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Abstract
Background/Aims: Triple negative breast cancer (TNBC) is resistant to conventional 
chemotherapy due to high proportions of cancer stem cells (CSCs). The aim of this study is 
to unravel the miR-137-mediated regulatory mechanism of B-cell lymphoma/leukemia 11A 
(BCL11A) in TNBC. Methods: A corhort of 34 TNBC tumor tissues and paired adjacent normal 
tissues, as well as 25 non-TNBC tumor tissues and paired adjacent normal tissues were collected 
post-operatively from patients with breast cancer. Q-PCR was performed to determine the 
mRNA levels of miR-137 and BCL11A in breast tissues and cell lines. Bioinformatics analysis and 
dual luciferase reporter assay were used to verify the direct interaction between miR-137 and 
BCL11A. After up-/down-regulation of BCL11A, miR-137, or DNMT1 via lentiviral transduction 
in TNBC cell lines SUM149 and MDA-MB-231 cells, Q-PCR and Western blot assays were 
used to detect the expression levels of BCL11A, DNA methyltransferases 1 (DNMT1), and 
Islet-1 (ISL1). Mammosphere assay was conducted to assess tumorosphere formation ability 
of cells, coupled with flow cytometry to determine the percentage of breast cancer stem 
cells. Co-immunoprecipitation assay was used to determine the interaction between BCL11A 
and DNMT1. Xenograft tumorigenesis assay was performed to monitor tumor formation in 
vivo. Results: BCL11A was highly expressed in TNBC, whereas miR-137 was significantly lower 
in both TNBC tissues and cell lines. miR-137 suppressed BCL11A expression at both mRNA 
and protein levels by directly targeting its 3’UTR. In both SUM149 and MDA-MB-231 cells, 
overexpression of miR-137 or knockdown of BCL11A reduced the number of tumoroshperes 
and the percentage of cancer stem cells in vitro, and inhibited tumor development in vivo. 
Furthermore, BCL11A interacted with DNMT1 in TNBC cells. Silencing of either BCL11A or 
DNMT1 impaired cancer stemness and tumorigenesis of TNBC via suppressing ISL1 expression 
both in vitro, and in vivo. Conclusions: By perturbing BCL11A-DNMT1 interaction, miR-137 
impairs cancer stemness and suppresses tumor development in TNBC.
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Introduction

Breast cancer is the most common cancer in women worldwide, and it is highly 
heterogeneous. In order to refine the clinical decision, breast cancer has been classified 
into several subtypes based on the immunohistochemical characterization of estrogen 
receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 
type 2 (HER2) expression including luminal A subtype, luminal B subtype, HER2-positive 
subtype, and triple negative type [1, 2]. The triple negative breast cancer (TNBC) accounts 
for 12~17% of breast cancer in women, which is characterized by a lack of ER, PR and 
HER2 expression [3, 4]. Moreover, the percentage of CD44+/CD24-/low cancer stem cells 
(CSC) is higher in TNBC than that in other subtypes of breast cancer [3, 5]. Conventional 
chemotherapy remains the most common therapeutic option for TNBC, since patients with 
TNBC could not be treated with endocrine therapy or drugs that target HER2[6]. However, 
chemotherapy resistance due to the high percentage of CD44+/CD24-/low CSCs resulting in a 
poor prognosis of TNBC[7], . Therefore, it is important to develop a novel targeted therapy to 
improve the clinical outcome of TNBC.

MicroRNAs (miRNAs) are non-coding single-stranded RNA molecules which contain 
~22 nucleotides, which function as post-transcriptional regulators of target genes. MiRNAs 
play important roles in diverse biological processes [8]. Accumulating evidence suggests 
that miRNAs are involved in cancer development and progression, serving as either 
oncogenes or tumor suppressors [9, 10]. Recent studies have demonstrated that miR-137 
is down-regulated in several types of cancers including non-small-cell lung cancer (NSCLC), 
colorectal cancer and glioblastoma, indicating that miR-137 might act as a tumor suppressor 
in cancer cells [11-13]. More important, miR-137 negatively regulates the orphan nuclear 
receptor estrogen-related receptor α (ERRα), and impairs cell proliferation and migration in 
breast cancer cells [14]. It has also been reported that miR-137 suppresses cell invasion and 
epithelial-mesenchymal transition (EMT) by targeting carboxyl-terminal binding protein 1 
(CtBP1) in non-TNBC cell line MCF7 cells [15]. More recently, it has been reported that miR-
137 is highly expressed in the developing mammary gland, inducing gland formation and 
invasion [16]. Furthermore, overexpression of miR-137 impairs cell proliferation, migration, 
tumor formation and EMT in TNBC cell line MDA-MB-231 cells [14, 16]. However, the 
underlying regulatory mechanism involving miR-137 in TNBC remains uninvestigated.

The B-cell lymphoma/leukemia 11A (BCL11A) gene encodes a zinc-finger transcription 
factor, which plays a critical role in hemoglobin switching [17]. It also serves as an oncogene 
in B-cell malignancies [18, 19], but BCL11A involvement in solid tumors has been rarely 
reported until recent years. Khaled et al. revealed a novel tumorigenic function of BCL11A in 
TNBC. In brief, BCL11A is highly expressed in TNBC, and exogenous BCL11A overexpression 
in TNBC promotes tumor development in vitro and in vivo [20]. These findings indicate that 
BCL11A might be a potential candidate for targeted therapy in TNBC. However, the exact 
mechanism is still unknown.

DNA methyltransferases 1 (DNMT1), a member of DNA methyltransferases family, is 
responsible for DNA methylation at cytosine-phosphoguanine (CpG) islands upstream of 
tumor suppressor genes [21]. Previous studies have demonstrated that DNMT1 is required 
for maintenance of CSC in a variety of cancers, including prostate cancer, pancreatic 
cancer and breast cancer [22-24]. For instance, DNMT1 induces histone demethylation of 
H3K9me3 and H3K27me3 on the Zeb2 and KLF4 promoter in prostate cancer cells [23]. 
More important, a recent study has demonstrated that DNMT1 is up-regulated in mammary 
tumors. DNMT1 inhibition or DNMT1-induced hypermethylation/down-regulation of Islet-1 
(ISL1) limits CSC population in breast cancer cells [22]. On the other hand, a proteomic 
screen has shown that DNMT1 is a BCL11A-accociated protein in erythroid cells, and it 
is required for maintenance of fetal hemoglobin (HbF) silencing in vitro and in vivo [25], 
indicating that DNMT1 co-works with BCL11A to modulate HbF silencing in eythroid cells. In 
addition, disruption of STAT3-DNMT1 interaction causes re-expression of tumor suppressor 
genes through de-methylation and inhibits tumor growth in TNBC [26], suggesting that the 
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interaction between transcription factor(s) and DNMT1 might be crucial for tumorigenesis 
in TNBC. These observations thus lead us to speculate that BCL11A/DNMT1 plays an 
important role in regulating cancer stemness and tumorigenesis in TNBC.

In this study, we predicted that miR-137 targeted 3’ UTR of BCL11A using bioinformatics 
analysis. Thus we hypothesize that miR-137 likely serves as a tumor suppressor of TNBC, 
which could suppressed cancer stemness and tumor development of TNBC by silencing 
BCL11A, and remove the inhibition of ISL1 due to BCL11A-DNMT1 interaction.

Materials and Methods

Isolation of human normal and breast tumor tissues
A corhort of 34 TNBC tumor tissues and paired adjacent normal tissues, as well as 25 non-TNBC tumor 

tissues and paired adjacent normal tissues were collected post-operatively from patients with breast cancer 
in Xiangya Hospital, Central South University. Consents from all patients were obtained. Diagnoses of breast 
cancer were given by two pathologists. All patients recruited to this study did not receive any pre-operative 
treatment.

Animals
6~8-week-old female BALB/c nude mice (n=60) were purchased from Hunan SJA Laboratory Animal 

Co., Ltd (Changsha, China). All mice were housed in a controlled environment, with room temperatures (22 
°C) and light/darkness cycles of 12 h, for at least 7 d before the experiments. All experiments were approved 
by the Animal Ethical Committee, Xiangya School of Medicine, Central South University, and performed 
following the guidelines of the Animal Care and Use Committee of Xiangya School of Medicine, Central South 
University.

Cell culture and transduction of lentivirus
Human mammary epithelial cell line MCF10A (Cat.no. CBP60419), human non-TNBC cell line MCF7 

(ER/PR +ve/HER-2 –ve, Cat. no. TCHu74), human TNBC cell line MDA-MB-231 (Cat. no. TCHu227), and 
human embryonic kidney (HEK)293 cells (Cat.no.GNHu43) were obtained from Cell Bank of Type Culture 
Collection, Chinese Academy of Science (Shanghai, China). Human TNBC cell line. SUM149 was given as a 
gift by Professor Zhimin Shao from Department of Breast Surgery, Fudan University Shanghai Cancer Center. 
MCF10A cells were grown in F12/DMEM supplemented with 5% FBS, 10 μg/ml insulin, 20 ng/ml epidermal 
growth factor (EGF), 100 ng/ml cholera toxin, 0.5μg/ml hydrocortisone (Sigma-Aldrich, St Louis, MO, USA). 
MCF7, MDA-MB-231 and HEK293T cells were cultured in DMEM containing 10% FBS and 100 units/ml 
penicillin/streptomycin. SUM149 cells were grown in Ham’s F12 medium supplemented with 5% FBS, 1 μg/
ml hydrocortisone and 5 μg/ml insulin. Cultures were maintained at 37 °C in humidified atmosphere with 
5% CO2 in air.

SUM149 and MDA-MB-231 cells were transduced with the lentivirus that either overexpressing miR-
137, BCL11A, DNMT1, or their short hairpin RNA (shRNA), respectively (Feng Hui Biotechnology Co., Ltd, 
Changsha, Hunan, China). After antibiotic selection of puromycin for 2-3 weeks, the stable clones were 
obtained.

Dual luciferase reporter assays
Wild-type 3’ UTR of BCL11A were amplified by PCR. The mutant BCL11A 3’ UTR was synthesized 

using QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies, Palo Alto, CA, 
USA). Both plasmids were then cloned downstream of Renilla luciferase gene in the psiCHECKTM-2 vector 
(Promega, Madison, WI, USA), and purified using commercial plasmid purification kit (Qiagen, Valencia, CA, 
USA), and finally co-transfected with either scrambled miRNA or miR-137 mimics into HEK293 cells using 
FuGENE® H transfection reagent (Promega) . The dual luciferase reporter assay was performed 48 h after 
transfection using dual luciferase assay system (Promega) on a GLOMAXTM 20/20 Luminometer (Promega). 
The luciferase activity of each sample was normalized to the firefly luciferase activity. All experiments were 
performed in triplicate.
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MTT assay
Cells were seeded into 96-well plates and incubated for 24 h prior to MTT assay. 20 μl MTT was added 

into each well at different time points, and incubated for 4 h at 37 °C. Culture medium was then removed and 
MTT formazan crystals were resolved in 150 μl DMSO (Sigma-Aldrich). Absorbance values were measured 
at a wavelength of 570 nm by the use of microplate reader (Model 680, Bio-Rad Laboratories, Hercules, CA, 
USA). All procedures were repeated at least 3 times.

Mammosphere assays
Mammosphere assays were performed as previously described [27]. In brief, cells were cultured in 

suspension in serum-free DMEM/F12 medium supplemented with B27 (Gibco, Grand Island, NY, USA) 
and 20 ng/ml EGF, 0.4% BSA (Sigma-Aldrich) and 4 mg/ml insulin. 21 days later, the mammosphere were 
photographed and counted.

Identification and isolation of CSC via flow cytometry (FACS)
FACS was performed as previously described with minor modifications [28]. CD24 and CD44 expression 

were analyzed in 21-day-old mammospheres following incubation in trypsin-EDTA. Cells were pelleted by 
centrifugation at 4 °C, resuspended with PBS. and stained with anti-CD24-FITC and anti-CD44-PE antibody 
(eBioscience, San Diego, CA, USA) for 20 min at 4 °C. For CSC isolation, cells were sorted on a FACScalibur 
flow cytometer using BD FACS Diva Software (BD Biosciences, San Jose, CA, USA). Side scatter and forward 
scatter profiles were used to eliminate debris and cell doublets.

RNA isolation and Quantitative-PCR (Q-PCR)
Total RNA was isolated from normal/tumor tissues of patients with TNBC or different cell lines using 

TRIzol reagent (Thermo Fisher Scientific, Waltham, MA) and reverse transcribed with Advantage RT-for-PCR 
Kit (Takara, Japan). cDNA products were used as templates for Q-PCR with specific primers. The following 
primers were used in this study: miR-137, forward 5’-GCG CGC TTA TTG CTT AAG AAT AC-3’ and reverse 
5’-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACC TAC GC-3’; BCL11A, forward 5’-ATG 
CGA GCT GTG CAA CTA TG-3’ and reverse 5’-CAA CAC TCG ATC ACT GTG CC-3’; DNMT1, forward 5’-CCG ACT 
ACA TCA AAG GCA GC-3’ and reverse 5’-AGG TTG ATG TCT GCG TGG TA-3’; ISL-1, forward 5’-AAA CAG GAG 
CTC CAG CAA AA-3’ and reverse 5’-GCT ACA GGA CAG GCC AAG AG-3’; GAPDH, forward 5’-CCA GGT GGT 
CTC CTC TGA-3’ and reverse 5’-GCT GTA GCC AAA TCG TTG T-3’; U6, forward 5’-CTC GCT TCG GCA GCA CA-
3’ and reverse 5’-AAC GCT TCA CGA ATT TGC GT-3’. The mRNA levels of the target genes were analyzed by 
SYBR green method with iQTM SYBR® Green Supermix reagent (Bio-Rad Laboratories, Hercules, CA, USA) 
according to the manufacturer’s instructions and determined using 2 –ΔΔC

T method (n=3, each in triplicate). 
The GAPDH or U6 was used as an internal control for normalization. The specificity of the fluorescence 
signal was confirmed by both melting curve analysis and agarose gel electrophoresis.

Western Blot
Protein lysate from MDA-MB-231 and SUM149 cells were prepared with RIPA lysis buffer supplemented 

with fresh protease and phosphatase inhibitor Cocktail (Sigma-Aldrich). Total protein concentration was 
determined by Bradford assay (Bio-Rad). Equal amount of protein lysate (50ug) were resolved in SDS-PAGE, 
transferred to PVDF membranes (Bio-Rad). Membranes were blocked with 5% non-fat milk powder [w/v] 
in PBS/Tris/0.1% Tween-20 for 1 h, followed by incubation with primary (1:800-1000) and respective 
secondary antibodies (1:10000). Primary antibodies against BCL11A (ab19487), DNMT1 (ab19905), ISL-1 
(ab109517), and β-actin (ab8226) were obtained from Abcam (Cambridge, MA, USA). After incubation and 
wash with TBST, membranes were visualized using ECL western blotting detection system.

Co-Immunoprecipitation (Co-IP)
Co-IP was performed as described [29]. In brief, cell lysates were prepared with IP lysis buffer (50 

mM Tris-HCl, 150 mM NaCl, 10% NP-40, 1 mM EDTA, 10% glycerol, 10 mM NaF, 1 mM Na3VO4, 1 mM DTT, 
1 mM PMSF and protease inhibitor cocktail). Protein lysates were incubated with specific antibody at 4 °C 
overnight, followed by incubation with Protein A-Sepharose CL-4B beads (Pharmacia, Uppsala, Sweden). 
Immnocomplexes were collected and washed 4 times, then subjected to western blotting analysis.
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Xenograft tumorigenesis assay
1.0x106 MDA-MB-231 and SUM149 cells were suspended in 25% Matrigel (BD Biosciences) and 

HBSS, and injected subcutaneously into the flank of BALB/c nude mice of 6-8-week age. Tumor sizes were 
measured and tumor volumns were calculated. Xenograft mice were sacrificed 4 weeks after the injection, 
and tumors were dissected for analysis.

Stataistical analysis
All experiments were performed for at least three times. Data are expressed as the means ± S.D. 

Statistical analysis was performed by two-way ANOVA. In selected experiments, a Student’s t-test was used 
for paired comparisons. Statistical analysis was performed using SPSS 21.0 . Significance was set at *, P< 
0.05; **, P< 0.01.

Results

miR-137 is down-regulated and BCL11A is up-regulated in triple negative breast cancer
tissues and cell lines
In order to determine the expression levels of miR-137 and BCL11A, Q-PCR was 

performed with TNBC tissues, non-TNBC tissues, as well as their paired adjacent normal 
breast tissues. As shown in Fig. 1A, miR-137 was significantly lower in TNBC tissues and non-
TNBC tumor tissues compared with that in paired adjacent normal breast tissues, respectively. 
BCL11A was highly expressed in TNBC tissues when compared with paired adjacent normal 
breast tissues. Whereas there was no significant difference in the expression level of BCL11A 
between non-TNBC tumor tissues and paired adjacent normal breast tissues (Fig. 1B).

Next we examined the expression levels of miR-137 and BCL11A in 4 different mammary 
cell lines. Similarly, the expression levels of miR-137 were down-regulated in all three breast 
cancer cell lines, compared with normal mammary epithelial cell line MCF10A (Fig. 1C). 
A 1.52-fold and 2.73-fold increase in the expression levels of BCL11A were observed in 
TNBC cell lines, MDA-MB-231 cells and SUM149 cells, respectively, compared with that in 
MCF10A cells. However, BCL11A expression in MCF7 cells (a non-TNBC cell line) showed no 
significant difference when compared with MCF10A cells (Fig. 1D). Taken together, miR-137 
is significantly down-regulated in both triple-negative and non-triple negative breast cancer 
tissues and cells, whereas BCL11A is exclusively up-regulated in TNBC tissues and cells.

Fig. 1. Expression of BCL11A and miR-137 in breast 
tumors and cell lines. A) mRNA levels of miR-137 in 
TNBC, non-TNBC and paired adjacent normal breast 
tissues were determined by Q-PCR. U6 served as 
an internal control. Each bar is a mean±SD of n = 
3 experiments. * indicates P<0.05. B) mRNA levels 
of BCL11A in TNBC, non-TNBC and paired adjacent 
normal breast tissues were determined by Q-PCR. 
GAPDH served as an internal control. Each bar is a 
mean±SD of n = 3 experiments. * indicates P<0.05. 
C) mRNA levels of miR-137 in different mammary 
cell lines were determined by Q-PCR. U6 served 
as an internal control. Each bar is a mean±SD of n 
= 3 experiments. * indicates P<0.05, ** indicates 
P<0.01. D) mRNA levels of BCL11A in different 
mammary cell lines were determined by Q-PCR. 
GAPDH served as an internal control. Each bar is a 
mean±SD of n = 3 experiments. * indicates P<0.05, 
** indicates P<0.01.  
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miR-137 down-regulates BCL11A expression by directly targeting its 3’UTR
To check whether there is a correlation between the high expression of BCL11A and 

the low expression of miR-137 in TNBC, a set of online bioinformatics softwares, namely 
TargetScan (http://www.targetscan.org/) and miRanda (http://www.microrna.org/
microrna/searchMirnas.do), were used to analyze and predict the binding site of miR-137 in 
3’ UTR of BCL11A gene (Fig. 2A) . In addition, as shown in Fig. 2B, miR-137 mimics decreased 
BCL11A mRNA level by ~70% in SUM149 cells, and ~55% in MDA-MB-231 cells, respectively. 
Similar effects were also found at the protein level by western blot (Fig. 2B).

To further verify the regulatory effect of miR-137 on BCL11A, wild-type and mutant 3’ 
UTR of BCL11A were cloned into psiCHECKTM-2 vector, respectively (Fig. 2C). Dual luciferase 
reporter assays showed that co-transfection of wild-type BCL11A reporter (BCL11A) and 
miR-137 caused a significant reduction of luciferase activity compared with co-transfection 
of BCL11A and scrambled miRNA (Fig. 2D). In contrast, mutant BCL11A reporter (mut11A) 

Fig. 2. MiR-137 reduces BCL11A 
expression by directly targeting its 
3’ UTR. A) The results of TargetScan 
and MiRanda predicted that miR-
137 targets 3’ UTR of BCL11A. 
B) BCL11A mRNA and protein 
levels were determined by Q-PCR 
and western blot. GAPDH served 
as an internal control for Q-PCR. 
β-actin served as a loading control 
for western blot. Each bar is a 
mean±SD of n = 3 experiments. * 
indicates P<0.05. C) The sequence 
of wild-type or mutated BCL11A 
3’ UTR. D) SUM149 and MDA-
MB-231 cells were co-transfected with BCL11A/mut11A and scrambled miRNA/miR-137. Dual luciferase 
reporter assay was performed to measure the luciferase activity (BCL11A=wild-type BCL11A reporter; 
mut11A=mutant BCL11A reporter). Each bar is a mean±SD of n = 3 experiments. * indicates P<0.05, ** 
indicates P<0.01 .

 

Fig. 3. MiR-137 inhibits cancer 
stemness of TNBC by down-
regulating BCL11A in vitro. A) Cell 
proliferation was monitored by 
MTT assay. Data were presented 
as mean±SD in triplicate. B) 
Comparison of the number of 
suspension mammospheres 
formed from control cells, miR-
137 overexpressed cells and 
BCL11A knockdown cells, both in 
SUM149 and MDA-MB-231 cells. 
Each bar is a mean±SD of n = 3 
experiments. * indicates P<0.05. 
C) Percentage of CD44+/CD24-/

low cells in the mammospheres of 
SUM149 and MDA-MB-231 cells 
were detected by flow cytometry. 
Data are representative images of 
3 independent experiments.
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with mismatch sequences inserted in the potential binding site for miR-137 successfully 
abolished the repression effect of miR-137 on luciferase activity (Fig. 2D). Collectively, these 
data indicate that miR-137 negatively regulates BCL11A expression through directly binding 
to its 3’UTR.

MiR-137 inhibits cancer stemness of TNBC by down-regulating BCL11A in vitro
Previous study suggests that BCL11A acts as an oncogene in TNBC [20]. We next 

examined whether miR-137-mediated down-regulation of BCL11A would inhibit tumor 
development in TNBC cells. Overexpression of miR-137 or knockdown of BCL11A had no 
significant effects on cell proliferation in both SUM149 and MDA-MB-231 cells (Fig. 3A).

Breast cancer stem cells (BCSC) are tumor cells with capability of self-renewal, 
differentiation and metastasis. These cells persist in tumors, and are considered to be 
associated with poor prognosis of breast cancer [30-32]. Noting that CD44+ and CD24-/low 
are generally accepted markers of BCSC, mammosphere assay and flow cytometry were 
performed to analyze regulatory roles of miR-137/BCL11A in BCSCs [30-32]. As shown in Fig. 
3B, overexpression of miR-137 led to a significant reduction in the number of tumorospheres 
in both SUM149 and MDA-MB-231 cells. Knockdown of BCL11A using specific shRNA 
also reduced the number of tumorospheres by ~50% (Fig. 3B), suggesting that miR-137- 
and/or shRNA-mediated down-regulation of BCL11A inhibit the formation of suspension 
mammosphere. In addition, flow cytometry was used to assess CD44+/CD24-/low cell ratio 
in propagated mammospheres. Compared to the 0.81% positive expression of CD44+/
CD24-/low in SUM149 monolayer culture cells, the expression of CD44+/CD24-/low in SUM149 
mammosphere cells was significantly elevated to 13.94% (Fig. 3C, upper panel). Similar 
results were observed in MDA-MB-231 cells (Fig. 3C, lower panel). Both overexpression of 
miR-137 and knockdown of BCL11A remarkably reduced the BCSC ratio in both SUM149 and 
MDA-MB-231 mammospheres (Fig. 3C). Collectively, miR-137-mediated down-regulation of 
BCL11A inhibits cancer stemness and tumor development of TNBC cells.

MiR-137 inhibits tumor formation by down-regulateing BCL11A in vivo
To further verify the effects of miR-137/BCL11A on tumor formation in vivo, nude mice 

xenograft models were generated by subcutaneous injection of either miR-137-overexpressed 
or BCL11A-knockdown SUM149 and MDA-MB-231 cells. Tumors were harvested 4 weeks 
after tumor cell implantation. The expression levels of miR-137 and BCL11A in xenograft 
tumors in different groups were verified, showing a significantly elevation of miR-137 in 
miR-137-overexpressed model, and reduction of BCL11A in BCL11A knockdown model (Fig. 
4A).

As shown in Fig. 4B, both normal SUM149 and MDA-MB-231 cells formed tumors in 
nude mice successfully, while miR-137-overexpressed or BCL11A-knockdown cells caused 

Fig. 4. MiR-137 inhibits tumor 
formation by down-regulateing 
BCL11A in vivo. A) mRNA levels of miR-
137 and BCL11A in xenograft tumors 
were determined by Q-PCR. GAPDH 
served as an internal control. Each bar 
is a mean±SD of n = 3 experiments. * 
indicates P<0.05, ** indicates P<0.01. 
B) Effect of miR-137 overexpression 
and BCL11A knockdown on tumor 
formation in vivo. C) Quantitative 
analysis of tumor volumes in miR-137 
overexpressed group and BCL11A 
knockdown group. Each bar is a mean±SD of n = 3 experiments. * indicates P<0.05, ** indicates P<0.01. D) 
Quantitative analysis of tumor weights in miR-137 overexpressed group and BCL11A knockdown group. 
Each bar is a mean±SD of n = 3 experiments. * indicates P<0.05.
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dramatic reduction in tumor sizes. Moreover, the volumes and weights of tumors were 
measured and showed in Fig. 4C and 4D, overexpression of miR-137 or knockdown of BCL11A 
resulted in reduction of both tumor volumes and weights of tumors in vivo. In summary, 
these findings illustrate that miR-137-mediated down-regulation of BCL11A inhibits tumor 
formation in xenograft models.

BCL11A directly interacts with DNMT1 in TNBC cells
Given that DNMT1 is a BCL11A-associated protein in erythroid cells [25], we investigated 

whether DNMT1 cooperated with BCL11A through direct interaction in TNBC cells. We first 
tested the effect of miR-137 or BCL11A on DNMT1 mRNA and protein levels. As shown in Fig. 
5A and 5B, transfection of miR-137 mimics or inhibitor showed few effects on either mRNA or 
protein levels of DNMT1 in both SUM149 and MDA-MB-231 cells. Similarly, overexpression or 
knockdown of BCL11A caused no significant changes in DNMT1 expression in both SUM149 
and MDA-MB-231 cells (Fig. 5C and 5D). To further verify the interaction between BCL11A 
and DNMT1, co-IP assay was performed. Knockdown of either BCL11A or DNMT1 disrupted 
BCL11A-DNMT1 interaction (Fig. 5E, 1st and 3rd row). Meanwhile, whole cell lysates (WCL) 
served as the control for co-IP, illustrating that the specific shRNA of BCL11A or DNMT1 
successfully knockdown the expression of its target gene in both SUM149 and MDA-MB-231 
cells (Fig. 5E, lower panel). Collectively, these data indicated that instead of regulating its 
expression, BCL11A interacts with DNMT1 by directly binding in TNBC cells.

BCL11A/DNMT1 is responsible for breast cancer stemness in vitro
A previous study has illustrated that DNMT1 is required for CSC maintenance and 

tumorigenesis in breast cancer [22]. To study the effect of BCL11A and DNMT1 on cancer 
stemness in TNBC cells, mammosphere assay was conducted. Silencing of either BCL11A 
or DNMT1 resulted in decreased number of tumorospheres by over 50% in both SUM149 
and MDA-MB-231 cells (Fig. 6A). Since ISL1 was identified as a direct target of DNMT1, 
which was hypermethylated in breast cancer cells and BCSCs [22], we further checked the 
effect of BCL11A/DNMT1 on ISL1. As shown in Fig. 6B and 6C, consistently with previous 
study, ISL-1 was strongly suppressed in both normal cancer cells and BCSCs of SUM149 and 
MDA-MB-231. Knockdown of BCL11A and/or DNMT1 caused remarkable regains of ISL1 
expression in both SUM149 and MDA-MB-231 cells. Similar results were also observed in 
SUM149 CSCs and MDA-MB-231 CSCs (Fig. 6B and 6C). Collectively, these data indicate that 
BCL11A/DNMT1 plays an important role in breast cancer stemness via suppressing ISL1 
expression.

Fig. 5. BCL11A directly interacts with DNMT1 
in TNBC cells. A and C) DNMT1 mRNA level 
was determined by Q-PCR. GAPDH served 
as an internal control for Q-PCR. Each bar 
is a mean±SD of n = 3 experiments. B and 
D) DNMT1 protein level was determined 
by western blot. β-actin served as a loading 
control. Data are representative images of 3 
independent experiments. E) The interaction 
between BCL11A and DNMT1 was determined 
by co-IP. Whole cell lyasates (WCL) served 
as control for co-IP. Data are representative 
images of 3 independent experiments.
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BCL11A-DNMT1 interaction is responsible for tumorigenesis in vivo
In order to verify the regulatory effects of BCL11A and DNMT1 on tumor formation 

in vivo, BCL11A-knockdown or DNMT1-knockdown SUM149 and MDA-MB-231 cells were 
inoculated subcutaneously in nude mice and formation of tumors was monitored for 4 weeks. 
The tumors of either BCL11A-knockdown or DNMT1-knockdown cells were noticeably 
smaller than those of control cells (Fig. 7A). Silencing of BCL11A or DNMT1 in tumor tissues 
was confirmed by Q-PCR (Fig. 7B). Tumor volumes and weights of both BCL11A-knockdown 
and DNMT1-knockdown cells were remarkably lower than the control group (Fig. 7C and 
7D). Taken together, these results suggest that shRNA-mediated disruption of BCL11A-
DNMT1 interaction could significantly impair tumor formation in vivo, indicating crucial 
roles of BCL11A-DNMT1 interaction in tumorigenesis of TNBC.

Fig. 7. BCL11A-DNMT1 interaction 
is responsible for tumorigenesis in 
vivo. A) Effect of BCL11A or DNMT1 
knockdown on tumor formation in 
vivo. B) mRNA levels of BCL11A 
and DNMT1 in xenograft tumors 
were determined by Q-PCR. GAPDH 
served as an internal control. 
Each bar is a mean±SD of n = 3 
experiments. * indicates P<0.05. 
C) Quantitative analysis of tumor 
volumes in BCL11A knockdown 
group or DNMT1 knockdown 
group. Each bar is a mean±SD 
of n = 3 experiments. * indicates 
P<0.05, ** indicates P<0.01. D) 
Quantitative analysis of tumor weights in BCL11A knockdown group or DNMT1 knockdown group. Each bar 
is a mean±SD of n = 3 experiments. * indicates P<0.05.

 

Fig. 6. BCL11A/DNMT1 is 
responsible for breast cancer 
stemness in vitro. A) Comparison 
of the number of suspension 
mammospheres formed from 
control cells, BCL11A knockdown 
cells and DNMT1 knockdown cells, 
both in SUM149 and MDA-MB-231 
cells. Each bar is a mean±SD of n = 
3 experiments. * indicates P<0.05, 
** indicates P<0.01. B) ISL1 mRNA 
levels were determined by Q-PCR. 
GAPDH served as an internal 
control. Each bar is a mean±SD 
of n = 3 experiments. * indicates 
P<0.05. C) ISL1 protein levels 
were determined by western blot. 
β-actin served as a loading control. 
Data are representative images of 3 independent experiments.
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Discussion

BCL11A, a zinc-finger transcription factor, is well studied in hematopoiesis. In recent 
years, the clinical significance of BCL11A in solid tumors gained more and more attention. In 
current study, we have demonstrated that BCL11A is exclusively highly expressed in TNBC 
tissue and cell lines (Fig. 1B and 1D), which consistent with a recent report [20], suggesting 
that BCL11A might be a potential therapeutic target for TNBC. It will be important to identify 
the up- and down-stream molecular mechanisms of BCL11A in TNBC. miRNAs are crucial 
regulators of genes at post-transcriptional level. It’s known that BCL11A is down-regulated 
by miR-30a in NSCLC cells [33], and modulated by miR-486-3p in human erythroid cells 
[34]. In this study, we have demonstrated for the first time that miR-137 acts as a tumor 
suppressor by targeting BCL11A in TNBC. Our findings suggest that miR-137-mediated 
down-regulation of BCL11A inhibits cancer stemness and tumor formation of TNBC cells in 
vitro and in vivo. This is consistent with an earlier report which showed that overexpression 
of miR-137 impairs tumor formation in TNBC cell lines [14, 16].

As shown in Fig. 2, miR-137 down-regulated BCL11A by directly targeting its 3’ UTR. 
Furthermore, overexpression of miR-137 significantly decreased the population of BCSC 
and inhibited tumor development in vitro and in vivo. These effects were also observed in 
BCL11A-knockdown TNBC cells (Fig. 3 and 4). In addition, it has been reported that DNMT1 
associates with BCL11A in primary erythroid cells, and it is required for maintenance of HbF 
silencing [25]. It is generally accepted that many tumor suppressor genes are suppressed 
by hypermethylation in their promoter region [21]. A novel carbazole SH-I-14-mediated 
disruption of STAT3-DNMT1 interaction leads to re-expression of tumor suppressor genes 
such as VHL and PDLIM4 via de-methylation in TNBC [26]. In our study, either BCL11A- or 
DNMT1 knockdown disrupted the interaction between these two proteins, which significantly 
impaired cancer stemness and suppressed tumor development in vitro and in vivo (Fig. 5, 
6 and 7). Meanwhile, either miR-137 mimics or inhibitor showed few effects on DNMT1 
expression (Fig. 5A and 5B), suggesting that miR-137 disrupts BCL11A-DNMT1 interaction 
via down-regulating BCL11A, and impairs cancer stemness and tumor development as a 
result.

More importantly, ISL1, a direct target of DNMT1, is hypermethylated and down-
regulated in a majority of breast cancer subtypes, including TNBC [22, 35]. Knockdown of 
DNMT1 or re-expression of ISL1 could strongly limit CSC population in breast cancer cells 
[22, 36]. These observations thus prompted us to hypothesize that DNMT1 might cooperate 
with BCL11A to regulate cancer stemness and tumor development via hyper-methylating 
and suppressing ISL1 in TNBC. As expected, shRNA-mediated silencing of either BCL11A 
or DNMT1 led to a significant increase of ISL1 in both TNBC cells and TNBC CSCs (Fig. 6). 
These findings suggest that BCL11A/DNMT1 plays important roles in maintaining BCSC 
population, and contributes to breast cancer stemness and tumorigenesis by suppressing 
ISL-1 expression.

In conclusion, we demonstrated that in TNBC, miR-137 negatively regulates BCL11A 
expression by directly targeting its 3’UTR. MiR-137-mediated disruption of BCL11A-DNMT1 
interaction impaired cancer stemness and tumorigenesis by suppressing ISL-1. Since BCSCs 
are responsible for chemoresistance and radioresistance [32]. Potential treatment targeting 
miR-137/BCL11A/DNMT1/ISL1 axis might increase the sensitive of TNBC cells to chemo- 
and radiotherapy and improve the prognosis of TNBC.
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