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INTRODUCTION

Breast cancer is the most common malignant tumor in 
women, and its incidence has been increasing year on year [1]. 
In addition, the age of breast cancer onset is decreasing [2]. 
Approximately 500,000 women die of breast cancer world-
wide annually. With the development of improved diagnostic 
and clinical therapeutic methods, the efficiency of breast can-
cer treatment has improved greatly. At the same time, gene 
therapy against tumors is a growing area of research [3]. 
Therefore, there is an urgent need to identify a target gene for 
the treatment for breast cancer. 

Noncoding RNAs (ncRNAs), which constitute the majority 
of transcripts encoded by the human genome, have recently 

gained considerable attention for their role in a variety of cel-
lular functions and disease processes such as cancer cell pro-
liferation, metastasis, and apoptosis [4]. Long noncoding 
RNAs (lncRNAs) and microRNAs (miRNAs) constitute the 
main ncRNAs. LncRNAs are defined as transcripts longer 
than 200 nucleotides with no protein-coding potential. To 
date, several lncRNAs have been found to be dysregulated in 
breast cancer and to be closely associated with the diagnosis 
and prognosis of breast cancer, such as metastasis-associated 
lung adenocarcinoma transcript 1 (MALAT1), nuclear en-
riched abundant transcript 1 (NEAT1), and breast cancer anti-
estrogen resistance 4 (BCAR4) [5-7]. LncRNA taurine upregu-
lated gene 1 (TUG1) was initially identified as an essential 
gene for retinal development in the developing mouse eye [8]. 
Subsequent research revealed that TUG1 was abnormally reg-
ulated in tumorigenesis, either as a potential tumor suppres-
sor or as an oncogene [9,10]. However, the role of TUG1 in 
breast cancer is still poorly understood. 

As an another important type of ncRNA, miRNAs can reg-
ulate gene expression by binding to 3’-untranslated regions 
(3’-UTRs) of target mRNAs, causing gene silencing or transla-
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tional repression [11]. MicroRNA-9 (miR-9) was originally 
found to contribute to brain development [12]. Recently, sev-
eral studies have demonstrated the carcinogenic or carcino-
static role of miR-9 [13,14]. For example, miR-9 is upregulated 
in bladder cancer tissues and promotes cell proliferation by 
targeting longevity assurance homolog 2 of yeast LAG1 
(LASS2) [14], whereas in nasopharyngeal carcinoma, miR-9 
functions as a potential tumor suppressor by regulating the 
expression of C-X-C chemokine receptor type 4 (CXCR4) 
[13]. In breast cancer, miR-9 was shown to be downregulated 
and associated with epithelial-mesenchymal transition, breast 
cancer stem cell phenotype, and tumor progression [15]. 

In this study, we aimed to investigate the role of TUG1 in 
MCF-7 breast cancer cells and the molecular mechanism in-
volved in the regulation of miR-9. Our findings will provide 
new insights into the molecular functions of TUG1 as well as 
its regulatory mechanisms in breast cancer.

METHODS

Tissue samples
A total of 24 breast cancer tissues and adjacent tissues were 

obtained from patients at The First Affiliated Hospital of 
Chongqing Medical University. Tissues were stored at -80°C 
until use. The study was approved by the Ethics Committee of 
The First Affiliated Hospital of Chongqing Medical University 
(approval number: 2015-05-008). Informed consent was ob-
tained from all participants. 

Cell culture
Human breast cancer cell lines BT474, MCF-7, MDA-

MB-231, and T47D, and the normal mammary epithelial cell 
line 76N were obtained from the American Type Culture Col-
lection (Manassas, USA). Cells were maintained in Roswell 
Park Memorial Institute (RPMI)-1640 medium (Sigma, 
Shanghai, China) supplemented with 10% fetal bovine serum 
(Invitrogen, Carlsbad, USA) and 100 units/mL of penicillin-
streptomycin (Invitrogen), and were kept in a humidified in-
cubator at 37°C with 5% CO2.

Cell transfection and luciferase reporter assays
An miR-9 mimic, an miR-9 inhibitor, and the correspond-

ing controls were purchased from Shanghai GenePharma Co., 
Ltd. (Shanghai, China). Three small interfering RNAs (si-
RNAs) specifically targeting TUG1 (si-TUG1, si-TUG1 2, and 
si-TUG1 3) and the control si-RNA (si-NC) were purchased 
from Ribobio (Guangzhou, China). For the in vivo experi-
ments, the si-TUG1 sequence was cloned into plasmid vector 
PEV-Lv208, which was performed by Ribobio, yielding shRNA-

TUG1. The vector pcDNA-TUG1 for the overexpression of 
TUG1 and the control pcDNA were constructed and pur-
chased from Ribobio. Twenty-four hours before transfection, 
MCF-7 cells were seeded into six well plates. Cells were then 
transfected with the miR-9 mimic, miR-9 inhibitor, si-TUG1, 
pcDNA-TUG1, or the controls using Lipofectamine 2000 Re-
agent (Invitrogen), according to the manufacturer’s instruc-
tions. 

From the database starBase v2.0, we found that miR-9 po-
tentially binds to TUG1. The binding sequence in the TUG1 
gene was amplified by polymerase chain reaction (PCR) and 
cloned downstream of the luciferase gene in the pGL3 vector 
(Promega, Madison, USA), yielding the plasmid TUG1-WT. 
The plasmid TUG1-MUT containing the mutant seed region 
of TUG1 was obtained through site-specific mutagenesis on 
the base of the plasmid TUG1-WT. TUG1-WT, TUG1-MUT, 
miR-9 mimic, or miR-9 inhibitor were co-transfected into 
MCF-7 cells using Lipofectamine 2000. The dual luciferase re-
porter assay system (Promega) was used to detect luciferase 
activity 48 hours after transfection.

Quantitative reverse transcription polymerase chain reaction
The total RNA was extracted from breast cancer tissues or 

cells with TRIzol reagent (Invitrogen) according to the manu-
facturer’s protocol. RNA was reverse transcribed to comple-
mentary DNA (cDNA) using a Reverse Transcription Kit 
(Takara, Dalian, China). Quantitative PCR analyses were con-
ducted with SYBR Premix Ex Taq (Takara). For the expression 
of miR-9, the Taqman MicroRNA Reverse Transcription Kit 
(Applied Biosystems Inc., Foster City, USA) and the Taqman 
Universal Master Mix II (Applied Biosystems Inc.) were used 
for the reverse transcription reaction and quantitative PCR, 
respectively. The results for TUG1 and methylenetetrahydro-
folate dehydrogenase 2 (MTHFD2) were normalized to the 
expression of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), and miR-9 to the expression of U6. The relative 
expression of each gene was calculated and normalized using 
the 2-ΔΔCt method. 

Western blot
A Western blot assay was performed to detect the protein 

level of MTHFD2 in cultured cells. Total protein was extract-
ed using lysis buffer. Protein concentration was measured 
with the Bradford method. Equal amounts of protein were 
isolated using sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and then transferred to a poly-
vinylidene fluoride membrane (Millipore, Bedford, USA). After 
blocking in 5% nonfat skim milk/tris-buffered saline-Tween, 
the membrane was incubated with anti-MTHFD2 antibody 
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(Cell Signaling Technology, Danvers, USA) at 4°C overnight. 
Autoradiograms were quantified by densitometry, and a 
GAPDH antibody was used as the control. 

MTT assay
Cell viability was monitored using a 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay 
(Sigma). The transfected cells were seeded in 96-well plates 
(5 × 103 cells/well). Cell viability was determined every 24 
hours after the transfection. MTT (100 μL, 0.5 mg/mL; Sig-
ma) was added to each well and the incubation, continued at 
37°C for 4 hours. The precipitate was dissolved using dimethyl 
sulfoxide (DMSO, 150 μL). The absorbance at 490 nm was 
measured using a microplate spectrophotometer (Thermo, 
Waltham, USA). 

Flow cytometry for cell cycle and apoptosis analysis
For cell cycle analysis, 48 hours after the transfection, cells 

were harvested and fixed with 75% ethanol at 4°C overnight. 
The fixed cells were incubated with propidium iodide (50 μg/
mL) for 30 minutes in the dark at 37°C. Then the cells were 
analyzed using a FACScan (Becton-Dickinson, Franklin 
Lakes, USA). The ModFit software (Becton-Dickinson) was 
used to quantify the cells in different phases of the cell cycle.

For apoptosis analysis, dual staining using the FITC Annex-
in V apoptosis Detection Kit (Sigma) was performed accord-
ing to the manufacturer’s instructions. Apoptosis was analyzed 
with FACS using CellQuest software (Becton-Dickinson). 

Establishment of an MCF-7 cell model of subcutaneous 
xenotransplanted tumor 

All animal procedures were carried out according to the 

guidelines approved by the China Association of Laboratory 
Animal Care. BALB/c-nu/nu mice (male; 4 weeks old; SLAC 
Laboratory Animal, Shanghai, China) were randomly divided 
into two groups (n= 5). Cultured MCF-7 cells transfected with 
shRNA-TUG1 or shRNA-NC were suspended in 0.2 mL  
phosphate buffer saline and then injected subcutaneously into 
the right flank of the mice. Three mice from each group were 
used to obtain photographs of the tumors. The tumor size was 
measured after three weeks and the tumor volume (mm3) was 
estimated using the equation: length× (width)2 × 0.5.

Statistical analysis
SPSS version 17.0 software (SPSS Inc., Chicago, USA) was 

used for statistical analysis. Results are expressed as the 
mean± standard deviation. Student t-test was used to estimate 
the significant differences between groups. In the experiment, 
p< 0.05 was considered as statistically significant. 

RESULTS

TUG1 was upregulated in breast cancer tissues and cell lines
The expression of TUG1 was detected in breast cancer tis-

sues and the adjacent tissues. The results of quantitative re-
verse transcription polymerase chain reaction (RT-qPCR) 
showed a significantly higher level of TUG1 in breast cancer 
tissues than in the controls (Figure 1A). We then investigated 
the level of TUG1 in four breast cancer cell lines (BT474, 
MCF-7, MDA-MB-231, and T47D) and the control cell line 
76N. TUG1 expression was higher in the breast cancer cell 
lines than in the control cells (Figure 1B). Specially, MCF-7 
cells expressed the highest level of TUG1: 5.7 times that of the 
control cells. 

Figure 1. Expression of taurine-upregulated gene 1 (TUG1) in breast cancer tissues and cell lines. (A) Expression of TUG1 in 24 breast cancer tissues 
and paired normal tissues detected by quantitative reverse transcription polymerase chain reaction (RT-qPCR) (n=24, each). (B) Expression of TUG1  
in several breast cancer cell lines BT474, MCF-7, MDA-MB-231, T47D and normal mammary epithelial cell line 76N using RT-qPCR (n=6, each). 
Data represent mean±SD. 
*p<0.05 vs. the corresponding control.
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TUG1 knockdown reduced proliferation, suppressed cell cycle 
progression, and promoted apoptosis of MCF-7 cells 

To investigate the function of TUG1 in the development of 
breast cancer, three si-RNAs targeting TUG1 (si-TUG1, si-
TUG1 2, and si-TUG1 3) were used to inhibit TUG1 expres-
sion. In MCF-7 cells transfected with si-TUG1, si-TUG1 2, 
and si-TUG1 3, the expression of TUG1 was significantly low-
er than that in cells transfected with si-NC (Figure 2A). An 
MTT assay was then performed to explore the effect of TUG1 

knockdown on the proliferation of MCF-7 cells. TUG1 knock-
down induced by si-TUG1, si-TUG1 2, and si-TUG1 3 greatly 
inhibited cell proliferation (Figure 2B). In terms of cell cycle 
progression, flow cytometry analysis revealed that TUG1-
knockdown cells were largely arrested at the G0/G1 phase and 
showed fewer S-phase cells than did cells transfected with si-
NC (Figure 2C and D). Flow cytometry analysis was also used 
to detect differences in apoptosis between cells transfected 
with si-TUG1 or si-NC. The percentage of apoptotic cells in 

Figure 2. Effects of taurine-upregulated gene 1 (TUG1) on cell proliferation, cell cycle and cell apoptosis in MCF-7 cells. (A) The interference efficiency 
of si-TUG1, si-TUG1 2, and si-TUG1 3 on the expression of TUG1. (B) MTT assay showed that si-TUG1, si-TUG1 2, and si-TUG1 3 significantly re-
duced proliferation rate of MCF-7 cells. (C, D) si-TUG1 suppressed cell cycle progression in MCF-7 cells analyzed by flow cytometry. The bar chart 
represented the percentage of cells in G1–G0, S, or G2–M phase, as indicated. (E, F) TUG1 knockdown induced cell apoptosis of MCF-7 cells. Data 
represent mean±SD (n=6, each). 
si-NC=control si-RNA; OD=optaical density. 
*p<0.05 vs. si-NC. 
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the TUG1 knockdown group was 4.2-fold that in the controls 
(Figure 2E and F). These data indicated that TUG1 knock-
down reduced proliferation, suppressed cell cycle progression, 
and promoted apoptosis of MCF-7 cells. 

TUG1 negatively regulates the expression of miR-9 in MCF-7 
cells

To elucidate the molecular mechanism of TUG1 action in 
MCF-7 cells, the relationship between TUG1 and miR-9 was 
evaluated. Using the starBase v2.0 database, miR-9 was found 
to potentially bind to TUG1 (Figure 3A). To explore the effect 
of TUG1 on the expression of miR-9, the level of miR-9 was 
measured in MCF-7 cells with ectopic expression of TUG1. In 
MCF-7 cells transfected with si-TUG1, the level of miR-9 was 
4.3 times that in the control (Figure 3B). In contrast, miR-9 
was significantly downregulated in cells with TUG1 over-
expression (Figure 3C). Furthermore, the expression of TUG1 
was decreased in MCF-7 cells transfected with the miR-9 
mimic and increased in MCF-7 cells transfected with the 
miR-9 inhibitor (Figure 3D). To verify the relationship be-

tween TUG1 and miR-9, a dual luciferase reporter assay was 
performed by constructing a reporter containing the binding 
site in TUG1-WT or the mutant. The luciferase activity of the 
reporter containing TUG1-WT was reduced in cells transfect-
ed with the miR-9 mimic (Figure 3E). In addition, TUG1 ex-
pression was negatively correlated with the level of miR-9 in 
breast cancer tissues (Figure 3F). 

MiR-9 inhibition abrogates the effect of TUG1 knockdown on 
the proliferation, cell cycle progression, and apoptosis of 
MCF-7 cells 

To examine the effect of miR-9 combined with TUG1 
knockdown on cell proliferation, cell cycle progression, and 
apoptosis, MCF-7 cells were divided into four groups: trans-
fected with si-NC, transfected with si-TUG1, transfected with 
si-TUG1+miR-9 inhibitor, and transfected with miR-9 inhibi-
tor. As shown in Figure 4A, the expression of miR-9 was 
downregulated in cells transfected with si-TUG1+miR-9 in-
hibitor. MiR-9 inhibition abrogated the reduction of cell pro-
liferation induced by si-TUG1 (Figure 4B). Proliferation and 

Figure 3. Taurine-upregulated gene 1 (TUG1) regulated the expression of miR-9. (A) Binding site was predicted between TUG1 and microRNA-9 
(miR-9) according to starBase v2.0 database. (B) Effects of TUG1 knockdown on the expression of miR-9. (C) Effects of TUG1 overexpression on the 
expression of miR-9. (D) The expression of TUG1 in MCF-7 cells transfected with miR-9 mimic or inhibitor. (E) Luciferase activity of reporters contain-
ing TUG1-WT or TUG1-mut sequence in MCF-7 cells transfected with miR-9 mimic or control. (F) Correlation analysis was performed to detect the 
relationship between TUG1 and miR-9 in breast cancer tissues. Data represent mean±SD (n=6, each). 
si-NC=control si-RNA; NC=negative control. 
*p<0.05 versus the corresponding control. 
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Figure 4. Effects of microRNA-9 (miR-9) inhibitor on the function of taurine-upregulated gene 1 (TUG1) on cell proliferation, cell cycle and cell apopto-
sis. MCF-7 cells were transfected with si-NC, si-TUG1, si-TUG1+miR-9 inhibitor and miR-9 inhibitor. (A) The expression of miR-9 in these cells. (B) 
MTT assay was performed to examine these cells’ proliferation. (C, D) Cell cycle was detected in these cells. (E, F) Cell apoptosis was detected by 
flow cytometry. Data represent mean±SD (n=6, each). 
si-NC=control si-RNA. 
��*p<0.05 vs. si-NC; †p<0.05 vs. si-TUG1; ‡p<0.05 vs. miR-9 inhibitor. 
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cell cycle progression were significantly higher and the pro-
portion of apoptotic cells was lower in MCF-7 cells transfected 
with miR-9 inhibitor than in MCF-7 cells transfected with si-
TUG1+miR-9 inhibitor. In addition, miR-9 inhibition also re-
versed the effect of TUG1 on the cell cycle and cell apoptosis 
(Figure 4C-F). 

TUG1 positively regulated the expression of MTHFD2
As it has been reported that miR-9 may suppress prolifera-

tion of breast cancer cells by regulating the expression of 
MTHFD2, we examined the regulation of MTHFD2 by TUG1. 
As is shown in Figure 5A and B, the mRNA level and protein 
level of MTHFD2 were reduced in MCF-7 cells transfected 
with si-TUG1. The miR-9 inhibitor reversed the decrease in 
expression of MTHFD2 induced by si-TUG1. In breast cancer 
tissues, TUG1 expression was positively correlated with expres-
sion of MTHFD2 (Figure 5C). 

TUG1 knockdown suppressed tumor growth in vivo
To verify the effect of TUG1 on tumor growth in vivo, nude 

mice (five per group) were subcutaneously inoculated with 
MCF-7 breast cancer cells transfected with shRNA-TUG1 or 
shRNA-NC. The tumor was then imaged and the tumor vol-
ume was measured. As shown in Figure 6, TUG1 knockdown 
significantly suppressed tumor growth. 

DISCUSSION

Recently, numerous studies have identified that aberrant 
expression of lncRNAs is closely linked with the initiation and 
development of cancer and has an influence on cancer prog-
nosis; these findings have provided novel insights for cancer 
therapy [16]. Despite accumulating knowledge about the role 
and function of lncRNAs in biological processes and disease 
pathology, the molecular mechanism of lncRNAs in cancers 
has not yet been fully elucidated. To date, a variety of lncRNAs 

Figure 6. Effect of taurine-upregulated gene 1 (TUG1) on the tumor growth in vivo. (A) The tumor picture from mouse model of MCF-7 cells transfect-
ed with shRNA-TUG1 (n=3, each) or shRNA-NC (n=3, each). (B) The tumor volume in mouse model of MCF-7 cells transfected with shRNA-TUG1 
(n=5, each) or shRNA-NC (n=5, each). Data represent mean±SD. 
*p<0.05 vs. shRNA-NC.
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*p<0.05 vs. si-NC; †p<0.05 vs. si-TUG1.
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have been identified as potential biomarkers and prognostic 
targets in breast cancer, such as urothelial carcinoma associat-
ed 1 (UCA1), MALAT1 and growth-arrest-specific transcript 
5 (GAS5) [17-19]. Nevertheless, it is necessary to explore new 
targets and enrich our understanding of cancer pathology. 
The lncRNA TUG1 is upregulated in several cancer cells and 
tissues, including in colorectal cancer, gastric cancer, and os-
teosarcoma [20-22]. However, its role in breast cancer remains 
unclear.

In the present study, we explored the function of TUG1 in 
breast cancer. Higher expression of TUG1 was observed in 
breast cancer tissues and cell lines than in the corresponding 
controls. As MCF-7 cells expressed the highest level of TUG1 
amongst the cell lines studied, we studied the effect of TUG1 
knockdown on MCF-7 cell proliferation and apoptosis. We 
observed that TUG1 knockdown reduced proliferation, sup-
pressed cell cycle progression, and promoted apoptosis of 
breast cancer cells. These findings indicated that TUG1 might 
play a crucial role in promoting proliferation and inhibiting 
apoptosis of breast cancer cells. Our results are consistent with 
previous reports showing that TUG1 could act as an onco-
gene. Conversely, TUG1 is also a potential tumor suppressor 
in other cancers. For example, Li et al. [10] reported that 
TUG1 promoted apoptosis of glioma cells by activating intrin-
sic pathways and inhibiting antiapoptotic pathways. 

It is well known that lncRNAs can serve as a “sponge” to 
regulate the expression of miRNAs [23]. From an online data-
base, we found that TUG1 could potentially bind to miR-9. To 
verify this relationship, a dual luciferase reporter assay was 
used, and the result showed that luciferase activity of the re-
porter containing TUG1-WT was reduced in cells transfected 
with the miR-9 mimic. In addition, the expression of miR-9 
was reduced in cells transfected with pcDNA-TUG1 and in-
creased in cells transfected with si-TUG1. TUG1 expression 
was negatively correlated with the level of miR-9 in breast 
cancer tissues. Furthermore, miR-9 inhibition reversed the ef-
fect of TUG1 on the cell cycle progression and apoptosis. 

Mounting evidence demonstrates that miR-9 plays impor-
tant roles in breast cancer by targeting diverse genes. For ex-
ample, Wang et al. [24] showed that overexpression of miR-9 
in human breast cancer was associated with lymph node me-
tastasis. MiR-9 was found to be upregulated in tumors with ag-
gressive phenotypes, and its upregulated has been linked to the 
poor prognosis of breast cancer [15]. Zhou et al. [25] reported 
that higher expression of miR-9 is significantly associated with 
local recurrence of breast cancer in patients with a positive tu-
mor estrogen receptor status. As one of the identified targets of 
miR-9, MTHFD2, regulated by miR-9, contributes to the anti-
proliferative activity of miR-9 in breast cancer [26]. In this 

study, we examined the regulation of MTHFD2 by TUG1 and 
found that MTHFD2 expression was reduced in MCF-7 cells 
transfected with si-TUG1. In breast cancer tissue, TUG1 level 
was positively correlated with MTHFD2 expression. MTHFD2 
was recently identified as a drug target that prevents cell migra-
tion and invasion of breast cancer [27]. Thus, the function of 
TUG1 in breast cancer might be associated with the regulation 
of miR-9 and MTHFD2.

We investigated the regulation of TUG1 and miR-9 in 
MDA-MB-231 cells. As shown in Supplementary Figure 1 
(available online), the level of miR-9 was not significantly dif-
ferent in MDA-MB-231 cells transfected with either si-TUG1 
or si-NC. Moreover, miR-9 mimics did not affect the level of 
TUG1 in MDA-MB-231 cells (Supplementary Figure 2, avail-
able online). These data indicate that TUG1 may not function 
in MDA-MB-231 cells through the regulation of miR-9. There 
are two possible explanations for these results. MDA-MB-231 
cells originate from triple-negative breast cancer, while MCF-
7 cells were derived from estrogen and progesterone receptor 
positive, human epidermal growth factor receptor negative 
breast cancer. In addition, MDA-MB-231 cells are p53-mutant 
breast cancer cells [28], while MCF-7 cells are p53 wildtype 
breast cancer cells. It has been reported that p53 plays a key 
role in regulating TUG1 expression, and TUG1 functions may 
be dependent on p53 status [29]. In this study, we found that 
TUG1 was also upregulated in MDA-MB-231 cells. As MDA-
MB-231 cells are aggressive and invasive, TUG1 might be as-
sociated with these properties; however, this conclusion needs 
further investigation.

In summary, this study demonstrated that TUG1 is highly 
expressed in breast cancer tissues and cells. TUG1 knockdown 
was significantly associated with decreased proliferation and 
increased apoptosis of breast cancer cells. We also found that 
TUG1 promoted breast cancer cell proliferation by inhibiting 
miR-9. These data provide new insights into the function of 
TUG1 in the development of breast cancer.
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