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Background: Snail plays an important role in chemoresistance, but the mechanism is still unclear.
Results: Up-regulation of microRNA-125b through Wnt signaling by snail enriches cancer stem cells and increases
chemoresistance.
Conclusion:MicroRNA-125b is a key mediator for Snail-induced stem cell propagation and chemoresistance.
Significance:We reveal a novel mechanism for Snail-induced stem cell maintenance and chemoresistance.

Chemoresistance is amajor obstacle in cancer treatment. Our
previous studies have shown that miR-125b plays an important
role in chemoresistance.Herewe report a novelmechanism that
up-regulation of miR-125b through Wnt signaling by Snail
enriches cancer stem cells. Overexpression of Snail dramatically
increases the expression of miR-125b through the Snail-acti-
vatedWnt/�-catenin/TCF4 axis. Snail confers chemoresistance
by repressing Bak1 through up-regulation of miR-125b. Restor-
ing the expression of Bak1 or depleting miR-125b re-sensitizes
Snail-expressing cancer cells toTaxol, indicating thatmiR-125b
is critical in Snail-induced chemoresistance. Moreover, overex-
pressionofmiR-125b significantly increases the cancer stemcell
population (CD24-CD44�), while depletionofmiR-125bor res-
cue of the expression of Bak1 increases the non-stem cell popu-
lation (CD24�CD44�) in Snail-overexpressing cells. These
findings strongly support that miR-125b functions as a key
mediator in Snail-induced cancer stem cell enrichment and
chemoresistance. This novelmechanism for Snail-induced stem
cell propagation and chemoresistance may have important
implications in the development of strategies for overcoming
cancer cell resistance to chemotherapy.

The chemotherapeutic resistance of cancer is one of themain
barriers for cancer treatment. Resistance to chemotherapy can
occur prior to drug treatment ormay develop over time follow-
ing drug exposure (1). Paclitaxel (Taxol) is a mitotic inhibitor,
widely used in breast cancer chemotherapy (2–6). Taxol has
been found to kill non-stem cells more efficiently than cancer
stem cells and led to enrichment of the cancer stem cell popu-

lation (7). The resistance of cancer cells to Taxol results in can-
cer recurrence and metastasis (8). The mechanism of cancer
cell resistance to Taxol may involve dysregulation of P-glyco-
protein, non-P-glycoprotein, and tubulin structure (9–10).
However, the molecular mechanisms conferring Taxol resist-
ance are still not fully understood.
Snail, a zinc-finger transcription factor, plays a major role in

epithelial-mesenchymal transition (EMT).2 Overexpression of
Snail has been reported to be responsible for tumor metastasis
and recurrence (11–12). Snail has also been shown to induce
EMT along with cancer stem cell properties in a breast cancer
model (13). However, the mechanism of Snail-induced cancer
stem cells is not fully understood.
MicroRNAs (miRNAs) are short ribonucleic acid (RNA)

molecules with only 22 nucleotides and are found in all eukary-
otic cells. Deregulation of miRNA expression has been discov-
ered in a variety of tumors (14–16). In our previous studies, we
found that miR-125b confers breast cancer cell resistance to
Taxol (19). Our finding was supported by a recent study that
showed a higher expression of circulating miR-125b is associ-
ated with poor clinical response of primary breast cancer to
chemotherapy and is significantly correlated with tumor grade
and lymph node metastasis of the patients (20). However, it is
unknown how miR-125b is regulated in cancer cells.
In this study, we report that Snail is up-regulated in Taxol-

resistant cancer cells. Moreover, overexpression of Snail dra-
matically increases the expression of miR-125b in both immor-
talized breast epithelial cells and in breast cancer cells. Snail
regulates the expression of miR-125b through activation of the
miR-125b promoter, confers resistance of cancer cells to Taxol,
and enriches the cancer stem cell pool size by repressing Bak1
through miR-125b. Rescued expression of Bak1 or depletion of
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miR-125b decreased the Snail-induced cancer stem cell popu-
lation and reduced Snail-induced drug resistance. These find-
ings reveal a novel mechanism for Snail-induced stem cell
maintenance and chemoresistance, and identify miR-125b as a
key mediator for Snail-induced stem cell propagation.

MATERIALS AND METHODS

Cells and Cell Culture—Human breast cancer cell lines
MDA-MB-435 (MDA-435), MDA-MB-231 (MDA-231),
MCF-7, SKBr3, MDA-MB-468 (MDA-468), and BT474 were
purchased from American Type Culture Collection (ATCC).
Taxol-resistant cell lines 435TRP, SKBR3TRP, and HMLETRP
were developed from parental MDA-MB-435, SKBR3, and
HMLE cell lines, respectively, as we previously described (19).
MDA-MB-435, MDA-MB-231, MCF-7, and SKBR3 were cul-
tured inDMEM/F-12 (Mediatech Inc.) supplementedwith 10%
FBS and penicillin/streptomycin. The HMLETRP, HMLE, and
HMLE-Snail (kindly provided by Dr. R. A. Weinberg) cell lines
were cultured in 1:1 Dulbecco’s Modified Eagle’s Medium
(DMEM)/Ham’s F-12 medium (Mediatech Inc) supplemented
with 5% FBS (Clontech), 100 units/ml penicillin-streptomycin
(Invitrogen), 2 mM L-glutamine (Invitrogen), 10 ng/ml human
epidermal growth factor (EGF) (Invitrogen), 0.5 �g/ml hydro-
cortisone (Sigma), and 10 �g/ml insulin (Sigma).
Mammosphere Formation Assay—Cells were plated in ultra-

low attachment 96-well plates (Corning) at different densities
per well and grown in DMEM/F12 medium (serum-free) with
20 ng/ml EGF and 20 ng/ml bFGF. 50 �l of fresh media was
added every 3 days. Mammospheres were counted at 3–5 days
after seeding and pictures were taken. Mammosphere (diame-
ter �75 �M) number was counted.
Flow Cytometry Analysis—Cells (1 � 106) were incubated

with CD44-APC and CD24-PE (BD Biosciences) conjugated
antibodies and placed on ice 45min, thenwashedwith blocking
buffer (PBS with 0.1% Na2N3, 1%FBS). CD44/CD24 markers
were analyzed using a FACSCanto Flow Cytometer (BD
Biosciences).
Cell Sorting—Parental HMLE cells (1 � 107) were in incu-

bated with CD44-APC and CD24-PE (BD Biosciences)-conju-
gated antibodies and placed on ice 45 min then washed
with blocking buffer (PBS with 1% FBS) twice. HMLE
CD24�CD44� and CD24-CD44� cells were sorted from
parental HMLE by FACSAria sorter (BD Biosciences) for fur-
ther experiments. After sorting, the purity of CD24�CD44�
and CD24-CD44� population was analyzed by Flow Cytom-
etry (99 and 95%, respectively).
Vector Construction and Establishment of Stable Cell Lines—

Full-length human precursormiR-125b together with 150 bp of
flanking sequence was amplified from human genomic DNA
and cloned into the pMSCVpuro expression vector (Clontech).
Primers used for the genomic amplification of miR-125b were:
CGCAGATCTGCTTAAACGGAATCTCAATT; CTAGAA-
TTCAACAGAAATCCAGAGCTGCC. Snail was amplified
fromMDA231 cDNA with primers: Snail XhoI F: TGACTCG-
AGATGCCGCGCTCTTTCCTCGT; Snail EcoRI R: CTAGA-
ATTCTCAGCGGGGACATCCTGAGC, and cloned into
pMSCVpuro vector with XhoI and EcoRI and named pMSCV-
Snail. eGFP was amplified from pire2EGFP with primers: TC-

AAGATCTCACGATGATAATATGGCCAC; TGACTCGA-
GCTGATTATGATCTAGAGTCG; and cloned into
pMSCVpuro with BglII and XhoI and named pMSCV-GFP.
miR-125b spong and control were designed as previously
described (21–22). Spong was cloned into pMSCV-GFP. miR-
125b spong1 had 8 miR-125b binding sites, and spong3 had 4
miR-125b binding sites. All cloned fragments were verified by
sequencing. Infectious and replication-incompetent retroviral
particles were produced according to the manufacturer’s pro-
tocol. MCF-7, BT474, and HMLE cells were infected with ret-
roviral particles expressing miR-125b or the puromycin resist-
ance gene only (vector control). T47D and MDA468 were
infected with retroviral particles expressing Snail or the puro-
mycin resistance gene only (vector control). MDA231 and
MDA435TRPwere infectedwith retroviral particles expressing
miR-125b spong1, spong3, or scramble. After retroviral infec-
tion and primary puromycin selection at 3 �g/ml, cell pools of
MCF-7–125b, MCF-7-vector, BT474–125b, BT474-vector,
HMLE-125b, HMLE-vector, T47D-vector, T47D-Snail,
MDA468-vector, andMDA468-Snail weremaintained formul-
tiple culture passages under lower puromycin concentration (1
�g/ml). Bak1 was digested from pIRES2-Bak1 with NheI and
EcoRI, and subcloned into pIRESPuro3 (Clontech) and named
Puro3-Bak1. Plasmids were transfected with Lipofactamine
2000 (Invitrogen) according to the manufacturer’s protocol.
Quantitative Real-time PCR (qRT-PCR)—Total RNA was

isolated from cultured cells using TRIzol reagent (Invitrogen).
For miRNA expression analysis, qRT-PCR was performed
using qRT-PCR miRNA Detection Kit and mirVana qRT-PCR
Primer Sets (Applied Biosystems) according to themanufactur-
er’s protocols. HumanU6 served as an internal control. Primers
for pri-miR125b-1 andmiR-125b-2 were devised as reported in
the literature (23). Precursor miR-125b-1 RT primer: GTCG-
TATCCAGTGC-AGGGTCCGAGGTATTCGCACTG-
GATACGACAGCACG; Precursor miR-125b-2 RT primer:
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG-
GATACGACTCCCCT. For quantitative PCR, cDNA was
mixed with 2� SYBR Green PCRMaster Mix (Applied Biosys-
tems) and various sets of gene-specific primers and then sub-
jected to RT-PCR quantification using the iQ5 Real-Time PCR
system (Bio-Rad). 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.
siRNA Experiments—siRNA oligonucleotides for TCF4,

�-catenin, and Snail were purchased from Sigma, with a scram-
bled siRNA (Sigma) serving as a control. Transfection was per-
formed using Lipofectamine 2000 Transfection Reagent (Invit-
rogen) according to the manufacturer’s protocol. 48 h after
transfection, the cell lysates were prepared for further analysis
by Western blotting.
Pre-miRNA and anti-miRNA Transfection—miRNA precur-

sors (pre-miRNAs) and antisensemiRNAs (anti-miRNAs)were
purchased from Applied Biosystems. Pre-miR-Negative and
anti-miR-Negative were used as negative controls. Lipo-
fectamine 2000 (Invitrogen) was used for the transfection of
pre-miRNAs or anti-miRNAs. 48 h after transfection, the
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expression of Bak1, a target ofmiR-125b,was tested byWestern
blotting.
Luciferase Reporter Assay—The miR-125b promoter pGL3

basic luciferase vector was constructed according to the litera-
ture and TSSG prediction. pGL3-miR-125b promoter (Wt)
with forward primer: ACTGGTACCAGAAGAACAAGAA-
GAAGAAAG; pGL3-miR-125b promoter with deletion of one
TCF4 binding site named (pGL3-miR-125b del-1) with forward
primer: ACTGGTACCAAAGGGTCATCTTCCC-ATCTG;
Reverse primer was: ACTAGATCTTAT-TTCTTCTCTA-
AGCTCCTT. The above two different forward primers with
reverse primer were amplified from human genomic DNA and
cloned into pGL3 basic luciferase with BglII and KpnI. pGL3-
miR-125b promoter with deletion of two TCF4 binding sites
named (pGL3-miR-125b del-2) was amplified frompGL3-miR-
125b del-1 with forward primer and reverse primer: TTCCCA-
C-TTCGTGTCTACACAGCCTGGTGCTCGCTC, GAGCG-
AGCACCAGGCTGTGTAGACACGAAGTGGGAA. We also
generated pGL3-miR-125b del-3, pGL3-miR-125b del-4, and
pGL3-miR-125b del-5 (pGL3-miR-125b promoter with dele-
tion of three, four, or five TCF4 binding sites, respectively) by
the samemutationmethod as above. HMLEvector and HMLE-
Snail were transfected with PGL3-miR-125 or pGL3-miR-125b
promoters with different deletions of TCF4, using Lipo-
fectamine 2000 reagent. 48 h later, cells were harvested and
lysedwith passive lysis buffer (Promega). Luciferase activitywas
measured by using a dual luciferase reporter assay (Promega).
The pRL-SV40 vector (Promega) was used as an internal con-
trol. The results were expressed as relative luciferase activity
(Firefly Luc/Renilla Luc).
Western Blotting—Cells were harvested and lysed in NETN

(20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5%
Nonidet P-40) for 10 min on ice. Lysates were cleared by cen-
trifugation at 13,200 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 Nitrocellu-
lose membrane (Bio-Rad). After blocking in TBS with 5% BSA
(Sigma) for 1 h, the membranes were incubated overnight at
4–8 °C with the primary antibodies in TBST containing 1%
BSA. The following antibodies were utilized: Bak1, Snail, and
TCF4 antibodies were purchased fromCell Signaling, the �-ac-
tin antibody was purchased from Sigma, and the tubulin anti-
body was from Santa Cruz Biotechnology. Membranes were
extensively washed with TBST and incubated with horseradish
peroxidase-conjugated secondary anti-mouse antibody or anti-
rabbit antibody (dilution 1:2,500, Bio-Rad). After additional
washes with TBST, antigen-antibody complexes were visual-
ized with the enhanced chemiluminescence kit (Pierce).
Cell Viability Assay—A total of 5 � 103�1 � 104 cells/well

were seeded in 96-well plates. 24 h later, the medium was
replaced with fresh medium with or without Taxol and then
incubated for 48h.Cell viabilitywas determinedusingCellTiter
96 AQueous One Solution Cell Proliferation Assay kit
(Promega).
Statistical Analysis—Statistical evaluation for data analysis

was determined byUnpaired Student’s t test. All data are shown

as the means � S.E. p � 0.05 was considered statistically
significant.

RESULTS

miR-125b Is Transcriptionally Activated by Snail through
Wnt/�-catenin/TCF4—miR-125b plays a critical role in breast
cancer resistance to Taxol (19). However, the mechanism of
miR-125b regulation in cancer cells is unknown. Snail has been
reported to confer drug resistance in cancer cells (24–27), but
how Snail induces chemoresistance is not fully understood. To
examine whether Snail is overexpressed in Taxol-resistant can-
cer cells, we compared the Snail protein level between parental
SKBR3 andTaxol-resistant SKBR3TRP, parentalMDA435, and
Taxol-resistant MDA435TRP cells, as well as between parental
HMLE and Taxol-resistant HMLETRP cells (supplemental Fig.
S1), three pairs of Taxol-sensitive and -resistant cell lines estab-
lished in our laboratory (19), by immunoblotting. Compared
with their parental cells, Taxol-resistant cells showed much
higher expression levels of Snail. Meanwhile, higher expression
of miR-125b was also found in Taxol-resistant cells compared
with their parental cells (Fig. 1A). To test whether miR-125b is
regulated by Snail, we forced ectopic expression of Snail in the
Snail low-expressing breast cell lines HMLE, T47D, and
MDA468 (Fig. 1B). Comparedwith cells transfectedwith vector
alone, Snail overexpressing cells showed a dramatically higher
expression of miR-125b. To confirm this finding, we knocked
down the expression of Snail in natural Snail-overexpressing
cell linesMDA-MB-231 andMDA435TRP by siRNAs (Fig. 1C).
Silencing of Snail with two independent different siRNA
sequences markedly decreased the expression of miR-125b in
both cell lines. Taken together, these results show that Snail
regulates the expression of miR-125b.
Mature miR-125b is processed from two different precursor

miRNAs (pre-miRNAs) and two primary miRNA (pri-miR-
NAs). miR-125b-1 is located on chromosome 11 while miR-
125b-2 is located on chromosome 21 (23). To determine which
miR-125b is activated by Snail, we examined the expression of
precursor miR-125b-1 (pre-miR-125b-1) and precursor miR-
125b-2 (pre-miR-125b-2), as well as primary miR-125b-1 (pri-
miR-125b-1) and primarymiR-125b-2 (pri-miR-125b-2) in iso-
genic Snail low- and high-expressing HMLE and T47D cells.
Compared with HMLE and T47D vector, there was a dramatic
increase in the expression of precursor miR-125b-1 and pri-
miR-125b-1 in HMLE-Snail and T47D Snail cells (Fig. 2, A and
B). However, expression of precursor miR-125b-2 was almost
not detectable in HMLE, HMLESnail, T47D vector, and
T47DSnail cells (data not shown). These results indicate that
Snail regulates the transcription of miR-125b-1; however, we
cannot exclude the possibility that Snail may regulate
miR-125b-2.
It has been reported that Snail activates Wnt signaling by

interacting with �-catenin and TCF4 to activate the expression
of target genes (28–29). We found that there are five putative
TCF4 binding sites (CANNTG) within the miR-125b-1 pro-
moter. To investigate whether Snail activates the miR-125b-1
promoter through TCF4, we cloned the full-length promoter,
and promoters containing deletions of one, two, three, four,
and five TCF4 binding sites of pri-125b-1, into the pGL3-basic
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vector and named them miR-125b1 promoter, miR-125b1-
TCF4 del1, miR-125b1-TCF4 del2, miR-125b1-TCF4 del3,
miR-125b1-TCF4 del4, or miR-125b1-TCF4 del5, respectively.
We co-transfected themiR-125b-1 promoter andmiR-125b-1-
TCF4 del promoters with internal control vector pRL-SV40
into Snail-low expressing HMLE vector cells and Snail-high
expressing HMLESnail cells (Fig. 2C). Compared with HMLE
vector cells, the full-length miR-125b-1 promoter in HMLE-
Snail showed much higher activity, indicating that the pro-
moter ofmiR-125b is activated by Snail. Comparedwith the full
length promoter (miR-125b-1 promoter), deletion of TCF4
binding sites decreased the promoter activity of miR-125b-1 in
Snail-expressing cells in a dose-dependent manner (Fig. 2C).

These results indicate that TCF4 is required for Snail to fully
activate the promoter of miR-125b. To further confirm this
result, we knocked down the expression of TCF4 and�-catenin
(Fig. 2D) in HMLE-Snail cells with TCF4 siRNA and �-catenin
siRNA. Knockdown of both TCF4 and �-catenin expression
decreased the expression of miR-125b in Snail expressing cells,
which further confirms that Snail regulates miR-125b through
TCF4 and �-catenin.
Snail Regulates the Expression of Bak1—Bak1 is amember of

the Bcl-2 gene family, which is involved in initiating apoptosis.
Deregulation of Bak1 is important for cancer development and
drug resistance (19). Because overexpression of Snail confers
chemotherapeutic resistance (25), and Snail was up-regulated

FIGURE 1. miR-125b is activated by Snail in breast cancer cell lines. A, qRT-PCR was performed to examine the expression of miR-125b in Taxol-resistant
SKBR3TRP, 435TRP, HMLETRP, and their parental SKBR3, MDA-435, and HMLE cell lines. RNU6B was used as an internal control and for normalization of the data.
Cell lysates were prepared for Western blotting with an antibody against Snail, and �-actin was used as a loading control. B, HMLE, HMLE-Snail, T47D-vector,
T47D-Snail, MDA468-vector, and MDA468-Snail stable cell lines were collected. Samples underwent RNA extraction or were prepared for cell lysates. qRT-PCR
was performed to examine the expression of miR-125b in breast cells. Cell lysates were prepared for Western blotting with an antibody against Snail, and
�-actin was used as a loading control. C, MDA231 or MDA435TRP cells were transfected with scramble siRNA or Snail siRNA in duplicate wells. 48 h after
transfection, one panel of samples was prepared for lysates, and Western blotting was carried out with antibody against Snail. �-Actin was used as a loading
control. Additional samples from the same cell line were used for extracting RNA. qRT-PCR was performed to validate the expression of miR-125b in MDA231
and MDA435TRP with depletion of Snail by siRNA. RNU6B was used as an internal control and for normalization of the data. Columns represent the mean of
three independent experiments; bars represent S.E. ***, p � 0.001.
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in Taxol-resistant cells (Fig. 1A), we next examined whether
Snail induces drug resistance through Bak1. To explore the
potential link between Snail andBak1,we compared the expres-
sion of Bak1 in Taxol-resistant cells to their parental cells by
immunoblotting (Fig. 3A). In comparison with parental cell
lines, there were low expression levels of Bak1 in Taxol-resist-
ant SKBR3TRP, MDA435TRP, and HMLETRP cells, which
have high expression of Snail. To verify whether Snail regulates
the expression of Bak1, we enforced ectopic expression of Snail
in HMLE cells. We found that expression of Snail represses

Bak1 expression in HMLE cells (Fig. 3B). To confirm this, we
examined the expression of Bak1 after knockdown of endoge-
nous Snail by siRNAs in three Snail high expressing cell lines
MDA231, MDA435, and MDA435TRP (Fig. 3C). Silencing
Snail resulted in increased expression of Bak1 in all three cell
lines, indicating that endogenous Snail regulates Bak1.
Snail Regulates Bak1 through miR-125b—Bak1 is a con-

firmed target of miR-125b (19, 30). Since overexpression of
Snail increases the expression ofmiR-125bwhile repressing the
expression of Bak1 in cancer cells, we explored whether Snail

FIGURE 2. Snail up-regulates miR-125b through transcriptional activation of the miR-125b promoter. A and B, pre-(Precursor) and pri-miRNA of miR-
125b1 were measured by qRT-PCR in HMLE, HMLE-Snail, T47D-vector, and T47D-Snail cells. Columns represent the mean of three independent experiments;
bars represent S.E. ***, p � 0.001. C, the full-length of the miR-125b promoter (WT) and miR-125b1 promoters with different TCF4 sites deletion were
co-transfected with pRL-SV40 into HMLE and HMLE-Snail cells. 48 h later, cells were harvested and lysed with passive lysis buffer. Luciferase activity was
measured by using a dual luciferase reporter assay. The pRL-40 vector was used as an internal control. The results were expressed as relative luciferase activity.
Columns represent the mean of three independent experiments; bars represent S.E. NS, no statistical significance; *, p � 0.05; **, p � 0.01; ***, p � 0.001. D,
HMLE-Snail cells were transfected with scrambled siRNA, TCF4, or �-catenin siRNA in duplicate wells. 48 h after siRNA transfection, the expression of miR-125b
was measured by qRT-PCR. Columns represent the mean of three independent experiments; bars represent S.E. ***, p � 0.001. 48 h after transfection, cell
lysates were prepared, and immunoblot analyses were carried out with antibodies against TCF4, �-catenin, or �-actin.
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regulates Bak1 through miR-125b. To this end, we knocked
down Snail in MDA231 (Fig. 4A) and MDA435TRP (Fig. 4B)
with siRNA in negative control miRNA or miR-125b-trans-
fected cells. Depletion of Snail in MDA231 and MDA435TRP
cells increased the expression of Bak1 in comparison with
scrambled siRNA.Moreover, as shown in Fig. 4,A and B, re-ex-
pression of miR-125b in the Snail-depleted MDA-231 and
MDA435TRP cells decreased the expression of Bak1 to normal
expression levels in the control cells. To verify this result, we
transfected HMLESnail cells with control (anti-neg) and miR-
125b inhibitor (anti-miR-125b) (Fig. 4C). Inhibition of miR-
125b in Snail-expressing cells restored the expression of Bak1
to the level in the parental HMLE cells. These results further
support that Snail regulates Bak1 through miR-125b.
Snail Increases Chemoresistance by Repressing Bak1 through

miR-125b—We next sought to determine if Snail increases
chemoresistance by repressing Bak1 through miR-125b. First,
we treatedHMLE andHMLE-Snail cells with different concen-

trations of Taxol, Gemcitabine, and doxorubicin HCl (supple-
mental Fig. S2). Overexpression of Snail dramatically increased
the resistance ofHMLE cells to these chemotherapeutic agents,
indicating that overexpression of Snail confers cancer cell drug
resistance. We next examined the role of miR-125b in Snail-
induced multi-drug resistance. We overexpressed miR-125b in
HMLE cells, and then we treated HMLE-vector and HMLE-
miR-125b cells with different concentrations of Taxol or Gem-
citabine (Fig. 5A). We found that miR-125b increased HMLE
cells’ resistance to Taxol and Gemcitabine. Then, we inhibited
the expression of miR-125b by transfecting miR-125b high
expressing MDA231 cells with a miRNA inhibitor (miR-125b
spong1). miRNA spong is a decoy target of miRNA that has a
specific miRNA seed region and allow them to block the spe-
cific miRNAs (21–22). Compared with the scrambled miRNA,
miR-125b spong1 re-sensitized MDA231 cells to Taxol and
Gemcitabine (Fig. 5B), indicating that miR-125b confers multi-
drug resistance in these cells. Next, we determined whether

FIGURE 3. Bak1 is inversely correlated with Snail in breast cancer cells. A, SKBR3TRP, MDA-435TRP, HMLETRP, and their parental SKBR3, MDA-435, and HMLE
cells were harvested. Cell lysates were prepared for Western blotting with an antibody against Bak1. �-Actin was used as a loading control. B, Snail ectopic
expressing HMLE and parental HMLE cells were harvested. Cell lysates were prepared for Western blotting with an antibody against Bak1, and �-actin was used
as a loading control. C, MDA231, MDA435, and MDA435TRP were transfected with scrambled siRNA or Snail siRNA. 48 h after transfection, cell lysates were
prepared for Western blotting with an antibody against Snail, Bak1, or �-actin.
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Snail induces multi-drug resistance through miR-125b. We
transfected HMLE-Snail cells with anti-neg (Control) or anti-
miR-125b (miR-125b inhibitor). Inhibition of miR-125b with
anti-miR-125b significantly re-sensitized HMLE-Snail cells to
Taxol (Fig. 5C) and slightly re-sensitized HMLE-Snail cells to
Gemcitabine (supplemental Fig. S3, left).Moreover, restoration
of miR-125b target gene Bak1 expression re-sensitized HMLE-
Snail cells to Taxol andGemcitabine (Fig. 5D and supplemental
Fig. S3, right). These results indicate that down-regulation of
Bak1 through miR-125b plays a pivotal role in Snail-induced
multi-drug resistance.

miR-125b Increases the Cancer Stem Cell Pool Size—Emerg-
ing evidence supports the theory that chemoresistance arises
from cancer stem cells. To test this hypothesis, CD24�CD44�
and CD24-CD44� cells were sorted from parental HMLE, and
then treated with Taxol or Gemcitabine. Compared with
CD24�CD44� cells, CD24-CD44� cells were more resistant
to Taxol and Gemcitabine (supplemental Fig. S4A and S5). In
addition, it has been reported that miR-125b, in human lym-
phocytes, blocks cell differentiation and maintains CD4� T
cells in their naïve state (31). This implies that miR-125b may
play a role in maintaining cancer stem cells. To further deter-
minewhethermiR-125b confers cancer cell to chemoresistance
through increasing cancer stem cell population, two Taxol-re-
sistant cell lines SKBR3TRP and HMLETRP, which express
high level of miR-125b, were analyzed for CD24 and CD44 (Fig.
6, A and B). Compared with the parental SKBR3 and HMLE
cells, SKBR3TRP and HMLETRP cells have a dramatically
increased CD24-CD44� cell population (0.04% versus 14.6%,
4.34% versus 75.3%). Furthermore, higher expression of miR-
125b was also found in CD24-CD44� cells compared with
CD24�CD44� cells (supplemental Fig. S4B). We next exam-
ined whether overexpression of miR-125b leads to the enrich-
ment of CD24-CD44� cancer stem cells. MCF-7, HMLE, and
BT474 cells were transfectedwith a control pMSCV-vector and
amiR-125b-expressing pMSCV-miR-125b vector (Fig. 6,C–E).
As anticipated, the CD24-CD44� population in MCF-7-miR-
125b cells, HMLE-miR-125b cells, and BT474-miR-125b cells
all dramatically increased compared with the cells transfected
with vector alone. These results indicate that miR-125b
increases the cancer stem cell population in breast cancer cells.
Previous literature reported that CD24-CD44� population of
immortalized human breast epithelial cells (HMLE) form
mammospheres efficiently (13). To determine whether miR-
125b enhances mammosphere formation in breast cells, we
seeded different cell numbers of MCF-7-vector, MCF-7-miR-
125b, as well as HMLE-vector and HMLE-miR-125b in 96-well
plates (Fig. 6F). Comparedwith vector transfection alone, over-
expression of miR-125b dramatically increased mammosphere
formation in MCF-7-miR-125b and HMLE-miR-125b cells.
These results further support that miR-125b plays a role in
maintaining breast cancer stem cells. To further confirm these
results, we next determined whether depletion of miR-125
increases the non-stem cell population (CD24�/CD44�). We
blocked the expression of miR-125b in miR-125b high express-
ing MDA231 and MDA435TRP cells with miRNA competitive
inhibitors (miR-125b spong1 and miR-125b spong3) (Fig. 6G
and supplemental Fig. S4). The expression of Bak1 was exam-
ined as an indicator of the depletion efficiency ofmiR-125b.We
found that both miR-125b spong1 and miR-125b spong3
increased the expression of Bak1, but miR-125b spong1 (with 8
competitive binding sites) inhibits the expression of miR-125
more efficiently than miR-125b spong3, which has only 4 bind-
ing sites (Fig. 6G). Subsequently, depletion of miR-125b in
MDA-231 cells increased the non-stem cell population
(CD24�CD44�) in a dosage-dependent manner in terms of
inhibition of miR-125b (11% versus 5.6% versus 2.2%). Similar
resultswere also obtained inMDA-435TRP cells (supplemental

FIGURE 4. Bak1 is repressed by Snail through miR-125b in breast cancer
cells. A and B, MDA-231 or MDA435TRP cells were transfected with 100 nM

scrambled siRNA or with 100 nM Snail siRNA alone or with 100 nM Snail siRNA
in combination with 100 nM miR-125b. Western blotting was performed to
detect the expression of Snail and Bak1. �-Tubulin was used as a loading
control. C, Snail ectopic expressing HMLE cells were transfected with 100 nM

anti-neg-miRNA or anti-miR-125b. Western blotting was performed to detect
the expression of Snail and Bak1. �-Tubulin was used as a loading control.
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Fig. S4). These result further support the role of miR-125b in
breast cancer stem cells.
miR-125b Is a Key Mediator for Snail-induced Stem Cell

Propagation—We next determined whether miR-125b is
required for maintaining Snail-induced cancer stem cells.
HMLE-Snail cells were transfected with control and miR125b
inhibitor miR-125b-spong1 (Fig. 7A). Depletion of miR-125b
increased the non-stem cell population while decreasing the
stem cell population in HMLE-Snail cells, indicating that miR-
125b plays an important role in the Snail-increased breast can-
cer stem cell population.

It is known that Bak1 plays an important role in maintaining
hematopoietic stem cell number (32). Since Snail represses the
expression of Bak1 through miR-125b, we evaluated the role of
Bak1 in miR125b-induced cancer stem cells. First, we per-
formed a Bak1 rescue experiment in which miR-125b express-
ingHMLE-miR-125b cells were transducedwith either a vector
alone or a Bak1-expressing vector. Re-introduction of Bak1 in
miR-125b-expressing cells reduced stem cell population (Fig.
7B). Furthermore,we determinedwhether Bak1 affects the pool
size of Snail-induced cancer stem cells.We restored the expres-
sion of Bak1 in HMLE-Snail cells with either puro3-vector or

FIGURE 5. Snail increases drug resistance by repressing Bak1 through miR-125b. A and B, HMLE-vector, HMLE-miR-125b, MDA231 scramble, and MDA231-
miR-125bspong1 cells were seeded into 96-well plates at a density of 8 � 103 cells per well and then treated with different concentrations of Taxol or
Gemcitabine for 48 h. The inhibition of cell viability was detected. Points represent the mean of three independent experiments; Bars represent S.E. C,
HMLE-Snail was transfected with 100 nM anti-neg (Ctr) or anti-miR-125b. Cells were seeded 24 h after transfection into 96-well plates at a density of 5 � 103 cells
per well, incubated for 8 h, and then treated with different concentrations of Taxol. After 48 h of Taxol treatment, inhibition of viability was measured. D,
HMLE-Snail cells were transfected with 4 �g of puro3vector and puro3-Bak1. 24 h after transfection, cells were seeded into 96-well plates at the density of 5 �
103 cells per well, incubated for 8 h, and then treated with different concentrations of Taxol. 48 h after Taxol treatment, inhibition of viability was assessed.
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puro3-Bak1 (Fig. 7C). Restoration of Bak1 expression in Snail-
expressing cells also increased the non-stem cell population
while decreasing the stem cell population in HMLE-Snail cells.
Moreover, compared with non-stem cell population, CD24-
CD44� cells show decreased Bak1 expression and increased

Snail expression (supplemental Fig. S4B), which further sup-
port our results. Taken together, these data demonstrate that
Snail enriches the stem cell population through miR-125b and
its target gene Bak1, indicating that miR-125b is a keymediator
for Snail-induced stem cell propagation.

FIGURE 6. miR-125b increases the cancer stem cell pool size. A–E, 1 � 106 SKBR3, SKBR3TRP, HMLE, HMLETRP, MCF-7-vector, MCF-7-miR-125b, HMLE-vector,
HMLE-miR-125b, BT474-vector, and BT474-miR-125b stable cell lines were incubated with CD24 and CD44 antibodies for 45 min, washed, and then analyzed
by flow cytometry. F, MCF-7-vector, MCF-7-mir-125b, HMLE-vector, and HMLE-miR-125b were seeded in ultralow attachment 96-well plates at different cell
numbers with conditioned medium. After 3–5 days incubation, the mammosphere (diameter �75 �M) number was counted. X-axis represents the number of
seeded cells per well. Columns represent the mean of three independent experiments; Bars represent S.E. **, p � 0.01; ***, p � 0.001. G, MDA231 scramble-
spong, MDA231-miR-125b-spong3, and MDA231-miR-125b-spong1 cells were incubated with CD24 and CD44 antibodies for 45min, washed, and then
analyzed by flow cytometry. Cell lysates of MDA231 scramble-spong, MDA231-miR-125b-spong3, MDA231-miR-125b-spong1 were prepared for Western
blotting. Antibodies against Bak1 and �-actin were used.
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DISCUSSION

Cancer stem cells are thought to play a major role in
chemoresistance. Conventional chemotherapies only kill dif-
ferentiated cancer cells, but do not completely destroy cancer
stem cells. The residual cancer cells after conventional therapy
may be enriched for cells with tumor initiating and mesenchy-
mal features (33). Growing evidence supports that cancer stem
cells are critical for tumor growth, metastasis, and recurrence
(34). Snail is a transcription factor and a master regulator of
EMT in breast cancer cells (13). Overexpression of Snail corre-
lates with tumor recurrence and reduced patient survival (35).
Snail is reported to mediate radioresistance and chemoresis-
tance through induction of cancer stem cell-like phenotypes
(25, 27). However, little is known about the mechanisms of
how Snail enriches for cancer stem cells and promotes
chemoresistance.

miR-125b is highly expressed in hematopoietic stem cells
(36). It was also reported that miR-125b blocks cell differentia-
tion (37–38). The deregulation of miR-125b in hematopoietic
cells results in leukemia (39–40), and overexpression of miR-
125bwas shown to stimulate the growth of prostate cancer (41).
A recent report shows that malignant myoepithelioma breast
cancer has higher expression levels of miR-125b than the other
breast cancer subtypes. However, the precise function of miR-
125b remains elusive in breast cancer (42), and how miR-125b
is regulated is unknown.
This is the first report to show that Snail activates the expres-

sion of miR-125b through transcriptional regulation via Wnt
signaling. We found that Snail is also up-regulated in Taxol-
resistant cells. The expression of miR-125b is correlated with
Snail. Further studies showed that expression of Snail in cancer
cells dramatically up-regulated miR-125b. Snail transcription-

FIGURE 7. miR-125b and Bak1 are required for Snail-induced breast cancer stem cell enrichment. A, HMLE-Snail-scramble and HMLE-Snail-mir-125b-
spong1 cells were incubated with CD24 and CD44 antibodies for 45 min, washed, and then analyzed by flow cytometry. B, HMLE-miR-125b cells were
transfected with puro-vector or puro-Bak1. 24 h after transfection, cells were harvested and incubated with CD24 and CD44 for 45 min, washed, and then
analyzed by flow cytometry. Cell lysates were prepared for Western blotting. Antibodies against Bak1 and �-actin were used. C, HMLE-Snail cells were
transfected with puro-vector or puro-bak1. 24 h after transfection, cells were harvested and were incubated with CD24 and CD44 antibodies for 45 min,
washed, and then analyzed by flow cytometry. Non-stem cells represent non-stem cell population. Stem cells represent enriched stem cell population.
Columns represent the mean of three independent experiments; bars represent S.E. ***, p � 0.001.

miR-125b Is a Key Mediator for Snail-induced Stem Cell Propagation

FEBRUARY 8, 2013 • VOLUME 288 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 4343



ally increases the expression of miR-125b throughWnt signal-
ing (�-catenin and TCF4). Depletion of TCF4 binding sites in
the promoter of miR-125b-1 inhibited the luciferase activity of
the miR-125b-1 promoter activated by Snail in a dose-depen-
dent manner. Meanwhile, down-regulation of TCF4 or
�-catenin by siRNAalso blocked the expression ofmiR-125b by
Snail.
We previously reported that miR-125b confers breast cancer

cells resistant to Taxol by targeting Bak1 (19). Here, we also
found that Bak1 is inversely correlated with Snail in cancer
cells. Expression of Snail represses Bak1 expression, while
depletion of Snail in Snail-overexpressing cells increases the
expression of Bak1.Moreover, restoration of miR-125b expres-
sion in Snail-depleted cells decreased the expression of Bak1 to
basal levels. Furthermore, the expression of Bak1 in HMLE-
Snail cells was increased after down-regulation of miR-125b in
Snail-overexpressing cells. These data showed that Snail
represses the expression of Bak1 through miR-125b. Depletion
of miR-125b or restoration of Bak1 expression reversed Snail-
induced Taxol resistance, indicating that the miR-125b-Bak1
axis is required for Snail-induced drug resistance.
This is the first report to show that miR-125b is a key medi-

ator for Snail-induced stem cell propagation. Recently, miR-
NAs have been reported to play important roles in stem cell
homeostasis (17–18, 43). miR-93 and miR-106b greatly
enhanced iPSC induction and modulated mesenchymal-to-ep-
ithelial transition in the initiation stage of reprogramming
while inhibition of these miRNAs significantly decreased the
reprogramming efficiency (44). Herewe found that overexpres-
sion of miR-125b in breast cancer cells increased the cancer
stem cell pool size, while depletion of miR-125b increased the
non-stem cell population size in Snail expressing breast cancer
cells. Our data, for the first time, demonstrate that the miR-
125b-Bak1 pathway contributes to the Snail-induced enrich-
ment of cancer stem cells. It was reported that p53 represses
EMTand cancer stem cells (45). p53 is one of the target genes of
miR-125b (46). In our model, restoration of p53 does not
decrease the miR-125b-induced enrichment of cancer stem
cells (data now shown), which may due to different cell lines
and experimental models. Snail may also increase the cancer
stem cell pool through other pathways such as E-caderin (7).
In summary, here we report that Snail activates miR-125b

expression through�-catenin/TCF-4. ThemiR-125b-Bak1 axis
plays a key role in Snail-induced enrichment of cancer stem
cells and chemoresistance (Fig. 7D). These novel findings reveal
a new mechanism whereby miR-125b is required for Snail-in-
duced cancer cells to be resistant to Taxol. Thus, the develop-
ment of miR-125b targeted therapeutics or therapy that acti-
vates Bak1 may overcome cancer stem cell-mediated drug
resistance.
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