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Abstract. Dysregulation of microRNAs (miRNAs) plays a 
critical role in cancer progression. They can act as either onco-
genes or tumor suppressor genes in human cancer. The purpose 
of this study was to investigate the crucial role of miR-135b in 
breast cancer and to validate whether miR-135b could regulate 
proliferation of breast cancer cells by effecting specific targets 
in the Hippo pathway. Quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) was carried out to quantify 
the expression levels of miR-135b in both breast cancer tissues 
and cell lines. To characterize the function of miR-135b, MTT 
assays, colony formation assays, cell migration assays, cell 
invasion assays, and cell cycle assays were used. Luciferase 
reporter assays were performed to validate the regulation of a 
putative target of miR-135b, in corroboration with western blot 
assays. Finally, we verified the changes of cellular function after 
transfection of LATS2-siRNA. Our experiments indicate that 
expression of miR-135b was commonly upregulated in breast 
cancer specimens and breast cancer cells when compared 
with that in adjacent normal tissues and non-malignant breast 
epithelial cells. Enforced expression of miR-135b can regulate 
cellular proliferation, migration and invasion as well as disrupt 
the cell cycle of breast cancer cells. Luciferase assays revealed 
that miR-135b directly bound to the 3'-untranslated region 
(3'-UTR) of LATS2 (large tumor suppressor kinase 2), a crit-
ical gene in the Hippo pathway. Western blot analysis verified 
that miR-135b regulated the expression of LATS2 at protein 
levels. Further study demonstrated that the downstream gene 
of LATS2 in the Hippo pathway, such as cyclin-dependent 
kinase  2 (CDK2) and Phospho-Yes-associated protein 

(p-YAP), can also be regulated by miR-135b and LATS2 axis. 
Knockdown of endogenous LATS2 can mimic the result of 
miR-135b upregulation in breast cancer. Taken together, our 
findings reveal that the miR-135b and LATS2 axis may be a 
potential therapeutic target for breast cancer in the future.

Introduction

Breast cancer is one of the most common female maligant 
tumors and a leading cause of cancer mortality worldwide 
each year (1). Genetic mutations have been demonstrated to be 
causative of tumorigenesis in breast cancer. At this point, it is 
essential to develop more effective methods for early diagnosis 
and treatment.

MicroRNAs (miRNAs) are small, non-coding RNAs of 
approximately 19-25 nucleotides acting as critical regulators 
of gene expression (2,3). Mature miRNA plays its role by 
binding to the 3'-untranslated regions (3'-UTRs) of certain 
mRNAs, suppressing target gene expression (4,5). In recent 
decades, miRNAs are confirmed to be involved in many 
important physiological and pathological processes, such 
as cell proliferation, differentiation, virus infection and 
tumorigenesis, and are widely dyregulated in various cancers, 
suggesting that they may function as either tumor-suppressor 
genes or oncogenes (6,7). Alteration of miRNA expression 
has emerged to be one of the key features in cancer-associated 
dysfunction of gene regulatory networks, which can improve 
cancer classification, diagnosis, and clinical prognostic infor-
mation (8). miRNA has become a hot spot in breast cancer 
research whereby miRNAs are believed to have broad pros-
pects in terms of diagnosis and treatment of this disease.

The Hippo pathway, firstly discovered in Drosophila 
melanogaster, is widely considered to be a signaling pathway 
that is important in controlling organ size and tumor progres-
sion by regulating cellular proliferation and promoting 
apoptosis (9). In recent years, accumulated evidence suggests 
that the Hippo signaling pathway plays crucial roles in 
breast cancer. LATS2 (large tumor suppressor kinase 2) is 
an AGC kinase of the NDR family of kinases. It is a tumor 
suppressor of the LATS family, and plays a significant role 
in centrosome duplication, maintenance of mitotic fidelity, 
and genomic stability  (10). LATS2 inhibits cell growth 
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at the G1/S transition by downregulating cyclin  E/CDK2 
kinase activity (11). As an upstream regulator in the Hippo 
pathway, LATS2 can regulate its downstream gene YAP 
(Yes-associated protein). Specifically, phosphorylated and 
activated LATS2 can phosphorylate transcription coactiva-
tors YAP, leading to the YAP cytoplasm retention by 14-3-3 
protein or degradation (12,13). To date, several other miRNAs 
have been proved to target LATS2 in different types of cancer. 
miR-181b regulates ovarian cancer cell growth and invasion 
by targeting LATS2 (14). miR-93 can promote tumor angio-
genesis and metastasis by suppressing LATS2 in human breast 
cancer cells (15). miR-372 disrupts cell cycle in gastric cancer 
cells through direct regulation of LATS2 (16). Recent studies 
indicate that miR-135b is elevated in a variety of cancers such 
as lung cancer, colorectal cancer and hepatocellular cancer, 
and it is also confirmed to be implicated in cancer growth, 
survival, motility, and invasiveness  (17-19). However, the 
specific expression features of miR-135b in breast cancer 
remains undefined, and the potential role and its mechanism 
of action are still unknown.

Our present study aimed to investigate the function of miR-
135b in breast cancer cells. Using qRT-PCR, both our breast 
cancer tissue samples and cancer cell lines had higher miR-135b 
expression levels, as predicted. Moreover, miR-135b serves as 
an oncogene in breast cancer and is a vital regulator of cellular 
proliferation, migration, invasion and cell cycle. LATS2 was 
found to have binding sites for miR-135b in the 3'UTR region. 
We demonstrated that LATS2 is a direct target of miR-135b. 
As the downstream gene of LATS2, CDK2 and p-YAP was 
regulated by miR-135b and LATS2 axis. These results suggest 
that miR-135b may act as a biomarker in breast cancer and that 
downregulation of miR-135b is a feasible therapeutic approach 
for breast cancer that merits further evaluation.

Materials and methods

Specimens and cell lines. In our study, 16 pairs of breast 
cancer and adjacent normal specimens were collected from 
the Department of Breast and Thyroid Surgery of Shanghai 
Tenth People's Hospital, Shanghai, China. The samples were 
immediately snap-frozen in liquid nitrogen. Both tumor and 
normal tissues were histologically confirmed by more than 
one experienced pathologist according to the World Health 
Organization (WHO) using H&E (hematoxylin and eosin) 
staining, and none of these patients had received any chemo-
therapy or radiotherapy prior to surgery.

The human breast cancer cell lines MDA-MB-231, MCF-7, 
MDA-MB-436, HCC1937 and non-malignant breast epithelial 
cell line MCF-10A were purchased from Chinese Academy of 
Sciences in Shanghai. The breast cancer cells were maintained 
in Dulbecco's modified Eagle's medium (DMEM) (Gibco, 
Grand Island, NY, USA) supplemented with 10% Fetal Bovine 
Serum (FBS) (Gibco), penicillin (100 U/ml) and streptomycin 
(100  µg/ml) (Enpromise, Hangzhou, China). MCF-10A 
cells were cultured in Mammary Epithelial Basal Medium 
(MEBM) (Cambrex). All the cells were incubated at 37˚C in a 
humidified chamber supplemented with 5% CO2.

Transfection assay. MiR-135b mimics, inhibitor, LATS2-
siRNA and their negative control (NC) were chemosynthesized 

by Shanghai Genepharma Co., Ltd. (Shanghai, China). Cells 
(1x106) were added into each well of a 6-well plate and cultured 
with DMEM medium without serum and antibiotics. When the 
confluency of breast cancer cells reached 30-50%, miR-135b 
mimics, miR-135b inhibitor, LATS2-siRNA and NC were 
transfected at working concentrations using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer's instructions. After 4-5 h of incubation, DMEM 
medium was replaced by DMEM with 10% FBS, and all the 
cells were incubated at 37˚C in a CO2 incubator for 24 h prior 
to further testing.

RNA extraction and quantitative reverse-transcription 
PCR (qRT-PCR). According to the manufacturer's protocol, 
total RNA was extracted from the cells or tissues using 
TRIzol (Invitrogen). For detection of miR-135b expression, 
primer design and qRT-PCR were carried out according to 
the manufacturer's instructions. The primers used were as 
followed: miR-135b forward, 5'-GCTTATGGCTTTTCATT 
CCT-3', reverse, 5'-GTGCAGGGTCCGAGGT-3'; U6 
forward, 5'-CTCGCTTCGGCAGCACA-3', reverse, 5'-AAC 
GCTTCACGAATTTGCGT-3'. cDNA was generated by 
reverse transcription using the PrimeScript™ RT-PCR kit 
in accordance with the manufacturer's instructions (Takara, 
Tokyo, Japan). Real-time PCR was performed on a 7900HT 
Fast RT-PCR instrument (Applied Biosystems, Singapore). The 
amplification procedure was as follows: 5 min at 95˚C, followed 
by 40 cycles at 95˚C for 30 sec and 65˚C for 45 sec. The relative 
expression was evaluated following the relative quantification 
equation, 2-∆∆CT. Each sample was tested in triplicate.

Quantitative detection of LATS2 was implemented using 
the same strategy. The primers used were as followed: LATS2 
forward, 5'-CTGGAATTCGAAGTGTGAGCAAGGTG 
ATG-3', reverse, 5'-ACGACTAGTGACTTGAGTATGCC 
ACTCAC-3'; β-actin forward, 5'-CATGTACGTTGCTAT 
CCAGGC-3', reverse, 5'-CTCCTTAATGTCACGCACGAT-3'. 
The PCR parameters for relative quantification were as 
follows: 2 min at 95˚C, followed by 40 cycles of 45 sec at 57˚C 
and 45 sec at 72˚C. The relative expression was evaluated 
following the relative quantification equation, 2-∆∆CT. Each 
sample was tested in triplicate.

Cell proliferation assay (MTT assay). Cell proliferation was 
detected using an MTT assay kit (Sigma, Santa Clara, CA, 
USA) in accordance with the manufacturer's instructions. In 
brief, the transfected cells (2x103 cells/well) were seeded into 
96-well culture plates (BD Biosciences, Franklin Lakes, NJ, 
USA) and incubated overnight at 37˚C in 5% CO2. Cell prolif-
eration was assessed at 24, 48, 72 and 96 h following addition 
of 0.5 mg/ml MTT (Sigma) solution. After a 4-h incubation, the 
medium was replaced by 150 µl dimethylsulfoxide (DMSO; 
Sigma). After 10 min of agitation (100 rpm), optical density at 
490 nm was determined on a microplate spectrophotometer. 
Each sample was tested with six replicates. All experiments 
were performed in biological triplicate.

Colony formation assay. Three hundred cells of each group 
were plated in a 6-well plate in complete medium 4 h after trans-
fection. The plates were shaken to disperse the cells equally. 
After 7-10 days, or when the colonies were visible, the culture 
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was terminated and the plates were washed twice in phosphate 
buffered saline (PBS) after removing the complete medium. 
Then the colonies were fixed in 95% ethanol for 10 min, dried 
and stained with 0.1% crystal violet solution for 10 min. Then, 
each plate was washed three times with water, and the number 
of colonies was counted only if the well contained >50 cells. 
The experiment was performed three times.

Wound-healing assay. In the in vitro wound healing assay, 
transfected cells were cultured in 6-well plates until the cell 
confluence reached ~90%. Then the plates were washed in 
PBS after making a scratch in each well using a sterile pipette 
tip. Wound-healing was observed under a light microscope 
and images were captured at the same view at 0, 12, 24 and 
48 h after scratching to observe the process of wound healing. 
The experiments were repeated twice and representative 
photographs are shown.

Transwell invasion assay. A Transwell invasion assay was 
performed by using Chemicon Cell Invasion Assay kit 
(Chemicon, Temecula, CA, USA). The miR-135b mimics or 
miR-135b inhibitor transfected cells (5x104 cells/Transwell) 
were plated in the top chamber of Transwells with a Matrigel 
(2 mg/ml)-coated membrane containing 8-mm diameter pores 
in 200 µl serum-free DMEM. The lower chambers were filled 
with 500 µl of DMEM containing 10% FBS. After 48 h of 
incubation, the membrane was stained with 0.1% crystal violet 
and observed under a microscope after removing the Matrigel 
and cells in the upper chambers. Five fields were randomly 
selected from each membrane, and the number of cells pene-
trating the membrane was counted at a magnification of x200. 
The invasion ability was described as the number of invading 
cells. Each experiment was carried out in triplicate.

Cell cycle assay. At 24 h after transfection, cells were trypsin-
ized and centrifuged at 1000 rpm for 5 min, followed by two 
washes in cold PBS. Then cells were fixed in 70% ice-cold 
ethanol at 4˚C for 24 h. A total of 250 µl 0.05 g/l propidium 
iodide (PI) staining solution was added into each sample and 
incubated for 30 min at room temperature, and cell cycle distri-
bution was analyzed using flow cytometry (FACSCanto™ Ⅱ, 
BD Biosciences, San Jose, CA, USA).

Dual-luciferase reporter assay. HEK293T cells were seeded 
in 12-well plates (BD Biosciences) and cultured until the cells 
reached 80-90% confluence. The 3'-UTR segments of the 
LATS2 mRNA sequence containing the predicted miR-135b 
binding sites were amplified by PCR using the PrimerStar kit 
(Takara). The corresponding mutant constructs were created 
by mutating the seed regions of the miR-135b-binding sites 
(5'-AAGCCAUA-3' to 5'-AACAGTUA-3'). The mutant 
constructs were generated by mutation. The forward primer 
used in the reaction was 5'-CTGGAATTCGAAGTGTGAGC 
AAGGTGATG-3'; and the reverse primer was 5'-ACGA 
CTAGTGACTTGAGTATGCCACTCAC-3'. Fragments were 
subcloned into the XhoI site in the 3'-UTR of Renilla luciferase 
of the psiCHECK-2 reporter vector. Cells were transiently 
cotransfected with 0.2 µg psiCHECK-2/LATS2 3'-UTR or 
psiCHECK-2/LATS2 3'-UTR mutant reporter plasmids and 
together with 100  nmol/l miR-135b or miR-NC using 

Lipofectamine™ 2000 (Invitrogen), according to the manu-
facturer's instructions. After 48 h, firefly and Renilla luciferase 
activities were measured by using a Dual Luciferase Assay 
(Promega, Madison, WI, USA). Firefly luciferase activity was 
normalized to Renilla, and the ratio of firefly/renilla was 
recorded.

Western blotting. Cells were washed in ice-cold PBS and 
resuspended in RIPA lysis buffer (100 µl/well, Beyotime). 
Then the cells were collected and centrifuged for 30 min at 4˚C 
(Eppendorf 5804R, Eppendorf Biotech, Hamburg, Germany). 
Supernatants were collected and the protein concentrations 
were quantified using a BCA protein assay kit (Beyotime). 
Protein samples were denatured with 5X SDS loading buffer 
(Beyotime) at 100˚C for 10 min. Total protein was separated by 
8% sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE, Beyotime) and transferred to a 0.45-µm nitrocel-
lulose membrane (Beyotime). The membrane was incubated 
at 4˚C with primary antibodies against LATS2 (1:1,000; 
Bioworld Technology; Nanjing, China), CDK2 (1:1,000; 
Bioworld Technology), p-YAP (1:1,000; Cell Signaling 
Technology, USA) and β-actin (1:1,000; Bioworld Technology). 
After washing with PBST (Shanghai Engineering Co.), the 
membranes were incubated with secondary antibodies for 
60 min. Immunereactive protein bands were detected with an 
Odyssey Scanning system.

Statistical analysis. Data are presented as the means ± standard 
deviation (SD) from at least three independent experiments. 
The Student's t-test was used to evaluate the differences 
between each group in SPSS 20.0 software. Differences were 
considered significant for P-values <0.05.

Results

miR-135b is upregulated in both human breast cancer 
specimens and breast cancer cell lines. Abnormal expres-
sion of miR-135b has been demonstrated in a variety of 
cancers (20-27). To explore the role of miR-135b in human 
breast cancer, we analyzed 16 pairs of breast cancer tissues 
and adjacent normal specimens in this study. Total RNAs 
were isolated from excised tumor tissues and benign tissues 
of patients with breast cancer. Analysis of miR-135b by real-
time PCR indicated that miR-135b levels were obviously 
upregulated in breast cancer tissues compared with benign 
tissues (P<0.05, Fig. 1A), and a significant upregulation was 
found in 12 of 16 patients (P<0.05, P<0.01, Fig. 1B). Moreover, 
expression of miR-135b was also demontrated to be upregu-
lated in all four collected breast cancer cell lines compared to 
MCF-10A, a non-malignant breast epithelial cell line (P<0.05, 
P<0.01, P<0.001, Fig. 1C). These results imply a potential 
role of miR-135b in breast cancer. In this experiment, we also 
explored the relationship between the number of metastatic 
axillary lymph nodes and the relative miR-135b expression, 
noteworthy, a positive correlation was found between the two 
variables (r=0.737, P<0.01, Fig. 1D).

miR-135b promotes the proliferation of breast cancer cells 
in vitro. To explore the potential role of miR-135b in human 
breast cancer, we first detected the effect of miR-135b on 
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Figure 1. miR-135b is upregulated in human breast cancer cell lines and clinical specimens. The levels of miR-135b were measured by qRT-PCR and 
normalized to the expression of U6. (A) Relative miR-135b expression in 16 paired breast cancer tissues and matched adjacent normal breast tissues. *P<0.05, 
Cancer vs. Normal. (B) Relative miR-135b expression in each patient according to the patient number. *P<0.05, **P<0.01 vs. NC. (C) Relative expression of 
miR-135b in breast cancer cell lines MDA-MB-231, MCF-7, MDA-MB-436 and HCC-1937 compared to MCF-10A. Data represent the 2-∆∆Ct values ± SD; 
*P<0.05, **P<0.01, ***P<0.001 vs. MCF-10A. (D) A positive correlation between the number of metastatic axillary lymph nodes and the relative miR-135b 
expression; r=0.737, **P<0.01.

Figure 2. miR-135b promotes MDA-MB-231 and MCF-7 cell proliferation. (A and B) MDA-MB-231 and MCF-7 cells were transfected with miR-135b mimics 
or inhibitor or miR-NC at 100 nmol/l for 24 h. Relative miR-135b expression was detected by qRT-PCR. Data represent the 2-∆∆Ct values ± SD; ***P<0.001 
vs. NC. (C and D) MDA-MB-231 and MCF-7 cells were transfected with miRNAs. MTT assay was performed to monitor the proliferation level of cells at 24, 
48, 72 and 96 h. Data represent OD 490 nm ± SD; *P<0.05 vs. NC.
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proliferation of breast cancer cells. Two of the most represen-
tative breast cancer cell lines, MDA-MB-231 and MCF-7 cells 
were selected in our following experiments. These two cells 
were transiently transfected with miR-135b mimics, miR-135b 
inhibitor or negative control (NC) and the expression levels of 
miR-135b were detected by quantitative RT-PCR (qRT-PCR) 
(P<0.001, Fig. 2A and B). Cell proliferation assay (MTT assay) 
indicated that overexpression of miR-135b in MDA-MB-231 
and MCF-7 cells promoted an increment in cell proliferation 
(P<0.05, Fig. 2C and D). Inhibition of the endogenous miR-
135b by miR-135b inhibitor led to a significant reduction in 
cell proliferation (P<0.05). Colony formation assays also 
showed much more colony formation in the group transfected 
with miR-135b mimics compared with the NC group, and 
miR-135b inhibitor group showed the opposite result (P<0.05, 
Fig. 3). Our data indicated that miR-135b can promote cell 
proliferation in breast cancer cells in vitro.

miR-135b accelerates cell migration and invasion of breast 
cancer cells in vitro. To investigate how forced expression 
of miR-135b affects cellular migration and invasion, wound 
healing assays and Transwell assays were performed in 
MDA-MB-231 and MCF-7 cells. Cells were transfected with 
miR-135b mimics, miR-135b inhibitor or NC. As shown in 
Fig. 4, 24 h after drawing the ‘scratch’ line in the monolayer 
MDA-MB-231 cells, the miR-135b mimics group nearly filled 
the gap, the NC group still showed a clear gap in the scratched 
region, and miR-135b inhibitor group showed the opposite 

result (P<0.05, P<0.001). The experiments carried out in 
MCF-7 cells also showed a similar trend (P<0.05, P<0.001). 
The results indicate that overexpression of miR-135b in 
MDA-MB-231 and MCF-7 cells accelerated cellular migra-
tion. The Transwell invasion assay revealed that the number 
of MDA-MB-231 and MCF-7 cells penetrating the membrane 
significantly increased at 48 h after miR-135b mimic-trans-
fection as compared to the NC group and miR-135b inhibitor 
group (P<0.05, P<0.01, Fig. 5). Together these results showed 
that overexpression of miR-135b can accelerate cellular migra-
tion and invasion in vitro.

MiR-135b regulates the cell cycle of breast cancer cells. 
Twenty-four hours after the transfection with miR-135b 
mimics, miR-135b inhibitor or NC in MCF-7 cells, flow 
cytometry analysis indicated that the percentage of G0/G1 
phase cells (58.02±0.41%) dramatically decreased in the miR-
135b mimics group, when compared with that of the NC group 
(67.77±0.50%) and miR-135b inhibitor group (72.33±0.58%) 
(P<0.05). At the same time, the proportion of S-phase cells 
increased in the miR-135b mimics group (27.14±0.47%) 
compared with that of the NC group (18.16±0.37%) and 
miR-135b inhibitor group (16.52±0.36%) (P<0.01, P<0.001). 
The percentage of G2/M phase cells was also elevated in 
the miR-135b mimics group (14.84±0.22%) compared with 
that of the NC group (14.07±0.25%) and miR-135b inhibitor 
group (11.15±0.21%) (P<0.01, P<0.001). The experiments 
carried out in MDA-MB-231 cells also showed a similar trend 

Figure 3. miR-135b promotes clony formation in MDA-MB-231 and MCF-7 cells. (A) Colony formation assay showed greater colony formation in the group 
transfected with miR-135b mimics compared with the NC group, and miR-135b inhibitor group showed the opposite result. (B and C) Colony formation 
efficiency in the two breast cancer cell lines. *P<0.05 vs. NC.
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(Fig. 6A  and B). These findings revealed that miR-135b can 
lead to the upregulation of S-phase and G2/M phase cells.

miR-135b regulates the expression of LATS2 and its down-
stream gene in the Hippo pathway. To explore the action 

Figure 4. miR-135b promotes MDA-MB-231 and MCF-7 cell migration. (A) We transfected MDA-MB-231 and MCF-7 cells with 100 nmol/l miR-135b mimics 
or inhibitor and detected changes in their motility using wound healing assay. (B and C) Distance of wound was correlated to cell migration ability. Results 
showed that cell migration was accelerated in miR-135b mimics group at 24 h after transfection, and miR-135b inhibitor group showed the opposite result. 
*P<0.05, ***P<0.001 vs. NC.

Figure 5. miR-135b promotes MDA-MB-231 and MCF-7 cell invasion. (A) We transfected MDA-MB-231 and MCF-7 cells with 100 nmol/l miR-135b mimics 
or inhibitor and detected changes in their motility using Transwell assays. (B) Changes in the number of cells penetrating the membrane in Transwell invasion 
assay. The number of cells penetrating the membrane was more in miR-135b mimics group than that in NC group, and miR-135b inhibitor group showed the 
opposite trend. *P<0.05, **P<0.01 vs. NC.
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mechanism of miR-135b in breast cancer, we screened the 
target genes of miR-135b using Targetscan and microRNA.org 
(http://www.targetscan.org/ and http://www.microrna.org). 
LATS2, an upstream regulator in the Hippo pathway, was 
identified as a candidate. Next, we investigate the correlation 
between the expression of miR-135b and LATS2 in clinical 
breast cancer specimens. Noteworthy, miR-135b levels were 
found to be markedly inversely correlated with LATS2 expres-
sion (r= -0.765, P<0.01, Fig. 7), indicating miR-135b might 
target LATS2 mRNA in breast cancer. To confirm that miR-
135b can bind to the predicted site, we performed a luciferase 
reporter assay in the 293T cell line. As shown in Fig. 8, the 

luciferase activity significantly decreased after co-transfection 
with psi-CHECK-2/LATS2 3'-UTR and miR-135b mimics 

Figure 6. Effects of miR-135b on cell cycle in MDA-MB-231 and MCF-7 cells. (A and B) MDA-MB-231 and MCF-7 cells were transfected with miR-135b 
mimics or miR-135b inhibitor for 24 h. Cell cycle distribution was analyzed by flow cytometry. (C and D) The respective proportion of G0/G1 phase, S-phase 
and G2/M phase of each group. All data are presented as mean ± SD, **P<0.01, ***P<0.001 vs. NC.

Figure 7. miR-135b levels were found to be markedly inversely correlated 
with LATS2 expression in clinical breast cancer specimens; r=  -0.765, 
**P<0.01.

Figure 8. miR-135b regulates LATS2 expression by binding the 3'-UTR 
of LATS2. (A) The binding site for miR-135b in the 3'-UTR of LATS2 
mRNA. (B) The relative luciferase activity was measured in 293T cells 
after co-transfection of the LATS2 3'-UTR or LATS2 3'-UTR mutant lucif-
erase construct with either miR-135b mimics or miR-NC. Data represent 
means ± SD; **P<0.01 vs. NC.
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in comparison with control cells, suggesting that miR-135b 
specifically binds to the 3'-UTR of LATS2 mRNA. The 

impact of miR-135b transfection on LATS2 protein expres-
sion in MDA-MB-231 and MCF-7 cell line was respectively 

Figure 9. miR-135b downregulates LATS2 expression at protein level. CDK2 and p-YAP, can be inhibited by miR-135b and LATS2 axis at the protein level. 
β-actin was used as a control for loading the western blots; *P<0.05 vs. NC. 

Figure 10. Effects of LATS2 in breast cancer cell proliferation, migration, invasion and cell cycle. (A) The level of LATS2 protein was decreased in LATS2 
siRNA group compared with NC group in MDA-MB-231 and MCF-7 cells. *P<0.05 vs. NC. (B) Cells transfected with LATS2 siRNA showed markedly 
stimulative cell proliferation compared with control siRNA. *P<0.05 vs. NC. (C and D) Inhibition of LATS2 promoted the migration and invasion ability. 
*P<0.05, ***P<0.001 vs. NC. (E) Inhibition of LATS2 disrupted the cell cycle; ***P<0.001 vs. NC.
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assessed using western blot assays (Fig. 9). We observed that 
miR-135b was capable of downregulating LATS2 in the cells 
at the protein level. The opposite result was obtained when 
the cells were treated with miR-135b inhibitor, indicating that 
miR-135b is able to attenuate the expression of LATS2 in breast 
cancer cells. Further study demonstrated that the downstream 
gene of LATS2 in the Hippo pathway, such as CDK2 and 
p-YAP, can also be inhibited by miR-135b and LATS2 axis at 
the protein level (Fig. 9). Furthermore, silencing of LATS2 by 
LATS2-siRNA can promote proliferation, invasion, migration 
and disrupte the cell cycle in MDA-MB-231 and MCF-7 breast 
cancer cells (Fig. 10). Thus, our data indicated that miR-135b 
can promote cell growth and disrupt the cell cycle by regu-
lating LATS2 and the Hippo pathway in breast cancer cells.

Discussion

The miRNAs have been confirmed as important regulators 
involved in different biological processes such as cell prolifera-
tion, metastasis, differentiation, transcriptional regulation and 
tumorigenesis (28). Dysregulation of miRNAs is connected 
with initiation and progression of breast cancer, since they may 
serve as oncogenes or tumor suppressors (29,30). In the present 
study, we investigated the role of miR-135b in breast cancer and 
speculate the Hippo pathway as one of its possible mechanism.

The Hippo pathway was discovered 20 years ago in 
Drosophila melanogaster  (31), it is regulated by various 
upstream signals, such as extracellular matrix (32), cell-cell 
contact (33), and cell stress (34). When the Hippo pathway is 
activated, phosphorylated mammalian sterile 20-like kinase 
1/2 (Mst1/2) forms a complex by interacting with Sav1 (also 
known as WW45) (35). The Mst1/2 complex directly phos-
phorylates the large tumor suppressor 1 and 2 (LATS1/2) (36) 
and MOBKL1A/B (also known as MOB1) that forms another 
kinase complex with LATS1/2 (37). Phosphorylated and acti-
vated LATS1/2 phosphorylates transcription coactivators YAP 
and TAZ at S127 and S89, respectively (38-40), leading to the 
YAP/TAZ cytoplasm retention by 14-3-3 or degradation (41). 
Unphosphorylated YAP and TAZ translocate into the nucleus 
to interact with transcription factors, such as TEAD1-4 (42), 
Smads  (43), and p73  (44). As a regulatory factor in the 
Hippo pathway, LATS2 plays its tumor-suppressor role by 
downregulating YAP, a gene promoting breast cancer cell 
proliferation (45). It is reported that LATS2 can also inhibit 
cell growth at the G1/S transition by downregulating CDK2 
kinase activity (11).

In our experiment, we first investigated the expression 
levels of miR-135b in 16-paired clinical breast cancer and 
adjacent normal specimens. Of note, we observed that the 
expression levels of miR-135b were remarkably increased in 
13 of 16 samples relative to paired non-tumor tissues. Similar 
findings were reported in many different tumors, including 
hepatocellular carcinoma (19), colorectal cancer (21), osteo-
sarcoma (26), as well as in glioblastoma multiforme cells (25). 
Based on this finding, we hypothesized that miR-135b might 
be a novel tumor-promoter miRNA in breast cancer. Then 
we investigated the specific role of miR-135b in two typical 
breast cancer cell lines, MDA-MB-231 and MCF-7. Cells were 
transfected with miR-135b mimics, miR-135b inhibitor or NC, 
respectively, to detect the gain-or-loss of function effects on 

various aspects of breast cancer biology. Our results showed 
that the exogenous overexpression of miR-135b regulated by 
miR-135b mimics significantly promoted proliferation and 
colony formation ability of breast cancer cells as measured by 
MTT and colony formation assays. 

Moreover, cell migration and invasion ability was also 
significantly enhanced by overexpression of miR-135b. We 
found that miR-135b inhibitor distinctly arrests cancer cells at 
the G1 phase when compared with the cell cycle of NC group. 
Moreover, we explored the correlation between the expres-
sion levels of miR-135b and LATS2 in clinical breast cancer 
specimens. As expected, we observed a negative correlation 
between the two variables. We then further investigated the 
effects of miR-135b on LATS2 expression in breast cancer 
cells. Western blot assays demonstrated that miR-135b was 
able to downregulate LATS2 protein and its direct target genes 
(CDK2 and YAP) in the Hippo pathway. Luciferase reporter 
assay also identified that miR-135b could directly bind to the 
3'UTR of LATS2. We concluded that knockdown of endoge-
nous LATS2 can mimic the result of miR-135b upregulation in 
breast cancer. Thus, our results showed that miR-135b affected 
the Hippo pathway by downregulating the levels of LATS2 in 
breast cancer cells.

In resent years, several studies on miR-135b and cancer 
was accomplished. Lin et  al  identified that expression of 
miR-135b, LZTS1, LATS2 and nuclear TAZ predicts poor 
outcomes of non-small cell lung cancer (17). Li et al found 
that upregulation of miR-135b level was found to be inversely 
correlated with tumor capsule occurrence and serum hepa-
titis B virus E antigen level (19). In this experiment, we also 
tried to explore the relationship between clinical data and 
miR-135b levels. The number of metastatic axillary lymph 
nodes was found to have a positive correlation with the rela-
tive miR-135b expression in our cases, which suggested that 
miR-135b could be a reliable biological marker in diagnosis of 
breast cancer. Actually, we also analyzed the probable connec-
tions of miR-135b levels with age, tumor size, tumor stage, 
and molecular subtypes of breast cancer, but no significant 
correlation was observed. Since this is a pattern verified only 
in 16 clinical cases, the reliability is relatively low and needs 
to be confirmed in a larger number of samples.

Taken together, our findings demonstrated that miR-135b 
is upregulated in breast cancer tissues and cell lines, and is 
able to promote cellular proliferation, migration and invasion 
as well as disrupt the cell cycle in vitro via direct regulation 
of the expression of LATS2 and the Hippo pathway, indicating 
that miR-135b can serve as a potential therapeutic target for 
breast cancer.
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