ONCOLOGY REPORTS 42: 1915-1923, 2019

MTMR3 is upregulated in patients with breast cancer
and regulates proliferation, cell cycle progression
and autophagy in breast cancer cells
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Abstract. As a member of the myotubularin family, myotu-
bularin related protein 3 (MTMR3) has been demonstrated
to participate in tumor development, including oral and colon
cancer. However, little is known about its functional roles in
breast cancer. In the present study, the expression of MTMR3 in
breast cancer was evaluated by immunohistochemical staining
of tumor tissues from 172 patients. Online data was then
used for survival analysis from the PROGgeneV2 database.
In vitro, MTMR3 expression was silenced in MDA-MB-231
cells via lentiviral shRNA transduction. MTT, colony forma-
tion and flow cytometry assays were performed in the control
and MTMR3-silenced cells to evaluate the cell growth,
proliferation and cell cycle phase distribution, respectively.
Western blotting was used to evaluate the protein expression
levels of autophagy-related markers. The results demonstrated
that the expression of MTMR3 in breast cancer tissues was
significantly increased compared with adjacent normal tissues.
MTMR3 was highly expressed in triple-negative breast
cancer and was associated with disease recurrence. MTMR3
knockdown in MDA-MB-231 cells inhibited cell prolifera-
tion and induced cell cycle arrest and autophagy. The present
results indicated that MTMR3 may have an important role in
promoting the progression of breast cancer, and its inhibition
may serve as a promising therapeutic target for breast cancer
treatment.
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Introduction

Breast cancer is the second leading cause of cancer-related
deaths in women, and the incidence of breast is estimated
to increase by ~0.5% annually (1,2). Despite enormous
progress on breast cancer therapy, 20% of patients eventu-
ally die of their disease (3,4). Multiple studies have revealed
that breast cancer is a heterogeneous and complex disease,
whose pathophysiology cannot be explained by one or several
mechanisms (5). A number of reliable biological markers have
been found to predict the risk of recurrence and metastasis
of breast cancer. Among these prognostic factors, estrogen
receptor (ER), progesterone receptor (PR) and erb-b2 receptor
tyrosine kinase 2 (HER2) status are significantly associated
with overall clinical outcome (6). In addition, triple-negative
breast cancer (TNBC), which is characterized by absent or
minimal expression of ER, PR and HER2, is more aggressive
and has a worse prognosis compared with the other subtypes
of breast cancer (7). Recently, the expression profile of TNBC
was described in a homogeneous population from northeastern
Mexico and a novel gene signature related to metabolism
was proposed (8). Such expression profiles are valuable
for elucidating the mechanisms involved in tumorigenesis,
diagnosis, prognosis and potential therapies.

Myotubularin related protein 3 (MTMR3) was first
identified as an inositol lipid 3-phosphatase and belongs to the
myotubularin (MTM) family (9). It confers a unique substrate
specificity to phosphatidylinositol(3)-phosphate (PtdIns3P) and
phosphatidylinositol(3,5)-biphosphate [PtdIns(3,5)P2], and the
hydrolysis products, PtdIns and PtdIns5P, regulate cell activity
and tumor progression (9,10). MTMR3 contains a N-terminal
phosphatidylinositol lipids binding domain, a pleckstrin
homology-GRAM (PHG) domain, and a C-terminal modula-
tory domain, that is responsible for endosomal localization
and for binding to Ptdins3P (10). Inositol lipids are thought to
be involved in various cellular functions, including prolifera-
tion, invasion, survival, cell cycle progression, migration and
membrane trafficking (11). Several investigations into MTMR3
have underlined the key role of this gene in cancer develop-
ment (12-14). Oppelt et al (14) reported that MTMR3 is widely
expressed in most cancer cell lines and MTMR3-deficiency
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leads to reduced motility in rhabdomyosarcoma Rh30 cells
and osteosarcoma U20S cells.

Previously, a key role for MTMR3 was revealed in oral
cancer. Kuo et al (15) demonstrated that miR-99a exerts
antimetastatic effects through decreasing MTMR3 levels,
suggesting that MTMR3 may serve as a potential therapeutic
target for oral cancer. In breast cancer, although MTMR3 has
been shown to be associated with cell cycle regulation and
apoptosis in the SK-BR-3 cell line (16), the clinical impacts
and functional role of MTMR3 remain unclear. Autophagy is
a critical intracellular pathway that is associated with the bulk
degradation of cytoplasmic components (17). In addition to
acting as a tumor inhibitor, autophagy can also enhance cell
survival to drive tumor growth and metastasis (18). Notably,
depletion of MTMR3 was demonstrated to trigger autopha-
gosome formation, but overexpression of MTMR3 resulted
in smaller nascent autophagosomes, subsequently blocking
autophagy (19). In breast cancer, MTMR3 has been reported
to be regulated by miR-100, which could mediate apoptosis
of breast cancer (16). However, the functions of MTMR3 in
breast cancer have not been elucidated to date.

The present study explored the prognostic role of MTMR3
in breast cancer, and the effects of MTMR3 silencing in
MDA-MB-231 cells. The aim of the present study was to
investigate the clinical implication of MTMR3 and its potential
biological or functional mechanisms.

Materials and methods

Tissue specimen collection and follow-up. A total of
172 patients were enrolled in the present study. All samples
were collected at Xiangya Hospital (Changsha, China)
between January 2013 and December 2013. For 52 of them,
paired primary tumor tissues and adjacent normal tissues
(>5 cm away from tumor area) were obtained. Formalin-fixed
paraffin-embedded (FFPE) tumor tissues from 120 patients
that underwent surgical removal were used to analyze MTMR3
protein expression levels. These patients were divided into two
groups: Relapse group and non-relapse group. Relapse was
defined as metastases or local recurrence occurring within
5 years; the terminal date for follow-up was January 2018.
The clinicopathological information was obtained from the
patients' records: age, pathology subtypes, status of ER, PR
and HER?2 expression levels, and clinical stage. All cases met
the following inclusion criteria: i) Histologically confirmed
primary breast cancer; ii) patients underwent surgery,
following which there was adequate specimen of tumor tissue;
iii) no metastasis before operation; iv) patient underwent
full follow-up at the hospital after treatment; and v) patients
did not receive preoperative chemotherapy, immunotherapy
or radiotherapy. All samples were evaluated and subjected
to histological diagnosis by pathologists. This study was
approved by the Ethics Committee of the Xiangya Hospital
of Central South University and all patients provided written
informed consent.

Immunohistochemistry (IHC). Staining of all the FFPE tissue
sections (4-um thick) was performed as described previ-
ously (20). Briefly, following 4% paraformaldehyde fixation for
24 h at room temperature, samples were embedded in paraffin

WANG et al: ROLE OF MTMR3 IN BREAST CANCER

and sectioned at 4 ym. Sections of tumors were dewaxed with
xylenes and dehydrated in gradient ethanol, followed by antigen
retrieval in citrate antigen retrieval solution (cat. no. PO081;
Beyotime Institute of Biotechnology). Endogenous peroxidase
blocking buffer (100 pl; cat. no PO100A; Beyotime Institute of
Biotechnology) was added for 10 min to block the endogenous
peroxidase activity. Then, the sections were treated with 100 1
blocking solution (cat. no. B10710; Invitrogen; Thermo Fisher
Scientific, Inc.) and covered with parafilm. Subsequently,
the sections were incubated with primary anti-MTMR3
antibody (1:100; cat. no. 12443; Cell Signaling Technology,
Inc.) overnight at 4°C. After incubation with horseradish
peroxidase (HRP)-conjugated secondary antibody (1:5,000;
cat. no. ab205718; Abcam) for 1 h at room temperature, the
slides were stained with diaminobenzidine (cat. no. D3939;
Sigma-Aldrich; Merck KGaA) for 60 min at room temperature,
followed by counterstaining with hematoxylin (cat. no. C0107;
Beyotime Institute of Biotechnology). The staining was visual-
ized using a light microscope (CKX41; Olympus Corporation)
at x100 and x400 magnification. Positivity and intensity were
assessed by two independent pathologists in a blinded manner,
according to a previous report (21). The staining intensity and
proportion of immune reactive cells were scored, as previously
described (22).

Online overall survival analysis. Survival analysis for the
MTMR3 gene in breast cancer was performed using the
PROGgeneV2 prognostic database (http:/genomics.jefferson.
edu/proggene/) (18). This database includes the prognostic data
from The Cancer Genome Atlas (TCGA) and Gene Expression
Omnibus (GEO) databases, while providing an easy operator
interface. The following parameters were selected in the first
interface: ‘MTMR3’ in Single/multiple user input genes;
‘breast cancer’ in cancer type; ‘death’ in survival measure;
and ‘median’ in bifurcate gene expression. Then, in the second
interface, all the filters were selected, and the plot was created.
According to the median expression level of MTMR3 in
breast cancer tissues, the patient samples were classified into
two groups, higher and lower expression levels. The survival
patient information, including 3 and 5 year-survival rates, was
compared using Kaplan-Meier survival curves.

Cell lines and culture. Human breast cancer cell lines MCF-7,
T47D, BT474, MDA-MB-231 and ZR-75-30, as well as human
embryonic kidney 293T cells, were purchased from The Cell
Bank of Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). The MCF-7, BT474 and ZR-75-30
cell lines were maintained in RPMI-1640 medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Inc.). The
T47D, MDA-MB-231 and 293T cells were grown in DMEM
(Sigma-Aldrich; Merck KGaA) with 10% FBS. All cells were
cultured in a humidified atmosphere with 5% CO, at 37°C.

Construction of recombinant lentivirus vector and cell
infection. The short hairpin (sh) RNA targeting MTMR3
(ShMTMR3, 5'-CCAGTCGAGTATGCAAGTCTTGGTACC
AAGACTTGCATACTCGACTGG-3") and a scrambled nega-
tive control shRNA (shCon, 5-TTCTCCGAACGTGTCACG
TCTCGAGACGTGACACGTTCGGAGAA-3') were designed



ONCOLOGY REPORTS 42: 1915-1923, 2019

using the sequence for the human MTMR3 mRNA under
accession no. NM_021090.3. The lentiviral vectors (transfer,
pFH-L-GFP; packaging, pVSVG-I and pCMVAR®8.92) were
purchased from Shanghai Holly Biotechnology Co., Ltd. The
chemically synthesized oligonucleotides were cloned into the
lentivirus transfer vector, and then co-transfected into 293T
cells with the packing vectors, using Lipofectamine 2000
(Thermo Fisher Scientific, Inc.), following the manufacturer's
protocol. At 48 h post-transfection, the culture media were
collected, filtered through a 45 ym filter (EMD Millipore),
and ultra-centrifuged at 100,000 x g at 4°C for 30 min.
Finally, 200 ul concentrated lentiviral particles were obtained.
MDA-MB-231 cells, as the target cells, were seeded at
5x10* cells/well in 6-well plates prior to transduction with
shMTMR3 or control lentiviral particles. Cells without trans-
duction served as the control (Con) group. The transfection
efficiency was monitored via green fluorescent protein (GFP)
expression.

RNA isolation, reverse transcription and quantitative PCR
(RT-qgPCR). Total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, Inc.) at 4 days post-infection. Total
RNA was then treated with DNase (Ambion; Thermo Fisher
Scientific, Inc.), tested by agarose gel electrophoresis for its
integrity, and converted to cDNA using a RevertAid H Minus
First Strand cDNA Synthesis kit (Thermo Fisher Scientific,
Inc.). gPCR was performed on a Bio-Rad CFX-96 Real-Time
PCR platform using SYBR Green Supermix reagents (Bio-Rad
Laboratories, Inc.). The primers were as follows: MTMR3,
5'-AGCAGAGTGGGCTCAGTGTT-3' (forward) and 5'-ACT
GTCCACGTTTGGTCCTC-3' (reverse); p-actin, 5'-GTG
GACATCCGCAAAGAC-3' (forward) and 5-AAAGGGTGT
AACGCAACTA-3' (reverse). The thermocycling conditions
were as follows: 95°C for 1 min for denaturation, followed
by 40 cycles of 95°C for 5 sec and 60°C for 20 sec. Relative
fold changes in mRNA expression were calculated using the
formula 2444 (23). B-actin was used as the internal reference
for normalization.

Western blotting. Protein sample preparation and western
blot assay were performed as previously described (24).
The primary antibodies used were: anti-MTMR3
(1:500; cat. no. 12443; Cell Signaling Technology, Inc.),
anti-Cyclin DI (1:1,000; cat. no. 60186-1-1g; ProteinTech
Group, Inc.), anti-cyclin-dependent kinase 2 (1:1,000; CDK?2;
cat. no. 11026-2-AP; ProteinTech Group, Inc.), anti-p62
(1:1,000; cat. no. 19117-1-AP; ProteinTech Group, Inc.),
anti-p21 (1:1,000; cat. no. 2947; Cell Signaling Technology,
Inc.), anti-Cyclin E (1:1,000; cat. no. sc-247; Santa Cruz
Biotechnology, Inc.), anti-Cyclin A (1:1,000; cat. no. sc-751;
Santa Cruz Biotechnology, Inc.), anti-cell division cycle 25 A
(1:1,000; cdc25A; sc-7157; Santa Cruz Biotechnology, Inc.),
anti-microtubule associated protein 1 light chain 3 (LC3)
A (1:500; cat. no. 4599; Cell Signaling Technology, Inc.),
anti-LC3B (1:500; cat. no. 3868; Cell Signaling Technology,
Inc.) and anti-GAPDH (1:20,000; cat. no. 10494-1-AP;
ProteinTech Group, Inc.). Bound HRP-labeled secondary
antibody (1:5,000; cat. no. SC-2005 or SC-2054; Santa Cruz
Biotechnology, Inc.) was assayed by super ECL detection
reagent (Pierce; Thermo Fisher Scientific, Inc.). Protein density
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Figure 1. MTMR3 protein expression in breast cancer tissues and adjacent
paracarcinoma tissues. (A) Representative images of negative (-), weak posi-
tive (-4), positive (+) and strongly positive (++) MTMR3 staining by IHC
analysis. (B) Statistical analysis of different degrees of MTMR3 staining
in breast cancer tissues. (C) Expression levels (IHC score) of MTMR3 in
breast cancer tissues and paired adjacent paracarcinoma tissues. MTMR3,
myotubularin related protein 3; IHC, immunohistochemistry.

of western blots was analyzed using ImageJ 1.51k software
(National Institutes of Health).

MTT assay. MTT assay was performed to detect the effect of
MTMR3 knockdown on MDA-MB-231 cell viability. Briefly,
Con, shCon and shMTMR3 cells were seeded in 96-well
plates at a density of 2.5x10° cells/well and incubated for
5 days. Atday 1,2, 3,4, and 5, 20 ul MTT solution (5 mg/ml;
Sigma-Aldrich; Merck KGaA) was added in each well and the
cells were incubated for 4 h. Then, 100 ul acidic isopropanol
(10% SDS, 5% isopropanol and 0.01 M HCI) was added to
dissolve the purple formazan crystals. Finally, the absorbance
at 595 nm was measured with an ELISA reader (Bio-Rad
Laboratories, Inc.).

Colony formation assay. For colony formation assay, 400 cells
per well were seeded in 6-well plates and allowed to grow
for 9 days. Wells containing colonies were washed with PBS,
fixed with paraformaldehyde (3.7%) for 15 min, rinsed once
more with PBS, and then stained with crystal violet for 10 min.
The excess stain was removed by washing three times with
ddH,0, and then the colonies were photographed with a digital
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Figure 2. Survival analysis for MTMR3. Kaplan-Meier plots of the 3-year and 5-year (A) overall survival and (B) relapse-free survival according to MTMR3
expression in the indicated patient databases. MTMR3, myotubularin related protein 3.

camera. The number of cell colonies (>50 cells/colony) was
manually counted using ImagelJ software.

Cell cycle phase distribution analysis. For cell cycle distribu-
tion assay, transduced cells were incubated into 6-cm dishes
at a density of 1x10° cells/dish. After 20 h of incubation,
cells were digested with trypsin, centrifuged, washed twice
with cold PBS, and fixed in pre-chilled 70% ethanol at -20°C
overnight. Then, cells were washed with PBS once again and
stained with propidium iodide. Finally, the cells were analyzed
using a Cell Lab Quanta™ flow cytometer (Beckman Coulter,
Inc.) and the ModFit LT software (version 3.1.0.0; Verity
Software House, Inc.).

Statistical analysis. All quantitative data were expressed as the
mean + standard deviation from three independent experiments.
For the THC results, P-values were calculated using the %> test
and Wilcoxon matched-pairs signed rank test. For the MTT
and cell cycle analysis experiments, two-way ANOVA with
Dunnett's multiple comparisons test was used. For the colony
formation experiments, one-way ANOVA with Dunnett's
multiple comparisons test was used. Statistical analyses were
performed in GraphPad Prism (version 7.0, GraphPad Software)
or SPSS 13.0 software (SPSS, Inc.). P<0.05 was considered to
indicate a statistically significant difference.

Results

Correlation between MTMR3 expression and survival in
patients with BC. To explore the role of MTMR3 in breast
cancer, first, its expression in breast cancer tissues was assessed
using THC. Fig. 1A presents representative photomicrographs
of four degrees of MTMR3 expression intensity. Further
analysis demonstrated that MTMR3 expression was signifi-
cantly higher in breast cancer tissues compared with adjacent
paracarcinoma tissues (Fig. 1B and C; P<0.001). Furthermore,
the association between MTMR3 mRNA expression levels and
overall survival (OS) in breast cancer patients was analyzed
using the publicly-available PROGgeneV2 prognostic database.

The results revealed that high expression of MTMR3 mRNA
in breast cancer may be correlated with poor overall survival
(Fig. 2A; P=0.003), and associated with poor relapse-free
survival (Fig. 2B; P<0.02).

MTMR3 in predicting metastasis and local recurrence of
breast cancer. The clinical characteristics of 120 cases were
reviewed. The median follow-up time was 52 months. The
expression score of 2 (<2 vs. >2), as optimal cut-off value for
MTMR3 evaluation, was determined by receiver operating
characteristic (ROC) curve estimation, giving the score
closest to the point of maximum Youden's index. Based on the
outcome of patients, all samples were divided into two groups.
To elucidate whether MTMR3 expression was associated
to relapse, %> univariate analysis was applied (Table I). The
results demonstrated that there were no significant differences
in 5-years relapse between PR (P=0.102), HER2 (P=0.115)
status and age (P=0.633). By contrast, MTMR3 expression
(P=0.038), ER status (P=0.031), and clinical stage (P=0.004)
were strongly associated with disease recurrence. Thus,
these three variables were included in multivariate logistic
regression model. As described in Table II, although there
was no significant association between MTMR3 expression
and recurrence of breast cancer, lower expression conferred
a moderate reduction in relapse during a 5-year period
(OR=0.412, 95% CI=0.158-1.075, P=0.070). In addition,
because of the observation that ER expression and clinical
stage were strongly associated with clinical outcome, it was
speculated that MTMR3 may be a predictor for recurrence
of breast cancer due to other prognostic factors. To examine
this possibility, Spearman rank correlation analysis was
performed. Notably, MTMR3 expression was demonstrated to
have significant positive correlation with the TNBC subtype
(r=0.209, P=0.022; Table III). However, there was no corre-
lation between MTMR3 staining and ER, PR and HER2
expression or clinical stage (Table III).

MTMR3 knockdown suppresses cell proliferation and colony
formation. As presented in Fig. 3A, all five breast cancer cell
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Table I. Univariate analysis for recurrence within 5 years in
relation to predictive factors.

Variable Relapse Non-relapse x>  P-value
Age (years)

<50 30 45 0.229 0.633
=50 20 25

Clinical stage

I-1I 25 53 8477 0.004
I-1v 25 17

ER status

Negative 30 28 4672 0.031
Positive 20 42

PR status

Negative 29 30 2.676 0.102
Positive 21 40

HER?2 status

Negative 28 29 2483 0.115
Positive 22 41

MTMR3 expression

Low 8 23 4326 0.038
High 42 47

Significant P-values are denoted in bold font. ER, estrogen receptor;
PR, progesterone receptor; HER2, erb-b2 receptor tyrosine kinase 2;
MTMR3, myotubularin related protein 3.

Table II. Results from multivariate logistic regression analyses
comparing selected variables.

Odds  95% confidence
Variable ratio interval P-value
Clinical stage 0.295 0.129-0.672 0.004
(I-1I vs. III)
ER status 2.643 1.192-5.864 0.017
(negative vs. positive)
MTMR3 expression 0412 0.158-1.075 0.070

(low vs. high)

Significant P-values are denoted in bold font. ER, estrogen receptor;
MTMR3, myotubularin related protein 3.

lines tested in the present study expressed the MTMR3 protein.
The MDA-MB-231 cell line had the highest level of MTMR3
expression, and it belongs in the TNBC subtype, thus, it was
selected in the present study for subsequent loss-of-function
experiments. MTMR3 was silenced in MDA-MB-231 cells via
lentiviral sShRNA transduction. The efficacy of MTMR3 knock-
down was determined by RT-qPCR analysis (Fig. 3B); the mRNA
expression levels of MTMR3 was significantly decreased in the
shMTMR3 group compared with the shCon group (P<0.001).
Western blotting further confirmed the successful knockdown
of MTMR3 in MDA-MB-231 cells (Fig. 3C).
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Next, the functional role of MTMR3 was explored. The
proliferative capability was determined by MTT assay.
MTMR3 knockdown resulted in a significant decrease in
cell numbers in a time-dependent manner (Fig. 3D; P<0.001).
However, no change in cell numbers was observed in cells
infected with a control lentivirus compared with untreated
cells. In addition, the clone-forming capacity of MDA-MB-231
cells was evaluated in the three experimental groups
(shMTMR3, shCon and Con). This assay represents the ability
to sustain cell growth without contact attenuation (25). As
presented in Fig. 3E, the single colony size and the numbers of
total colonies formed were reduced in MTMR3-silenced cells
compared with control cells (P<0.001). These results indicated
that MTMR3 may have important roles in the tumorigenesis
of breast cancer cells.

MTMR3 regulates cell cycle progression and autophagy-
related protein expression. To explore the potential molecular
mechanism of cell growth inhibition induced by MTMR3
knockdown, flow cytometry was conducted to determine the
cell cycle distribution. Compared with shCon or Con groups, the
percentage of sSAiMTMR3-cells in the GO/G1 phase and G2/M
phase were significantly increased, while they were signifi-
cantly decreased in the S phase (Fig. 4A and B). These results
suggested that MTMR3 knockdown resulted in disturbed cell
cycle progression, thereby contributing to the decline in cell
proliferation and colony formation. Furthermore, the protein
expression levels of several cell cycle regulators were detected
in MDA-MB-231 cells using western blotting. As presented in
Fig. 4C, MTMR3 knockdown markedly elevated the expres-
sion of p21 and Cyclin A, but reduced the expression of cdc25A
and Cyclin E. The protein expression levels of CDK2 were
slightly increased in the saiMTMR3 group compared with the
shCon group (Fig. 4C).

In addition to cell cycle progression, autophagy is closely
associated with the regulation of cell survival control (26).
Therefore, it was speculated that MTMR3 knockdown may
affect cell autophagy in MDA-MB-231 cells. As presented in
Fig. 4D, MTMR3 knockdown induced a significant increase
in the LC3-II/LC3-I ratio and a reduction in p62, which
suggested that MTMR3 knockdown induced autophagy in
MDA-MB-231 cells.

Discussion

Breast cancer is the most common malignancy among women.
Large numbers of research publications have indicated the
essential roles of numerous genes in growth and viability of
breast cancer cells (27,28). The present study indicated that
high expression levels of MTMR3 may have negative effects
on overall survival and relapse-free survival in patients with
breast cancer. Next, the MTMR3 protein expression levels
were detected in two different groups of patients by THC.
The results of univariate analysis revealed a significant
association of MTMR3 protein expression with cancer relapse
within 5 years; however, multivariate analysis revealed that
MTMR3 expression was not a significant independent prog-
nostic factor. This negative result may be due to low sample
size and follow-up time. Of note, MTMR3 expression was
demonstrated to be positively correlated with TNBC, which
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Table III. Spearman rank correlation analysis of MTMR3 expression and clinical features.

Clinical features ER PR HER2 TNBC Clinical stage
Correlation coefficient (r) -0.66 -0.162 -0.37 0.209 0.074
P-value 0475 0.078 0.685 0.022 0.423

Significant P-values are denoted in bold font. ER, estrogen receptor;

PR, progesterone receptor; HER2, erb-b2 receptor tyrosine kinase 2;

TNBC, triple-negative breast cancer; MTMR3, myotubularin related protein 3.
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Figure 3. Knockdown of MTMR3 suppresses the proliferative and colony formation capacities of MDA-MB-231 cells. (A) Western blot analysis of MTMR3
protein expression in five different breast cancer cell lines. (B) MTMR3 mRNA expression levels detected in shMTMR3, shCon, and Con MDA-MB-231
cells. (C) Western blot analysis of MTMR3 knockdown efficacy in MDA-MB-231 cells. (D) Comparative growth curves of tumor cells in the Con, shCon and
shMTMR3 groups, as measured by MTT assay. (E) Representative images of formed colonies and statistical analysis of colony numbers in the Con, shCon,
and shMTMR3 groups. Representative images of individual colonies in each group were captured at magnification x40. Three independent experiments were
performed. ““P<0.001 vs. shCon. MTMR3, myotubularin related protein 3; sh, short hairpin; Con, control; OD, optical density.

is known to be enriched for genes involved in metastasis or
recurrence-associated signaling pathways.

Notably, MTMR3 acts as a dual function regulatory
molecule to attenuate or enhance tumor growth in different
types of cancer. Briefly, lack of MTMR3 significantly
repressed the proliferative, migratory and invasive potential
of oral cancer cells (15), while MTMR3 exogenous expression
inhibited the clonal growth of transfected lung carcinoma
cells (29). In order to reveal the phenotypes of MTMR3 in
TNBC cells, MTMR3 was silenced in the MDA-MB-231
cell line, which had high expression of MTMR3, via shRNA.
The results revealed that MTMR3 knockdown resulted in
suppressed proliferation and colony formation, suggesting that
MTMR3 may exert protumor activity in TNBC cells.

Dysregulation of cell cycle progression is a key intrinsic
factor in driving tumorigenesis (30). In the present study,

MTMR3 knockdown resulted in an increase of cells in the
GO0/G1 and G2/M phases and a decrease of cells in the S phase,
suggesting that MTMR3 has a role in cell cycle. Based on the
present findings, a mechanism of proliferation and colony
formation inhibition induced by knockdown of MTMR3 may
be mediated through GO/G1 cell cycle arrest. In addition, the
molecular mechanism of this phenotype was explored via
western blot analysis, and the results revealed increased expres-
sion of p21, Cyclin A and CDK2, and suppressed expression
of cdc25A and Cyclin E, following MTMR3 silencing. The
decision for a cell to exit from Gl and enter into the S phase is
closely controlled by these genes (31,32). Adenovirus-mediated
overexpression of p21 can prevent proliferation of rat vascular
smooth muscle cells (33). Lim et al (34) demonstrated that
knockdown of metallothionein-2A abrogated cell growth via
prevention of G1 to S phase transition though upregulation of
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Figure 4. Knockdown of MTMR3 alters cell cycle progression and related protein expression in MDA-MB-231 cells. (A and B) Cell cycle distribution was
analyzed by flow cytometry. Representative plots and quantification of percentage of cells in each cell cycle phase is shown. (C) Western blot analysis of proteins
associated with cell cycle regulation in MDA-MB-231 cells. (D) Western blot analysis of proteins associated with autophagy regulation in MDA-MB-231 cells.

Three independent experiments were performed. “P<0.01,

ok

cdc25A, cell division cycle 25 A; CDK2, cyclin-dependent kinase 2; LC3, microtubule associated protein 1 light chain 3.

ataxia telangiectasia mutated and downregulation of cdc25A.
It was reported that E2F-induced cell growth can be inhibited
by miR-15 and miR-16, due to their role in downregulating
Cyclin E (35). Suppression of CDK?2 and CDK4 is responsible
for attenuation of cell proliferation mediated by C/EBPa. (36).
By contrast, the activation of CyclinA/CDK2 complex is

P<0.001 vs. shCon. MTMR3, myotubularin related protein 3; sh, short hairpin; Con, control;

considered a key factor for primary lung cancer cell prolif-
eration (37). The present results suggested that knockdown of
MTMR3 repressed the proliferation and colony formation of
MDA-MB-231 cells via blocking Gl-to-S transition through
effects on regulators of S-phase entry, p21, cdc25A, Cyclin E,
Cyclin A and CDK2.
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Autophagy is a cellular degradation process that has
an important role in tumor development, progression and
therapy response (38-40). Activation of autophagy may
prolong survival of tumor cells, and paradoxically, a defect
in autophagy may also have a role in carcinogenesis and
tumor progression (41). A previous study has reported that
MTMR3 is an autophagy-related molecule that participates
in initiation of autophagy (42). Taguchi-Atarashi et al (19)
demonstrated that specific knockdown of MTMR3 enhanced
autophagosome formation, which was modulated by local
levels of Ptdlns3P. Conversely, MTMR3 caused a reduced
autophagic activity and smaller nascent autophagosomes
when overexpressed (19). LC3A and LC3B are widely
used as autophagy biomarkers, and the type I (16 kDa) is
converted to type II (14 kDa) (43). A significant upregula-
tion in the LC3-II/LC3-I ratio was observed in the present
study following MTMR3 knockdown, implying an activation
of autophagy. A previous study has reported that autophagy
suppresses carcinogenesis via elimination of p62, a multi-
domain protein (44). In the present study, downregulation
of p62 was observed in the MTMR3-knockdown group.
Based on the present results, MTMR3 knockdown inducing
activation of autophagy may be related to the decreased
proliferation and colony formation in MDA-MB-231 cells.
One of the limitations of the present study is that experi-
ments were performed only in vitro and only in one cell line;
therefore, further studies are needed with additional cell lines
and in vivo models to confirm these results.

In conclusion, the present study demonstrated that high
levels of MTMR3 were associated with relapse-free survival
and the TNBC subtype, as well as with a protumorigenic
function in human breast cancer cells. Knockdown of MTMR3
suppressed proliferation and colony formation through cell
cycle arrest and autophagy in MDA-MB-231 cells. These
results provided novel insights into the pathological mechanism
of breast cancer and may facilitate the exploration of novel
therapeutic targets.
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