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Abstract: Breast cancer (BC) is a leading cause of cancer mortality in women worldwide. MAC30/Transmembrane 
protein 97 (TMEM97) is aberrantly up-regulated in many human carcinoma cells. However, the function of MAC30 
in invasion and EMT of BC cells is uncertain. qRT-PCR was used to determine the level of MAC30 in BC tissues and 
cell lines. si-MAC30 was transfected into BC cells, and the effects of MAC30 silencing on the invasion and EMT 
were explored by qRT-PCR as well as transwell and western blot assays. Also, we determined the effects of MAC30 
silencing on Wnt/β-catenin and PI3K/Akt signaling pathways by western blot. We found that MAC30 is significantly 
up-regulated in BC tissues and cell lines. Down-regulation of MAC30 expression efficiently inhibited the invasion of 
BC cells. Furthermore, the EMT of BC cells was also inhibited by down-regulation of MAC30. Finally, we found that 
MAC30 knockdown inhibited Akt phosphorylation, β-catenin, survivin, and cyclin D1 expressions. To our knowledge, 
this is the first report investigating the effect of MAC30 on invasion and EMT in BC cells by suppressing Wnt/β-
catenin and PI3K/Akt signaling pathways. MAC30 may be a potential therapeutic target for BC.
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Introduction

Breast cancer (BC) is a leading cause of canc- 
er mortality in women worldwide. Every year, 
above 1.3 million women are diagnosed with 
breast cancer and nearly 450,000 women die 
from it [1]. Metastasis, a process by which ca- 
ncer cells invade surrounding tissues and mi- 
grate to distal organs including lung, liver, brain, 
bone, and lymph nodes, is a major cause of 
mortality in breast cancer patients [2]. Since 
breast cancer is a heterogeneous disease, dis-
playing a variety of histopathologic features, 
genetic markers and diverse prognostic out-
comes [3], exploring the mechanism of cancer 
metastasis is instrumental to develop molecu-
lar targets for clinical treatment and improve 
survival. Thus, within each treatment modality, 
ongoing investigations to improve therapeutic 
benefits continue.

Epithelial-mesenchymal transition (EMT) is a 
complex molecular program that regulates ch- 

anges in cell morphology and function during 
embryogenesis and tissue development. EMT 
also contributes to tumor progression and me- 
tastasis [4]. To date, EMT has been the favored 
explanation for distant metastases for epithe- 
lial cancers including breast cancer [5]. The 
steps of EMT include a combination of the mi- 
croenvironment molecules adjusting to accom-
modate cellular expansion to promote tissue 
development in either physiologic or pathologic 
contexts [6-10]. EMT is typically characterized 
as loss of epithelial cell adhesion protein E- 
cadherin and cytokeratins, together with the 
gain of mesenchymal-associated molecules N- 
cadherin, vimentin, and fibronectin [11]. The 
process is described as “cadherin switching”, 
i.e., down-regulation of E-cadherin and up-regu-
lation of N-cadherin [12, 13]. EMT is associated 
with therapy resistance and tumor recurrence. 
Although the role of EMT in tumor invasion and 
metastasis is a topic of interest, the molecular 
mechanism by which EMT is regulated has not 
been fully understood.
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Meningioma-associated protein (MAC30), also 
known as transmembrane protein 97 (TME- 
M97), was originally identified as an overex-
pressed gene in meningiomas [14]. The mRNA 
level of MAC30 is expressed in multiple normal 
organs such as the heart, lung, brain, ovary, 
testis, pregnant uterus, and skeletal muscles 
[15]. However, MAC30 can act as a tumor sup-
pressor or oncogene in carcinomas. The expres-
sion of MAC30 protein was significantly inc- 
reased in colon, gastric, and esophageal can-
cers, whereas MAC30 expression was decre- 
ased in pancreatic cancer cells of primary tu- 
mors and metastases [16]. Moreover, Potapova 
et al. demonstrated that MAC30 worked to 
cause growth suppression and induction of 
apoptosis in prostate carcinoma cells [17]. Be- 
cause MAC30 is a recently identified protein, 
its definite function is still unknown.

In this study, we attempted to explore the ef- 
fects of MAC30 gene silencing on the invasion 
and EMT of breast cancer MCF-7 and MDA-
MB-231 cells and clarify a role for MAC30 and 
possible mechanisms it is involved in.

Materials and methods

Ethics statement

Approval for this study was obtained from the 
Ethics Committee of the Affiliated Shengjing 
Hospital of China Medical University. The par-
ticipants or their legal guardians provided writ-
ten informed consent for research.

Human tumor tissue samples

A total of 30 specimens of breast biopsy were 
obtained from the Affiliated Shengjing Hospital 
of China Medical University between January 
2016 and October 2017. Patients who had a 
history of other types of cancer or who had 
received chemotherapy or radiotherapy prior to 
surgery were excluded from the study. Breast 
cancer tissues and their corresponding adja-
cent non-tumor tissues (≥2 cm from tumor mar-
gin) were collected. The material was stored at 
-80°C. 

Cell culture and reagents

The normal human breast cell line MCF-10A 
and breast cancer cell lines MCF7, BT549, 
Bcap37, and MDA-MB-231 cells were obtained 

from the ATCC (USA). MCF-10A cells were main-
tained in Dulbecco’s modified Eagle’s medium/
nutrient F12 media (Gibco, USA) supplemented 
with 10% house serum (Gibco, USA). BT549 
and Bcap37 cells were maintained in RPMI-
1640 medium (Gibco, USA) supplemented with 
10% fetal bovine serum (FBS, Gibco, USA). 
MDA-MB-231 cells were maintained in L15 
medium (Gibco, USA) supplemented with 10% 
FBS. 

Transfection

Transfection was carried out using Lipofec- 
tamine 3000 (Invitrogen) according to the man-
ufacturer’s instructions. siRNA for MAC30 (si-
MAC30) and siRNA-negative control (si-NC) 
were synthesized and purified by Gene-Pharma 
(Shanghai, China). After 48 hours of transfec-
tion, the efficiency of knockdown was analyzed 
by western blot and qPCR.

Western blot analysis

Cells were washed with cold PBS, lysed with 
ice-cold lysis buffer and incubated on ice for 30 
min. Lysates were centrifuged, supernatants 
were collected, and protein concentration was 
determined using Bio-Rad Protein Reagents 
(Bio-Rad, Hercules, CA). Protein lysates (30 μg) 
were separated by SDS-PAGE, blotted onto 
membranes, and probed with the appropriate 
dilution of each primary antibody. Membranes 
were rinsed and incubated with the appropriate 
horseradish peroxidase-conjugated secondary 
antibody, rinsed again, and the bound antibod-
ies were detected using enhanced chemilumi-
nescence (GE Healthcare, Piscataway, NJ) fol-
lowed by autoradiography in a FluorChemTM 
8900 (Alpha Innotech Corporation, San Lea- 
ndro, CA).

Quantitative reverse transcriptase-polymerase 
chain reaction (RT-PCR)

Total RNA was extracted from BC tissues and 
cell lines using TRIzol reagent (ambion; Invi- 
trogen), and reverse transcription was perfo- 
rmed using a reverse transcription kit (Cat. no. 
RR037A; Takara, Tokyo, Japan), following the 
manufacturers’ instructions. qRT-PCR reactio- 
ns were performed on an ABI 7500 real-time 
PCR system (Applied Biosystems, Waltham, 
MA, USA) using 2× SYBR Premix Ex Taq (Cat. 
No. RR420A, Takara). The levels of expression 
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were normalized by GADPH levels, respectively. 
Each sample was run in triplicate. The primer 
sequences of the genes used in quantitative 
PCR are listed in Table 1. The relative expres-
sion was calculated using the relative quantifi-
cation equation (RQ) =2-ΔΔCt.

Transwell invasion assay 

Invasion assays were performed in uncoated or 
Matrigel (BD Biosciences)-coated 24-well Tr- 
answell chamber (8-µm pore size, Corning Life 
Sciences, Corning, NY, USA). Briefly, cells (3× 
104/well) in 200 µl serum-free medium were 
seeded into the upper chamber, while 600 µl 
medium with 10% FBS were added into the 
lower chamber. After 24 h of incubation at 37°C 
and 5% CO2, cells remaining in the upper cham-
ber were completely removed using a cotton 
swab. Cells attached to the bottom of the mem-
branes were fixed with 4% paraformaldehyde 
and stained with 0.2% crystal violet. Cells were 
imaged from at least five grids per field. Then 
the membranes were rinsed with 30% glacial 
acetic acid. Finally, the wash solution was 
examined at 540 nm to count the number of 

glioma cells. All assays were independently re- 
peated three times.

Statistical analysis

All data are presented as means ± SEM. Sta- 
tistical significance was performed by using the 
GraphPad Prism 5.0 software (GraphPad Soft- 
ware, Inc., La Jolla, CA, USA) and determined by 
Student’s t test. P<0.05 was considered signi- 
ficant.

Results

The MAC30 expression was significantly up-
regulated in BC tissues and cell lines 

We used qRT-PCR and western blot to detect 
the expression of MAC30 in BC tissues and the 
adjacent normal tissues (Figure 1A). Obviously, 
MAC30 expression was significantly up-regulat-
ed in BC tissues. We also used qRT-PCR and 
western blot to detect the MAC30 expression in 
BC cell lines such as MCF-7, BT549, Bcap37, 
MDA-MB-231 and normal human breast cell 
line MCF-10A. The results are shown in Figure 
1B. Compared with MCF-10A, MAC30 expres-
sion was significantly increased in BC cells.

Effect of MAC30 on the invasion and related 
molecules of BC cells

To study the role of MAC30 in invasion of BC 
cells, we evaluated the invasive capacities of 
MCF-7 and MDA-MB-231 cells transfected with 
si-MAC30 (Figure 2A) by Transwell invasion 
assays. The results from Transwell assays sh- 
owed that the invasive capability of MCF-7 and 
MDA-MB-231 cells was remarkably suppressed 
in the si-MAC30 group compared to the si-NC 
group (Figure 2B). These results confirmed that 
MAC30 might play an important role in inhibit-
ing invasion of BC cells. 

Since MMPs are closely correlated with cell 
invasion, we determined the expressions of 
MMP-2 and MMP-9. ELISA showed that knock-
down of MAC30 significantly decreased secre-
tion of MMP-2 and MMP-9 in the culture super-
natants in MCF-7 and MDA-MB-231 cells (Fig- 
ure 2C). Furthermore, we examined the expres-
sions of MMP-2 and MMP-9 at the mRNA level 
by qRT-PCR. After transfection with si-MAC30, 
the mRNA levels of MMP-2 and MMP-9 were 
distinctly down-regulated (Figure 2D). Our re- 

Table 1. Sequence of primers for qRT-PCR
Gene Primer Sequence
MAC30 F: 5’-TACCCAGTCGAGTTTAGAAACCT-3’

R: 5’-TGTCATGGTGTGAACAGAGTAGA-3’
MMP2 F: 5’-TACAGGATCATTGGCTACACACC-3’

R: 5’-GGTCACATCGCTCCAGACT-3’
MMP9 F: 5’-TGTACCGCTATGGTTACACTCG-3’

R: 5’-GGCAGGGACAGTTGCTTCT-3’
E-cadherin F: 5’-TACACTGCCCAGGAGCCAGA-3’

R: 5’-TGGCACCAGTGTCCGGATTA-3’
N-cadherin F: 5’-TCAGGCGTCTGTAGAGGCTT-3’

R: 5’-ATGCACATCCTTCGATAAGACTG-3’
Vimentin F: 5’-GACGCCATCAACACCGAGTT-3’

R: 5’-CTTTGTCGTTGGTTAGCTGGT-3’
Twist F: 5’-GTCCGCAGTCTTACGAGGAG-3’

R: 5’-GCTTGAGGGTCTGAATCTTGCT-3’
Slug F: 5’-CGAACTGGACACACATACAGTG-3’

R: 5’-CTGAGGATCTCTGGTTGTGGT-3’
Snail F: 5’-TCGGAAGCCTAACTACAGCGA-3’

R: 5’-AGATGAGCATTGGCAGCGAG-3’
ZEB1 F: 5’-GATGATGAATGCGAGTCAGATGC-3’

R: 5’-ACAGCAGTGTCTTGTTGTTGT-3’
GAPDH F: 5’-GAGTCAACGGATTTGGTCGTATTG-3’

R: 5’-CCTGGAAGATGGTGATGGGATT-3’
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that knockdown of MAC30 
could inhibit the EMT of BC 
cells.

Down-regulation of MAC30 
restrained both PI3K/Akt 
and Wnt/β-catenin signal-
ing pathways in BC cells

Previous studies have sho- 
wn that PI3K/Akt and Wnt/
β-catenin signaling pathw- 
ays were implicated in regu-
lating the invasion and EMT 
of BC cells [18, 19]. There- 
fore, we evaluated the ef- 
fects of MAC30 on both PI- 
3K/Akt and Wnt/β-catenin 
signaling pathways. The pr- 
otein expressions of Akt, p- 
Akt, β-catenin, and its do- 
wnstream targets survivin, 
and cyclin D1 were mea-
sured by western blotting. 
As shown in Figure 4, kn- 
ockdown of MAC30 signifi-
cantly decreased the pro-
tein expressions of p-Akt, 

sults suggested that decreased expressions of 
MMP-2 and MMP-9 might be a mechanism con-
tributing to the inhibitory effect of MAC30 si- 
lencing on the invasion of BC cells.

Effects of MAC30 on EMT of BC cells

Since EMT is closely related to cancer metasta-
sis, and decreased MAC30 expression could 
inhibit cell invasion, we investigated the func-
tion of MAC30 on EMT in BC cells. We explored 
the effects of MAC30 on the expressions of 
EMT markers in MCF-7 and MDA-MB-231 cells 
using qRT-PCR and western blot. Knockdown of 
MAC30 in MCF-7 and MDA-MB-231 cells signifi-
cantly up-regulated the expression of the epi-
thelial marker E-cadherin and down-regulated 
the expression of mesenchymal markers N-ca- 
dherin and vimentin at both the mRNA and pro-
tein levels (Figure 3A). Furthermore, the expres-
sions of EMT-related transcription factors in 
MCF-7 and MDA-MB-231 cells were also detect-
ed. Decreased MAC30 expression markedly 
decreased the mRNA and protein expressions 
of Slug, Snail, Twist, and ZEB1 in both cell lines 
(Figure 3B). Altogether, our findings revealed 

β-catenin, survivin, and cyclin D1 compared 
with the si-NC group. Our data suggest that 
MAC30 knockdown could inhibit activation of 
PI3K/Ak and Wnt/β-catenin in human BC cells.

Discussion

BC is a serious threat to women’s health and 
life. In recent years the prevention, screening, 
early detection plus surgical resection, radio-
therapy and chemotherapy, endocrine therapy 
and targeted therapy have made progress [20-
24], effectively improving the 5-year survival 
rate of BC. The treatment of drug resistance 
and relapse is still seriously restricting the qual-
ity of life of patients with breast carcinoma [25, 
26]. Therefore, it is meaningful to find new 
molecular markers and drug targets which can 
reduce the recurrence rate and mortality rate 
of BC patients.

EMT, a critical physiologic process during devel-
opment and wound healing, has been implicat-
ed in tumor progression and metastasis, and 
can lead to increased cellular adhesion, apical-
basal polarity, and cellular motility, increasing 
the potential for invasion/metastasis [27-29]. 

Figure 1. The expression of MAC30 in BC tissues and cell lines. A. mRNA levels 
of MAC30 in BC tissues and their corresponding adjacent normal tissues. B. 
Protein expression of MAC30 in BC tissues. C. The mRNA expression of MAC30 
analyzed by qRT-PCR in four BC cell lines: MCF-7, BT549, Bcap37, MDA-MB-231 
and a normal human breast cell line MCF-10A. D. Protein expression of MAC30 
in BC cell lines. All data are presented as the mean ± SEM, n=6. **P<0.01, 
***P<0.001 vs. Normal or MCF-10A.
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To date, the epithelial-mesenchymal transition 
phenomenon has been the favored explanation 
of distant metastases for epithelial cancers 
including breast cancer [30]. This phenomenon 
is characterized by the loss of cell-cell adhe-
sion molecules, down-regulation of epithelial 
differentiation markers, and transcriptional in- 

duction of mesenchymal markers [31]. Loss of 
the epithelial marker E-cadherin and acquisi-
tion of the mesenchymal marker vimentin are 
considered important characteristics of EMT 
[32]. E-cadherin, an adhesion molecule exp- 
ressed in the epithelioid cell phenotype, plays 
an important role in the process of cancer inva-

Figure 2. The effects of si-MAC30 on invasion and the expression of related molecules in BC cells. MCF-7 and MDA-
MB-231 cells were transfected with si-MAC30 or si-NC for 48 hours. A. The expression of si-MAC30 was analyzed by 
qRT-PCR and western blot. B. The invasion of BC cells was assessed by a transwell assay. C. Levels of MMP-2 and 
MMP-9 were detected in the culture supernatants of cultured MCF-7 and MDA-MB-231 cells by ELISA. D. The mRNA 
levels of MMP-2 and MMP-9 were examined by RT-PCR. All data are presented as mean ± SEM, n=6. ##P<0.01, 
###P<0.001 vs. si-NC.
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Figure 3. The effects of si-MAC30 on expressions of EMT-related molecules in BC cells. MCF-7 and MDA-MB-231 cells were transfected with si-MAC30 or si-NC for 48 
hours. A. The mRNA and protein levels of E-cadherin, N-cadherin and vimentin were determined by qRT-PCR and western blot, respectively. B. The mRNA and protein 
levels of Slug, Snail, Twist and ZEB1 were determined by qRT-PCR and western blot. All data are presented as the mean ± SEM, n=6. #P<0.05, ##P<0.01 vs. si-NC.
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expression of E-cadherin 
and decreased the expres-
sions of N-cadherin and 
vimentin in both MCF-7 
and MDA-MB-231 cells.

Previous studies have de- 
monstrated that the PI3K/
Akt pathway plays a critical 
role in malignant tumor pr- 
ogression, and that activa-
tion of Akt is associated 
with cell proliferation, sur-
vival, migration, and inva-
sion [38, 39]. Furthermore, 
the Wnt/β-catenin pathway 
is one of the key signaling 
pathways triggering EMT, 
and its downstream tar-
gets are survivin and cyclin 
D1 [40]. In order to explore 
the mechanism by which 
MAC30 promotes invasion 
and EMT in BC cells, we 
measured the phosphory-
lation of Akt to investigate 
the activation of the PI3K/
Akt pathway and the expr- 
ession of β-catenin, cyclin 
D1 and survivin to study 
the activation of the Wnt/
β-catenin pathway. Our fi- 
ndings showed that inhibi-
tion of MAC30 could red- 

sion. Low expression of E-cadherin might sig-
nificantly enhance the invasion and metastasis 
of breast cancer [33]. Vimentin, also an impor-
tant marker of mesenchymal cells, is closely 
related to invasion, metastasis and EMT of 
breast cancer cells [34]. It has been reported 
that MAC30 expression is significantly up-regu-
lated in breast cancer, and associated with dis-
ease progression and poor patient outcome 
[35, 36]. However, the exact mechanism of 
MAC30 on BC metastasis remains unclear. In 
this study, our results showed that MAC30 
knockdown could down-regulate the mRNA and 
protein levels of MMP-2 and MMP-9 expres-
sion. MMP-2 and MMP-9 are the major matrix 
metalloproteinases (MMPs) mediated by a vari-
ety of signal transduction pathways regulating 
and controlling tumor metastasis [37]. These 
findings indicated a critical function of MAC30 
in degradation of the extracellular matrix. Mo- 
reover, the current results indicated that down-
regulation of MAC30 effectively increased the 

uce the phosphorylation of Akt (Ser473) in both 
MCF-7 and MDA-MB-231 cells. Our data indi-
cate that expression of β-catenin and its down-
stream targets cyclin D1 and survivin were sig-
nificantly suppressed by down-regulation of 
MAC30. MAC30 may accelerate β-catenin deg-
radation in the cytoplasm, and then suppress 
the translocation of β-catenin into the nucleus, 
resulting in inhibition of downstream target 
expressions. A study has indicated that survivin 
is an evolutionarily conserved activator of cell 
migration, invasion, and metastatic dissemina-
tion [41]. Cyclin D1 can activate the down-
stream gene Snail and mediate the occurrence 
of EMT [42, 43]. Therefore, suppression of the 
Wnt/β-catenin signaling pathway by MAC30 
knockdown presumably contributed to inhibi-
tion of invasion and EMT of BC cells.

In conclusion, our data show that MAC30 kn- 
ockdown inhibits invasion and EMT of the br- 
east cancer cells. We also identified a previ-

Figure 4. Down-regulation of MAC30 inhibited both PI3K/Akt and Wnt/β-catenin 
signaling pathways. MCF-7 and MDA-MB-231 cells were transfected with si-
MAC30 or si-NC, the p-Akt, t-Akt, β-catenin, survivin and cyclin D1 protein ex-
pression levels were analyzed by w and western blotting. All data are presented 
as mean ± SEM, n=6. #P<0.05, ##P<0.01 vs. si-NC.
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ously unknown function of MAC30, and down-
regulation of MAC30 inactivated both the Akt 
and Wnt/β-catenin signaling pathways. These 
findings suggested that knockdown of MAC30 
suppressed breast cancer metastasis by inhib-
iting EMT through regulation of both the Akt 
and Wnt/β-catenin signaling pathways, and 
may serve as an attractive therapeutic target.
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