of miR-125b inhibits Taxol-induced apoptosis. A, MDA-435 cells with transfec-
tion of 100 nM pre-miR-125b or pre-miR-negative were seeded into 96-well plates at 8 � 103 cells per well in
triplicate. After 12 h of incubation, cells were treated with 0, 8, 16, and 32 nM Taxol for 48 h. The cells were
visualized using phase-contrast microscope. B, MDA-435 and MDA-231 cells were transfected with 100 nM

pre-miR-negative (Ctr) or pre-miR-125b and then treated with 20 or 40 nM Taxol for 48 h, respectively. Cell
lysates were for Western blotting using antibodies against cleaved PARP or total PARP. �-Actin was used as a
loading control. C, MDA-435 cells transfected with 100 nM pre-miR-125b or pre-miR-negative were seeded into
96-well plates at 8 � 103 cells per well in triplicates. After 8 h cells were treated with or without 20 nM Taxol for
24 h. Caspase 3 activity was measured by using Caspase-Glo� 3/7 assay kit (Promega). D, MDA-435 (top) and
MDA-231 (bottom) cells were transfected with 100 nM pre-miR-negative (Ctr) or pre-miR-125b, respectively.
Twenty-four hours later the cells were treated with 8 or 40 nM Taxol for 48 h. Then the cells were collected for
apoptosis analysis by annexin V staining and flow cytometry. The percentage of apoptotic cells is represented
in a bar diagram from three independent experiments (right). Columns, mean of three independent experi-
ments; bars, S.E. *, p � 0.05, **, p � 0.01, ***, p � 0.001.
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cancer cells, we performedWestern
blotting and quantitative real-time
PCR to detect the expression of
Bak1 in 435TR1, 435TRP, and
their parentalMDA-435 cells. Com-
pared with the parental cells,
decreased expression of Bak1 was
found in Taxol-resistant 435TR1
and 435TRP cells at both protein
and mRNA levels (Fig. 4G). These
results further support that Bak1 is a
target of miR-125b, and the loss of
Bak1 expression in Taxol-resistant
cells may mediate the role of miR-
125b in Taxol resistance.
Bak1 Plays a Critical Role in

Taxol-inducedApoptosis—Bak1, to-
getherwith Bax, is an ultimate death
effecter of apoptosis triggering cues
(39). Although Bak1 has been
proven to play a critical role in apo-
ptosis, its role in Taxol-induced cell
cytotoxicity and Taxol sensitivity
has not been studied. To investigate
the association of Bak1- and Taxol-
induced cell cytotoxicity, we trans-
fected Bak1-specific siRNA into
MDA-435 cells and then treated
these cells with increasing concen-
trations of Taxol. Compared with
negative control, Bak1 siRNA effi-
ciently knocked down Bak1 expres-
sion (Fig. 5A, inset) and decreased
the inhibition of cell viability by
Taxol (Fig. 5A). Similar experi-
ments were performed in MDA231
cells, and the results were sim-
ilar (supplemental Fig. S4). More-
over, compared with control
cells, si-Bak1-transfectedMDA-435
cells showed much less cellular
debris and non-viable cells (Fig.
5B). PARP cleavage was also dra-
matically reduced in si-Bak1-
transfected MDA-435 and MDA-
231 cells after treatment with 20 or
40 nM Taxol for 48 h (Fig. 5C). Cel-
lular apoptosis were further
detected in MDA-435 and MDA-
231 cells by annexin V staining,
and the results revealed markedly
less apoptotic cells in si-Bak1-
transfected cells (Fig. 5D). These
results indicate that the knock-
down of Bak1 could efficiently
suppress Taxol-induced cell cyto-
toxicity via the inhibition of Bak1-
mediated apoptosis.
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Restoring the Expression of Bak1 Recovers Taxol Sensitivity in
Counteracting miR-125-mediated Taxol Resistance—Because
Bak1, a direct target of miR-125b, plays a critical role in Taxol-
induced apoptosis, we next investigated whether miR-125b
affects Taxol resistance through suppression of Bak1 expres-
sion. We, therefore, transfected pre-miR-125b or pre-miR-
125b in combination with anti-miR-125b into MDA-435 and
MDA-231 cells, and then we treated the cells with indicated
concentrations of Taxol for 48 h. Transfection with the pre-
miR-125b alone decreased the expression of Bak1 (Fig. 6A, top)
and increased the resistance of these cells to Taxol and sup-
pressed apoptosis in both of cell lines (Fig. 6A, bottom). Inter-
estingly, transfection with the miR-125b antisense, anti-miR-
125b, restored the expression of Bak1 (Fig. 6A, top) and
recovered Taxol-induced cytotoxicity (Fig. 6A, bottom) and
apoptosis (Fig. 6B, and supplemental Fig. S5). Moreover, with
recovery of Bak1 expression by miR-125b antisense, PARP
cleavage was also restored in pre-miR-125b-expressing cells
when treated with Taxol (Fig. 6C).

To further confirm these results, we co-transfected pre-
miR-125b plus the control vector or a Bak1 expression vector
into MDA-435 cells and then treated these cells with Taxol.
Transfection of pre-miR-125b alone decreased the expres-
sion of Bak1 and increased the resistance of these cells to
Taxol (Fig. 6D); however, restoring expression of Bak1 by
co-transfecting pIRES2-EGFP/Bak1 recovered the Taxol
sensitivity (Fig. 6D). Of note, the overexpression of miR-
125b had no effect upon the expression of exogenously
expressed Bak1. This can be explained by the lack of 3�-UTR
in the exogenously expressed Bak1 mRNA. Taken together,
these results clearly demonstrate that Bak1 plays an impor-
tant role in breast cancer cell Taxol sensitivity, and overex-
pression of miR-125b confers Taxol resistance at least par-
tially through the direct suppression of Bak1 expression.

DISCUSSION

Many miRNAs have been identified as having an oncogenic
or tumor suppressor-like function shown to be involved in cell
proliferation, differentiation, apoptosis, and drug resistance
(14–18). However, little is known about their role in chemore-
sistance, such as to Taxol. In this study we compared the differ-
ential profiles of miRNAs between Taxol-resistant and their
parental Taxol-sensitiveMDA-435 cells.We found thatmost of

the miRNAs that are highly expressed in Taxol-resistant cells
are previously reported to function as oncogenes, such as miR-
221 (27, 28), miR-222 (28, 29), miR-100 (22), and miR-106b
(27). Of the lower expressed miRNAs, most of them are previ-
ously reported as tumor suppressors, such as miR-16 (30, 31),
miR-20a (33), miR-29a/b (34), and miR-146a/b (35). Taxol
resistance is a phenotype of malignant cancer cells; therefore,
the findings of ourmicroRNAassay are in linewith the reported
functions of miRNAs, suggesting our profiling results are
reliable.
We verified the differential expression levels of miR-221,

miR-222, and miR-125b and examined the effects on Taxol-
induced cytotoxicity. We found that miR-125b and miR-221
markedly inhibited Taxol-induced cytotoxicity in breast
cancer cell lines. The inhibitory effect was found to be dose-
dependent over a wide range of Taxol concentrations. More-
over, antisense to miR-125b increased Taxol sensitivity in
Taxol-resistant cells, clearly demonstrating that miR-125b
plays a critical role in the development of Taxol resistance. It
was reported that miR-125b could be transactivated by the
NF-�B p65 subunit through binding to the promoter of
miR-125 (40, 41). We also found that compared with that of
the parental MDA-435 cells, Taxol-resistant cells showed
increased transcriptional activity of NF-�B (supplemental
Fig. S6), implying that activation of NF-�B by long term Taxol
treatment might be a mechanism for Taxol-mediated up-
regulation of miR-125b. Further study is needed to validate
this potential mechanism.
We also identified a lower percentage of apoptotic cells in

miR-125b-transfected cells by annexin V staining after treat-
ment with Taxol, further confirmed by immunoblotting of the
apoptotic marker, cleaved PARP, and through detection of
caspase 3 activity. These results suggest that the anti-apoptotic
effect is a key mechanism of miR-125b-mediated Taxol resis-
tance in breast cancer cells.
Apoptosis is a predominant mechanism by which cancer

chemotherapeutic agents such as Taxol kill cancer cells (42).
Bak1 is an ultimate death effecter of apoptosis-triggering cues.
It is localized to the cytoplasmic side of the mitochondrial
membrane, tethered by a membrane-bound C-terminal helix,
and is held inactive by forming heterodimeric complexes with
the anti-apoptotic Bcl2 family member Mcl1 (39). Bak1 was

FIGURE 4. Bak1 is a direct target of miR-125b. A, breast cancer cells, MDA-435, MDA-231, MCF7, and SKBr3 were transfected with 100 nM pre-miR-negative
(Ctr) or pre-miR-125b. Twenty-four hours after transfection, cell lysates were prepared for Western blotting with an antibody against Bak1, and �-actin was used
as a loading control. B, increasing concentrations (0, 50, 100, 200 nM) of pre-miR-125b were transfected into MDA-435 and MDA-231 cells, and then the cells
were collected for Western blotting. The membranes were incubated with an antibody against Bak1. �-Actin was used as a loading control. The gray density was
quantified using Scion image software and normalized to the �-actin. C, MDA-231 and 435TRP cells were transfected with 100 nM anti-miR-negative (Ctr) or
anti-miR-125b, respectively. Twenty-four hours after transfection, cell lysates were extracted for Western blotting with an antibody against Bak1. �-Actin was
used as a loading control. D, MDA-435 cells (top) and MDA-231 cells (bottom) were co-transfected with luciferase reporter plasmids with or without 3�-UTR of
Bak1, pre-miR-125, or pre-miR-negative (Ctr) by using Lipofectamine 2000 reagent. Thirty-six hours post-transfection, cells were harvested and lysed with
passive lysis buffer. Luciferase activity was measured by using a dual luciferase reporter assay. The pRL-TK vector was used as an internal control. The results
were expressed as relative luciferase activity (firefly LUC/Renilla LUC). RLU, relative luciferase units. E, MDA-435 cells (left) and MDA-231 cells (right) were
transfected with pre-miR-negative, pre-miR-125b, Scramble siRNA, or siRNA to Bak1. Twenty-four hours after transfection, the cells were collected, and Bak1
mRNA levels were measured by qRT-PCR. The relative Bak1 mRNA levels were normalized to glyceraldehyde-3-phosphate dehydrogenase siRNA to Bak1
served as a positive control. F, MDA-435 cells were transfected with 100 nM pre-miR-125b or pre-miR-negative. After 12 h, cells were treated with actinomycin
D (5 �g/ml) 10 h. The stability of endogenous Bak1 mRNA was determined by real-time RT-PCR at the indicated time. G, cell lysate or cDNA was prepared from
435TR1, 435TRP, and their parental MDA-435 cells, and then the protein or cDNAs were subjected to Western blotting or qRT-PCR assays for detection of Bak1
protein (left) or mRNA expression (right). For qRT-PCR assay, relative mRNA expression of Bak1 was shown in the bar diagram from three independent
experiments, and glyceraldehyde-3-phosphate dehydrogenase was used as a loading control. Columns, mean of three independent experiments; bars, S.E. *,
p � 0.05, **, p � 0.01, ***, p � 0.001.
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FIGURE 5. Bak1 plays a critical role in Taxol-induced apoptosis. A, MDA-435 cells were transfected with scramble siRNA or Bak1 siRNA (si-Bak1). Forty-eight
hours after transfection, lysates were prepared, and Western blotting was carried out with antibody against Bak1 (inset). �-Actin was used as a loading control.
MDA-435 cells with knockdown of Bak1 were seeded into 96-well plate at the density of 8 � 103 per well and then followed with 0, 4, 8, 16, and 32 nM Taxol
treatment for 48 h. Scramble siRNA served as a negative control. The inhibition of cell viability was detected. Columns, mean of three independent experiments;
bars, S.E. *, p � 0.05, **, p � 0.01, ***, p � 0.001. B, MDA-435 cells with Bak1 knockdown by specific siRNA to Bak1 were seeded into 96-well plates at 8 � 103 cells
per well. After 12 h incubation cells were treated with 8 nM Taxol for 48 h. The cells were visualized using a phase-contrast microscope. Scramble
siRNA-transfected MDA-435 cells served as a negative control. C, MDA-435 and MDA-231 cells were transfected with 100 nM Scramble siRNA (Ctr) or si-Bak1,
24 h after transfection, and cells were treated with 20 lysates were prepared for Western blotting with the antibodies against cleaved PARP (top) and Bak1
(middle). �-Actin was used as a loading control (bottom). D, MDA-435 and MDA-231 cells were transfected with 100 nM Scramble siRNA (Ctr) or si-Bak1, and 24 h
after transfection cells were treated with 20 or 40 nM Taxol for 48 h, respectively. Then the cells were collected for apoptosis analysis by annexin V staining and
flow cytometry. The percentage of apoptotic cells are represented in bar diagram from three independent experiments.
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recently found to be a target of miR-125b and implicated in
androgen-independent growth in prostate cancer cells (20).
Here, we demonstrate that Bak1 is a direct target of miR-125b
in breast cancer cells. Moreover, we show that Bak1 enhanced
Taxol-induced cytotoxicity and apoptosis. To our knowledge,
this is the first report to demonstrate a direct link between Bak1
expression and cancer cell Taxol sensitivity. Importantly, we
found that restoring the expression of Bak1 either by anti-miR-
125b or exogenously Bak1 expression recovered Taxol sensitiv-
ity in counteracting miR-125-mediated down-regulation of
Bak1 andTaxol resistance. Thus,miR-125b expression contrib-
utes to Taxol resistance through suppression of Bak1 expres-
sion. These results indicate that miR-125b-Bak1 axis is critical
for Taxol resistance in breast cancer cells and may potentially
serve as a therapeutic target to overcomeTaxol resistance. This
study represents one of the first attempts to explore the role of
microRNA in cancer cell Taxol resistance. This novel finding
provides a unique insight into the molecular mechanism of
miR-125b-mediated Taxol resistance.
To date, several targets of miR-125b have been identified.

One recent study showed that tumor suppressor p53 is a direct
target of miR-125b, and suppression of p53 gene expression
through overexpression of miR-125b inhibited p53-dependent
apoptosis in human neuroblastoma cells and human lung fibro-
blast cells (43). Another report showed that ErbB2 and ErbB3
were both targets ofmiR-125b in breast cancer SKBr3 cells (44).
Conversely, Shi et al. (20) showed that there was no miR-125b-
mediated down-regulation of ErbB2 and ErbB3 in miR-125b-
transfected LNCaP and cds1 prostate cancer cells. Consistent
with the latter report, we also did not find the down-regulation
of ErbB2 bymiR-125b in breast cancer BT-474, BT-474M1, and
SKBr3 cells (supplemental Fig. S7). In line with these findings,
miR-125bwas reported to have complicated functions as either
oncogene-like or tumor suppressor-like in different cancer
types or cell lines. miR-125b is not only elevated in pancreatic
cancer, oligodendroglia tumors, prostate cancer,myelodysplas-
tic syndromes, and acute myeloid leukemia but also promotes
cell proliferation in prostate cancer cells, enhances invasive
potential in urothelial carcinomas, and suppresses p53-depen-
dent apoptosis in human neuroblastoma cells (20, 23–26, 45).
However, miR-125b has been reported to be down-regulated in
ovarian carcinoma, thyroid carcinoma, and oral squamous cell
carcinoma and has been shown to inhibit cell proliferation and
cell cycle progression in these cancers (46–48). Similar phe-
nomenon of duality of function for miRNA in different types of

cancers has also been found on miR-29a (49) and miR-17–92
clusters (50). One possible explanation is the known diverse
nature of miRNA target genes. The net effect of changes in the
expression of a miRNA appears to be the sum of all impacts on
its targets in a cell type-specific and phenotype-specificmanner
(49). Thus, overexpression or knockdown of a miRNA might
have diverse effects that depend on the types of cancer cells.
Recently, miR-125bwas reported to exhibit under-expressed

in breast cancer tissues (51); however, the exact association of
miR-125b expression and breast tumor progression is still
unclear. Two recent studies reported that miR-125b may act as
an oncogene in human breast cancer cells. One study reported
that miR-125b promoted cell proliferation and decreased the
antitumor effects of 1,25(OH)(2)D(3) in breast cancer MCF7
cells (52). Another study showed that compared with nontu-
morigenic cancer cells, miR-125b is overexpressed in highly
tumorigenic human breast cancer stem cells (53). In our study
we show that miR-125b inhibited Bak1 and increased Taxol
resistance, acting primarily as an oncogene in breast cancer
MDA-435, MDA-231, SKBr3, and BT474 cells. However, fur-
ther investigationswith large patient samples andwell designed
laboratory studies should be performed in the future to clarify
the role of miR-125b in human breast cancer development.
The origin of MDA-MB-435 cells has recently been called

into question (54, 55). However, a latest literature indicated
that MDA-MB-435 cells are in fact breast cancer cells and not
of melanoma origin (56). Nevertheless, we confirmed all of the
results fromMDA-MB-435 cellswith another breast cancer cell
line MDA-MB-231, and we further confirmed the key findings
with breast cancer cell linesMDA-MB-436, SKBr3, BT474, and
MCF-7.
Taken together, we have shown for the first time that miR-

125b is up-regulated in Taxol-resistant cells, with the overex-
pression of miR-125b causing a marked inhibition of Taxol-
induced apoptosis and increased resistance to Taxol. We
demonstrate that Bak1 is a direct target of miR-125b in breast
cancer cells. Moreover, we first showed that Bak1 plays an
important role in Taxol sensitivity of breast cancer cells. Thus,
miR-125b confers Taxol resistance through suppression of
Bak1 expression and may potentially serve as a therapeutic tar-
get for overcoming Taxol resistance in human breast cancer.
These novel findings have important implications in the devel-
opment of targeted therapeutics for overcoming Taxol resis-
tance in human breast cancer.

FIGURE 6. Restoring the expression of Bak1 recovers Taxol sensitivity. A, MDA-435 (left) and MDA-231 (right) cells were co-transfected with pre-miR-125b
alone or in combination with anti-miR-125b. Western blotting was performed to detect the expression of Bak1 (top). �-Actin was used as a loading control (Ctr).
MDA-435 and MDA-231 cells with transfection of pre-miR-125b alone or in combination with anti-miR-125b were seeded into 96-well plate at the density of 8 �
103 per well and then treated with the indicated concentrations of Taxol for 48 h. The cell viability was detected. Data are presented as the percentage of
viability inhibition measured in cells treated wi3thout Taxol. Columns, mean of three independent experiments; bars, S.E. *, p � 0.05, **, p � 0.01, ***, p � 0.001.
B, MDA-435 or MDA-231 cells were transfected with 100 nM pre-miR-125b alone or in combination with 100 nM anti-miR-125b, and then the transfected cells
were treated with 8 or 40 nM Taxol for 48 h. Then the cells were collected for apoptosis analysis by annexin V staining and flow cytometry. Percentages of
apoptotic cells are represented in bar diagram from three independent experiments (right). C, MDA-435 cells were transfected with 100 nM pre-miR-Neg plus
anti-miR-Neg (Ctr), pre-miR-125b plus anti-miR-Neg, or pre-miR-125b plus anti-miR-125b; 24 h after transfection, cells were treated with 20 nM Taxol for 48 h.
Cell lysates were prepared for Western blotting using antibodies against cleaved PARP (top) or Bak1 (middle). �-Actin was used as a loading control (bottom).
D, MDA-435 and MDA-231 cells were co-transfected with 100 nM pre-miR-125b alone or in combination with 4 �g of pIRES2-EGFP/Bak1 or pIRES2-EGFP.
Western blotting was performed to detect the expression of Bak1 (inset). �-Actin was used as a loading control. The transfected MDA-435 were seeded into a
96-well plate at the density of 8 � 103 per well and then treated with 0, 4, and 8 nM Taxol for 48 h. The cell viability was detected. Data are presented as the
percentage of viability inhibition measured in cells treated without Taxol. Columns, mean of three independent experiments; bars, S.E. *, p � 0.05, **, p � 0.01,
***, p � 0.001.
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