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Abstract

Breast cancer is the most common malignancy among women worldwide. Functional studies have demonstrated that miRNA dysregulation in
many cases of cancer, in which miRNAs act as either oncogenes or tumor suppressor. Here we report that miR-345-3p is generally upregulated
in breast cancer tissues and breast cancer cell lines. Overexpression and inhibition of miR-345-3p revealed its capacity in regulating prolifer
ation and invasion of breast cancer cells. Further research identified protein phosphatase 2 catalytic subunit alpha (PPP2CA), a suppressor of
AKT phosphorylation, as a candidate target of miR-345-3p. /n vitro, miR-345-3p mimics promoted AKT phosphorylation by targeting its negative
regulator, PPP2CA. Blocking miR-345-3p relieved its inhibition of PPP2CA, which attenuated PI3K-AKT signaling pathway. /n vivo, inhibiting miR-
345-3p by miR-345-3p-inhibition lentivirus suppressed tumor growth and invasiveness in mice. Together, the miR-345-3p/PPP2CA signaling axis
exhibits tumor-promoting functions by regulating proliferation and invasion of breast cancer cells. These data provide a clue to novel therapeutic

approaches for breast cancer.

Abbreviations: FBS, fetal bovine serum; FISH, fluorescence in situ hybridization; miRNA, microRNAs; STR, short tandem repeat.

Introduction

Breast cancer is the most common cancer among women world-
wide, accounting for approximately 30% of all new cases in fe-
male cancers (1). Despite significant improvements in diagnosis
and treatment modalities, breast cancer remains the second
leading cause of cancer-related death for women globally, ac-
counting for approximately 15% of all death cases in female
cancers (1,2). The high rates of cancer-related death are majorly
linked to metastasis and recurrence (3-6), which hinders sat-
isfactory of treatment. Therefore, identifying molecular mech-
anism involved in breast cancer initiation and progression is
urgently needed to find effective targets and treat breast cancer.

MicroRNAs (miRNAs) are a class of small non-coding
RNA molecules with a length of approximately 22 nucleo-
tides, which play a regulatory role in gene expression and a
range of biological functions, including cell differentiation,
proliferation and survival by binding to their complemen-
tary target mRNAs, resulting in mRNA post-translation
repression or degradation (7,8). Many miRNAs are evolu-
tionarily conserved across evolution (9,10), which implies
that these miRNAs direct essential processes during de-
velopment. There is considerable evidence to indicate that

miRNAs are involved in the development and progression
of cancer (11-14). In different types of cancers, miRNAs can
function as either oncogenes or tumor suppressor through
expression regulation of their target genes. Importantly,
cancer-associated microRNA can be detected in biological
fluids, such as urine, saliva and serum, allowing less-invasive
monitoring and diagnosis (15-17). A previous study found
that miR-345-3p regulated endothelial function and lipid
homeostasis through the TAK1/p38/NF-kB pathway (18).
Another report demonstrated the protective function of
miR-345-3p in patients with GDM (19). However, the role
of miR-345-3p in breast cancer has not yet been investigated.

In this study, we confirmed that miR-345-3p was
upregulated in breast cancer tissues and breast cancer cell
lines. Moreover, elevated miR-345-3p promotes prolifer-
ation and invasion of breast cancer cells by downregulating
PPP2CA, a well-known suppressor of AKT phosphoryl-
ation, thereby activating PI3K-AKT signaling pathway.
Furthermore, both iz vitro and in vivo studies demonstrated
that knockdown of miR-345-3p remarkably attenuated the
proliferation and invasion of breast cancer cells. Collectively,
our findings revealed a biological mechanism by which
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miR-345-3p contributes to breast cancer proliferation and
invasion, providing a clue to novel targets for therapeutic
strategies.

Materials and methods

Cell lines and culture

The MDA-MB-231 and MCEF-7 cells were purchased
from Kunming Institute of Zoology, Chinese Academy of
Sciences. The SK-BR3 and MCF-10A cells were purchased
from Procell (Wuhan, China). T47D cells were purchased
from National Collection of Authenticated Cell Cultures
(Shanghai, China). All cells were authenticated using short
tandem repeat (STR) profiling at the time of purchase
(2021). MCF-7, T47D and SK-BR3 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. MDA-MB-231 cells were cultured
in DMEM/F-12 (1:1) medium (BasalMedia, China) supple-
mented with 10% fetal bovine serum (FBS; Gibco, USA)
and 1% penicillin/streptomycin. MCF-10A cells were cul-
tured in MCF-10A special medium (Procell Life Science
&Technology, China). All cells were cultured in a humidi-
fied atmosphere of 5% CO2 at 37°C according to ATCC
standard protocols.

RNA extraction and quantitative real-time RT-PCR
Total RNA was extracted using Trizol reagent (Takara,
Japan) according to the manufacturer’s instructions. For re-
verse transcription of RNA, 1 pg of total RNA was reverse-
transcribed using miRNA ALL-In-One ¢cDNA synthesis kit
(abm, Canada) and PrimeScript RT reagent kit (TaKaRa,
Japan). Quantitative PCR was performed using EvaGreeen
miRNA qPCR MaterMix (abm, Canada) and SYBR Premix
Ex Taq II (TaKaRa, Japan). U6 and fB-actin served as the in-
ternal control to quantify the relative expression of miRNA
and mRNA. Primer sequences for the detected genes were
listed in Supplementary Table S1, available at Carcinogenesis
online.

Clinical breast tumor samples

Human breast cancer tissue and its paired adjacent normal tis-
sues are from the Department of Pathology, the First Affiliated
Hospital of Chongqing Medical University. According to the
patients’ medical records, the tissues from patients with breast
cancer without previous radiotherapy or chemotherapy are
selected for experiment. Tissues were fixed in 10% formalin
for 24 h at room temperature, embedded in paraffin as for
routine histology, sectioned at 4 um thickness and dried thor-
oughly at 50°C overnight for subsequence analysis.

Fluorescence in situ hybridization

MicroRNA fluorescence in situ hybridization (FISH) probe
and FISH kit (GenePharma, China) were used for detection
of miR-345-3p in human breast cancer tissues and paired
normal mammary tissues. FISH was performed according to
the manufacturer’s protocols. Briefly, after dewaxing, the par-
affin sections were digested with proteinase K and denatured
at 78°C for 8 min, and then hybridized with the pre-denatured
miR-345-3p FISH Probe at 37°C overnight. The nucleus was
stained with DAPIL. The picture was captured by a confocal
microscope (Leica TCS SP8, Germany).
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Cell transfection, lentivirus infection and plasmids
constructs

The GV272-PPP2CA-3’-UTR-WT plasmid which contains
the putative miR-345-3p-binding sites and GV272-PPP2CA-
3’-UTR-MUT plasmid whose putative miR-345-3p-binding
sites was mutated were acquired from Genechem (Shanghai,
China). All constructs were confirmed by DNA sequencing.
To establish the stably interfered cells, cells were transfected
with the hsa-miR-345-3p-inhibition lentivirus (Genechem,
Shanghai, China) and control lentivirus (Genechem, Shanghai,
China) for 48 h, and then undergoing selection with puro-
mycin for 2 weeks. The miR-345-3p mimics/inhibitor and
the negative control (NC) were purchased from GenePharma
(Shanghai, China). PPP2CA siRNA was synthesized from
Labcell (Chongging, China). The sequences of PPP2CA
siRNA were provided in Supplementary Table S1, available
at Carcinogenesis online. Lipofectamine 2000 (Invitrogen,
Grand Island, NY, USA) was used for transfection following
the manufacturer’s instructions.

Measurement of cell growth

Cell Counting Kit-8 (CCK-8) (MCE, China) assay was used
to determine viability of the indicated cells. Briefly, the cells
of each group were transfected with corresponding reagents,
and negative control (NC) served as the control. After 48 h of
treatment, cell suspension was seeded in 96-well plates at a
density of 5 x 10° cells/ well. After cultured for 24 h, 48 h, and
72 h, respectively, cells were incubated in 10% Cell Counting
Kit-8 (CCK-8) at 37°C for 1.5 h. The optical density (OD)
value at 450 nm was read in digital spectrophotometer. Each
experiment was repeated three times.

Wound-healing assay

Cells were planted into 6-well plate. Cells in different groups
were transfected with indicated reagents when the cell con-
fluence reaching 60%-80%. A pipette tip was used to make
a scratch in the monolayer, and removing floating cells with
PBS. The remaining adherent cells were culture in serum-free
medium to satisfy cell growth and wound healing. After cul-
tured for O h, 12 h, 24 h, and 36 h, respectively, images were
taken with the phase contrast microscope (Olympus, Tokyo,
Japan).

Transwell assay

The Matrigel (1:8 dilution; BD Bioscience) was diluted with
serum-free medium, and the chamber containing 100 pl
of diluted Matrigel was incubated at 37°C for 1.5 h. The
transwell chamber was placed on a 24-well plate whose lower
chamber containing 500 pl medium with 10% FBS according
to manufacturer’s protocols. The treated cells were washed
with PBS and resuspended in serum-free medium, and 200
pl serum-free medium containing 2 x 10*-3 x 10* cells was
added to each chamber. After cultured for 48 h, the invading
cells transferred to the lower layer were fixed, stained with
crystal violet, and imaged under microscope.

Western blotting

Protein was extracted from the indicated cells using RIPA
lysis buffer (Beyotime, China) supplemented with protease in-
hibitors PMSF (Beyotime, China). The protein concentration
was measured using bicinchoninic acid (BCA) protein assay
kit (Beyotime, China). The lysates isolated from indicated
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cells were separated by 10% SDS—polyacrylamide gels and
immunoblotted with appropriate antibodies. The specific pri-
mary antibodies against E-cadherin (20874-1-AP, Proteintech;
1:1000), N-cadherin (22018-1-AP, Proteintech; 1:1000),
MMP2 (66366-1-lg, Proteintech; 1:1000), Snail (3895S, Cell
Signaling Technology; 1:1000), c-Myc (5605T, Cell Signaling
Technology; 1:1000), CyclinD1 (01435a, wanleibio; 1:1000),
Bcl-2 (BF9103, Affinity; 1:1000), Bax (2772T, Cell Signaling
Technology; 1:1000), a-Tubulin (66031-1-lg, Proteintech;
1:1000), PPP2CA (AF4753, Affinity; 1:1000), p-Akt (40608,
Cell Signaling Technology, 1:1000), AKT (C67E7, Cell
Signaling Technology, 1:1000) were used and incubated at
4°C overnight. The membranes were then incubated with
the peroxidase conjugated secondary antibody (Bioworld,
1:10000) for 1 h at room temperature. The proteins were
visualized by enhanced chemiluminescence assay (Millipore
Corporation).

Luciferase reporter assay

Cells cultured in 24-well plates were co-transfected with
1 pg of wide-type or mutated PPP2CA 3'UTR constructs,
and NC or miR-345-3p mimics using Lipofectamine 2000
(Invitrogen, Grand Island, NY, USA) according to the
manufacturer’s instruction. Luciferase activity was measured
48 h after transfection using the Luc-Pair™ Duo-Luciferase
HS Assay Kit (GeneCopoeia, USA). Firefly luciferase ac-
tivity was normalized to Renilla luciferase activity for each
sample.

Xenograft mouse model

Animal experiments were conducted in accordance with
standard guidelines on animal care approved by the Chongqing
Medical University Experimental Animal Management
Committee. Breast cancer cells (1 x 10° cells in 150 ul PBS)
were transduced with hsa-miR-345-3p-inhibition lentiviral
vector (experimental group) or with control vector (control
group), and injected subcutaneously into BALB/c-nude mice
aged 3—4 weeks. Three mice were used in each group. Tumor
volumes were measured by caliper every week and calcu-
lated based on the following formula: tumor volume (mm?)
= 1/2 length x width?. At the end of animal experiments, mice
were sacrificed. Tumor tissue were isolated, weighed, photo-
graphed, and used for further immunohistochemistry (IHC)
staining to detect associated protein expression.

Immunohistochemistry

Paraffin-embedded samples from mice were sectioned at 4
pm thickness, and then deparaffinied in xylene, rehydrated
through a graded alcohol series and retrieved in 10 mM so-
dium citrate buffer (pH 6.0). Then the slides were incubated
with hydrogen peroxide to block endogenous peroxidase ac-
tivity, followed by incubation in 10% goat serum to block
nonspecific binding. The tissue sections were incubated with
primary antibodies at 4 °C overnight and subsequently fol-
lowed by HRP secondary antibody at room temperature for
30 min, then stained with diaminobenizidine. The specific
primary antibodies against PPP2CA (2259T, Cell Signaling
Technology, 1:25), Ki67 (GB111499, Servicebio, 1:100),
E-cadherin (GB12082, Servicebio, 1:100), N-cadherin (22018-
1-AP, Proteintech; 1:100) were used. DAB (SA-HRP) Tunel
Cell Apoptosis Detection Kit (G1507-100T, Servicebio) were
used for detection of cell apoptosis in the tissue sections. IHC
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stainings were visualized and imaged with the microscopy
(Nikon ECLIPSE Ti-s, Japan).

Statistical analysis

The SPSS 20.0 statistical software and GraphPad Prism 8.0
were used for statistical analysis. The results were presented
as means = SD. Student’s #-test and one-way analysis of vari-
ance (ANOVA) were used to evaluate the significance of two
groups and multiple groups respectively. Each experiment
was performed independently at least three times. Differences
with P-value < 0.05 were considered statistically significant.

Results

miR-345-3p is upregulated in breast cancer
tissues and breast cancer cell lines, and positively
correlated with poor prognosis

To investigate the role of miR-345-3p in breast cancer patho-
genesis, we firstly determined the expression level of miR-
345-3p by taking advantage of the TCGA database. As shown
in Figure 1A, miR-345-3p expression was significantly ele-
vated in breast cancer tissues compared with their adjacent
normal breast tissues. We next performed further verification
in the cell lines. MCF-7, T47D, SKBR3, MDA-MB-231 cells
and normal mammary epithelial cells MCF-10A were used. As
shown in Figure 1B, compared to normal breast cells, the in-
creased miR-345-3p expression was detected in several breast
cancer cells. Furthermore, the expression of miR-345-3p was
obviously upregulated in highly metastatic MDA-MB-231
and SKBR3 cells in comparison with lowly metastatic MCF-7
and T47D cells. These results suggest that miR-345-3p expres-
sion may be positively correlated with the metastatic ability
of breast cancer cells. We observed that miR-345-3p expres-
sion was elevated in tumor tissues by using FISH, whereas
little fluorescence signal was detected in their corresponding
normal tissues (Figure 1C). In addition, Kaplan-Meier plot
demonstrated that breast cancer patients with higher expres-
sion of miR-345-3p had worse prognosis from TCGA data-
base (Figure 1D; Supplementary Figures S4-S6). These data
indicated that increased miR-345-3p expression in breast
cancer was positively correlated with poor prognosis.

miR-345-3p promotes proliferation and invasion of
breast cancer cells

To study the contribution of miR-345-3p to proliferation
and invasion of breast cancer cells, we ectopically expressed
miR-345-3p in MCEF-7 cells which have low endogenous
miR-345-3p expression, and knocked down miR-345-3p ex-
pression in MDA-MB-231 cells with high miR-345-3p level.
MCEF-7 and MDA-MB-231 cells were transfected with miR-
345-3p mimics and miR-345-3p inhibitors respectively, and
the transfection efficiency was verified by qRT-PCR (Figure
2A). The wound-healing assay revealed that compared to
control cells, overexpression of miR-345-3p significantly pro-
moted the migration of MCF-7 cells. In contrast, knockdown
of miR-345-3p with the oligonucleotide inhibitor remark-
ably attenuated the migration of MDA-MB-231 cells (Figure
2B). Meanwhile, the capacity of proliferation in breast cancer
cells was detected by CCK-8 assay. As demonstrated in Figure
2C, miR-345-3p mimics treatment resulted in remarkable in-
crease in proliferation of MCF-7 cells. On the contrary, inhib-
ition of miR-345-3p suppressed the proliferation capacity of
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Figure 1. The upregulation of miR-345-3p in breast cancer cell lines and tissues is positively correlated with poor prognosis. A, miR-345-3p expression
was elevated in breast cancer tissues compared with their adjacent normal breast tissues in TCGA database. B, High miR-345-3p level was detected
in breast cancer cell lines (MCF-7, T47D, SKBR3, MDA-MB-231) compared with human normal mammary epithelial cells (MCF-10A) by using gRT-PCR
analysis. U6 RNA served as the internal control. C, miR-345-3p expression was visualized in human breast cancer tissues and their adjacent normal
breast tissues by FISH assays. Representative images of miR-345-3p in tissues are shown. DAPI: 4',6-diamidino-2-phenylindole; the used probe:
miR-345-3p. Scale bar, 50 pm. D, High level of miR-345-3p was positively correlated with poor prognosis. All data are presented as the mean + SD of
triplicate experiments. The P-values < 0.05 were considered statistically significant. *P < 0.05, **P < 0.01, *+*P < 0.001, ****P < 0.0001.

MDA-MB-231 cells (Figure 2C). In accordance with these re-
sults, the Transwell invasion assay showed that miR-345-3p
could increase the invasion ability of MCF-7 cells significantly,
whereas control cells barely penetrated matrigel (Figure 2D).
However, knockdown of miR-345-3p significantly attenuated
invasiveness in MDA-MB-231 cells (Figure 2D). Furthermore,
we measured the expression level of several protein markers
involved in epithelial-mesenchymal transition (EMT) pro-
cess. As expected, overexpression of miR-345-3p significantly
upregulated the expression of proteins positively related to
cell invasion such as N-cadherin, MMP2, snail in comparison
with their control cells, whereas the expression of epithelial
marker E-cadherin was notably decreased under miR-345-3p
mimics treatment (Figure 2E). In contrast, compared to the
control of inhibitors NC cells, high E-cadherin expression
and low N-cadherin, MMP2, snail expression were detected
in MDA-MB-231 cells transfected with miR-345-3p inhibitors
(Figure 2E). To further identify the molecular mechanism of
miR-345-3p on breast cancer cell proliferation, we examined
the expression of several protein markers involved in cell cycle
process and apoptosis. As shown in Figure 2E, there is no sig-
nificant difference in c-Myc and cyclinD1 expression between
control cells and cells transfected with miR-345-3p mimics
or miR-345-3p inhibitors. However, overexpression of miR-
345-3p upregulated expression of Bcl-2 and downregulated
expression of Bax. Likewise, miR-345-3p inhibitors treatment

resulted in increased expression of Bax and decreased expres-
sion of Bcl-2. To further confirm this finding, we performed
TUNEL assay and flow cytometry assay. TUNEL assay revealed
that miR-345-3p mimics suppressed apoptosis compared with
the control in MCF-7 cells (Supplementary Figure S1A, avail-
able at Carcinogenesis online). On the contrary, miR-345-3p
inhibitors markedly promoted apoptosis (Supplementary
Figure S1B, available at Carcinogenesis online). However, nei-
ther miR-345-3p mimics nor miR-345-3p inhibitors could
regulate cell cycle (Supplementary Figure S1C and D, available
at Carcinogenesis online). Taken together, these results sug-
gested that miR-345-3p promoted proliferation and invasion
of breast cancer cells and miR-345-3p affected cell prolifer-
ation by regulating apoptosis rather than cell cycle.

miR-345-3p mediates proliferation and invasion of
breast cancer cells by regulating its downstream
targets PPP2CA

To further elucidate the molecular mechanisms how miR-
345-3p could participate in proliferation and invasion of
breast cancer cells, we sought to identify downstream ef-
fectors of miR-345-3p using bioinformatics prediction
websites miRDB, Targetscan and miRtarbase. A total of
22 genes were found in all the three databases (Figure 3A,
Supplementary Table S2, available at Carcinogenesis on-
line). Moreover, pathways involved in these 22 genes were
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Figure 2. MiR-345-3p promotes proliferation and invasion of breast cancer cells. A, The transfection efficiency was verified by gRT-PCR. Twenty-four
hours after transfection, the expression level of miR-345-3p was detected by g-PCR. U6 RNA served as the internal control. B, The effect of miR-345-3p
on cell migration was examined by wound-healing assay. The wound-healing efficacy were tested in miR-345-3p-knocked down cells, miR-345-3p-
overexpression cells and their control cells at 12 h, 24 h, 36 h. C, The effect of miR-345-3p on cell viability was analyzed by CCK-8 assay. Relative cell
viability of MCF-7 and MDA-MB-231 cells after transfection with miR-345-3p mimics and miR-345-3p inhibitors respectively were detected by CCK-8
assay at 24 h, 48 h, 72 h. D, The effect of miR-345-3p on cell invasion ability was measured by the transwell assay. E, The effect of miR-345-3p on EMT
was detected by Western blot assay. Forty-eight hours after treatment, cell lysates were prepared and measured by Western blotting with the indicated
antibodies. a-Tubulin was used as a loading control. All data are presented as the mean + SD of triplicate experiments. The P-values < 0.05 were
considered statistically significant. *P < 0.05, **P < 0.01, **»*P < 0.001, ***+P < 0.0001.

analyzed with KOBAS 3.0. The results indicated that 5 signal
pathways were predicted to be involved (P < 0.05), including
autophagy, PI3K-Akt signaling pathway, Sphingolipid
signaling pathway, AMPK signaling pathway, and panto-
thenate and CoA biosynthesis (Figure 3B, Supplementary
Table S3, available at Carcinogenesis online). Furthermore,
among the prediction scores of miRDB, PPP2CA had a higher
score and participated in multiple pathways involved in these
common 22 genes (Supplementary Tables S2 and S3, avail-
able at Carcinogenesis online). Therefore, we finally identified
PPP2CA as the potential downstream target of miR-345-3p.
To further evaluate whether miR-345-3p directly inter-
acted with the 3 UTR of PPP2CA, we predicted miR-345-
3p-binding site by taking advantage of web-based software
TargetScan (Figure 3C). Moreover, the dual-luciferase UTR
vectors carrying the wild-type 3° UTR of PPP2CA (PPP2CA
3’ UTR WT) and the mutant 3 UTR of PPP2CA (PPP2CA 3’
UTR MUT) in which miR-345-3p-binding site was mutated
were constructed for luciferase reporter assays. MCF-7 cells

were transfected with the indicated dual-luciferase vectors to-
gether with the control or with miR-345-3p mimics. As shown
in Figure 3D, miR-345-3p mimics significantly decreased the
luciferase activity driven by PPP2CA 3" UTR WT. In contrast,
miR-345-3p mimics had no significant effect on the luciferase
activity of PPP2CA 3 UTR MUT vector. Consistent with
these observations, miR-345-3p mimics treatment obviously
reduced the PPP2CA expressions at both mRNA and protein
levels in MCF-7 cells (Figure 3E and F). Besides, inhibition of
miR-345-3p resulted in a remarkable increase in PPP2CA at
mRNA and protein levels (Figure 3E and F), hence supporting
the hypothesis that PPP2CA is a direct target of miR-345-3p.

Furthermore, to study the functional roles of miR-345-
3p-mediated upregulation of PPP2CA in proliferation
and invasion of breast cancer cells, siRNA-mediated si-
lencing of PPP2CA was performed in MDA-MB-231 cells
(Supplementary Figure S2A, available at Carcinogenesis on-
line). We then chose PPP2CA siRNA#1 for the following ex-
periment. As shown in Figure 4A, MDA-MB-231 cells were
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Figure 3. PPP2CA is the direct downstream targets of miR-345-3p. A, Venn diagrams represent the common potential target genes of miR-345-3p
predicted by miRDB, Targetscan and miRtarbase. B, Pathways involved in these 22 genes were analyzed with KOBAS 3.0. C, A schematic diagram

of the binding sequence was presented. D, Luciferase reporter assays in MCF-7 cells after co-transfection of PPP2CA wild-type or mutated 3’UTR
luciferase reporter constructs together with miR-345-3p mimics or with the control miRNA. Forty-eight hours after transfection, luciferase activities
were detected. E, mMRNA level of PPP2CA in miR-345-3p-knocked down cells, miR-345-3p-overexpression cells and their control cells were determined
by gRT-PCR. Twenty-four hours after transfection, total RNA was prepared and the expression level of miR-345-3p was detected by gRT-PCR. U6 RNA
served as the internal control. F, protein level of PPP2CA in miR-345-3p-knocked down cells, miR-345-3p-overexpression cells and their control cells
were determined by Western blot assay. Forty-eight hours after treatment, cell lysates were prepared and measured by western blotting with the
indicated antibodies. a-Tubulin was used as a loading control. All data are presented as the mean + SD of triplicate experiments. The P-~values < 0.05

were considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4. Silencing of PPP2CA rescued the inhibition of cell proliferation and invasion induced by miR-345-3p inhibitors. A, PPP2CA siRNA significantly
decreased the expression of PPP2CA under treatment of miR-345-3p inhibitors. Forty-eight hours after treatment, cell lysates were prepared and
measured by Western blotting with the indicated antibodies. a-Tubulin was used as a loading control. B, Silencing of PPP2CA abrogated the inhibition of
cell migration abilities induced by miR-345-3p inhibitors. The wound-healing efficacy were tested in MDA-MB-231 cells at 24 h. C, Silencing of PPP2CA
abrogated the inhibition of cell proliferation abilities induced by miR-345-3p inhibitors. Relative cell viability of MDA-MB-231 cells were detected by
CCK-8 kit at 24 h, 48 h, 72 h. D, Silencing of PPP2CA abrogated the inhibition of cell invasion abilities induced by miR-345-3p inhibitors. Cells invasion
ability was measured by Transwell assay. All data are presented as the mean + SD of triplicate experiments. The P-values < 0.05 were considered

statistically significant. *P < 0.05, *+P < 0.01, *+*P < 0.001, **»++P < 0.0007.
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co-transfected with miR-345-3p inhibitors and PPP2CA
siRNA, PPP2CA siRNA significantly decreased the expres-
sion of PPP2CA under treatment of miR-345-3p inhibitors.
The wound-healing assay and CCK-8 assay revealed that si-
lencing of PPP2CA abrogated the inhibition of cell migration
and proliferation abilities induced by miR-345-3p inhibitors
(Figure 4B and C). Consistently, the depletion of PPP2CA
partially rescued the inhibition of cell invasion induced by
miR-345-3p inhibitors (Figure 4D). In summary, these results
demonstrated that PPP2CA was required at least in part for
miR-345-3p-mediated proliferation and invasion of breast
cancer cells.

miR-345-3p affects proliferation and invasion of
breast cancer cells through regulation of PI3K-AKT
signaling pathway

As mentioned above, we found that PPP2CA, a well-known
suppressor of AKT phosphorylation (20), could be as a direct
downstream target of miR-345-3p. Additionally, the results
of enriched pathways predicted by bioinformatics websites
showed that PI3K-AKT signaling pathway was exactly in-
cluded. We assessed whether miR-345-3p affects proliferation
and invasion of breast cancer cells through regulation of PI3K-
AKT signaling pathway. MCF-7 and MDA-MB-231 cells
were transfected with miR-345-3p mimics and miR-345-3p
inhibitors respectively. As expected, expression of p-AKT was
dramatically enhanced upon overexpression of miR-345-3p.
In contrast, knockdown of miR-345-3p with the oligonucleo-
tide inhibitor remarkably attenuated the expression level of

A B
MCF-7
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p-AKT (Figure 5A). To understand how PI3K-AKT signaling
pathway exert their functions in proliferation and inva-
sion of breast cancer cells, Akt activator SC79 was used in
MDA-MB-231 cells. The efficiency of Akt activator SC79 on
cell migration and invasion ability was evaluated by wound-
healing assay and transwell assay, which revealed that Akt
activator SC79 abrogated the inhibition of cell migration and
invasion abilities induced by miR-345-3p inhibitors (Figure
5B and D). Similarly, the Akt activator SC79 partially rescued
the inhibition of cell proliferation induced by miR-345-3p in-
hibitors (Figure 5C). Collectively, these data suggested that
PI3K-AKT signaling pathway activation was required at least
in part for miR-345-3p-mediated proliferation and invasion
of breast cancer cells.

Knockdown of miR-345-3p attenuates cell growth
and invasiveness in vivo

To unravel the therapeutic role of miR-345-3p in breast
cancer initiation and progression, miR-345-3p stable
knockdown cells were established. The stable transfec-
tion efficiency was validated with fluorescence signal and
qRT-PCR (Supplementary Figure S3A and B, available at
Carcinogenesis online). MDA-MB-231 cells transduced with
the control lentiviral vector or with miR-345-3p-inhibition
lentiviral vector were subcutaneously implanted into BALB/c-
nude mice. As seen in Figure 6A-C, miR-345-3p knockdown
obviously suppressed tumor growth compared with the con-
trol group treated with the control lentiviral vector alone.
Moreover, in agreement with our 2 vitro results, knockdown
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Figure 5. PI3K-AKT signaling pathway activation rescued the inhibition of cell proliferation and invasion induced by miR-345-3p inhibitors. A, p-AKT level
in miR-345-3p-knocked down cells, miR-345-3p-overexpression cells and their control cells were detected by western blot assay. Forty-eight hours
after treatment, cell lysates were prepared and measured by Western blotting with the indicated antibodies. a-Tubulin was used as a loading control.

B, Akt activator SC79 abrogated the inhibition of cell migration abilities induced by miR-345-3p inhibitors. MDA-MB-231 cells were transfected with
miR-345-3p inhibitors for 48 h and treated with SC79 (4 pg/ml) for 30 min. The wound-healing efficacy were tested in MDA-MB-231 cells at 24 h. C,
Akt activator SC79 abrogated the inhibition of cell proliferation abilities induced by miR-345-3p inhibitors. Relative cell viability of MDA-MB-231 cells
were detected by CCK-8 kit at 24 h, 48 h, 72 h. D, Akt activator SC79 abrogated the inhibition of cell invasion abilities induced by miR-345-3p inhibitors.
MDA-MB-231 cells invasion ability was measured by Transwell assay. All data are presented as the mean + SD of triplicate experiments. The P-values <
0.05 were considered statistically significant. *P < 0.05, *»*P < 0.01, ***P < 0.001, **+P < 0.0001.
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end of the experiment (n = 3). D, Knockdown of miR-345-3p dramatically decreased proliferation and increased apoptosis in vivo. Immunohistochemical
staining. Paraffin-embedded sections from the indicated xenograft tumor tissues were analyzed for PPP2CA, N-cadherin, E-cadherin, Ki67 and TUNEL
by immunohistochemical staining (n = 3). All data are presented as the mean + SD of triplicate experiments. The P~values < 0.05 were considered

statistically significant. *P < 0.05, **P < 0.01, *++P < 0.001, *+++P < 0.0007.

of miR-345-3p resulted in a significant increase in PPP2CA
expression levels (Figure 6D). Additionally, further analysis
of these tumor xenografts suggested that knockdown of miR-
345-3p dramatically decreased proliferation and increased
apoptosis (Figure 6D) as indicated with staining of Ki67
and TUNEL, respectively. Likewise, immunohistochemical
analyses revealed that knockdown of miR-345-3p attenu-
ates invasiveness as high E-cadherin expression and low
N-cadherin were detected in tumor xenografts treated with
miR-345-3p-inhibition lentivirus compared with the control
group (Figure 6D). Collectively, these results indicated that
knockdown of miR-345-3p suppressed breast cancer cell
growth and invasiveness through upregulation of PPP2CA in
vivo.

Discussion

Emerging evidence has indicated the important role of
dysregulated miRNAs in the occurrence and development
of cancer (11, 21, 22). Dysregulated miRNAs can func-
tion as either oncogenes or tumor suppressor by binding
to their complementary target mRNAs, resulting in mRNA
post-translation repression or degradation (7, 8). More im-
portantly, miRNAs possess good stability in bodily fluids,
such as urine, saliva and serum, and can be detected as
novel noninvasive biomarkers for cancers (17, 22-24).
Furthermore, selected miRNAs can targeted-regulate the ex-
pression of multiple mRNAs in disease conditions, which

prompts miRNAs as a potential therapeutic target for clin-
ical treatment (12, 25-27). In parallel, advances in RNA de-
livery technology make miRNA-based therapy possible (13,
28,29).

Recent studies have highlighted the vital role of miR-
345-3p in disease conditions. A previous study found that
miR-345-3p exhibits protective effect on gestational diabetes
mellitus through targeting TAK1 (19). Another study dem-
onstrated that miR-345-3p suppressed oxidized low-density
lipoprotein (oxL.DL)-induced apoptosis and inflammation by
targeting TRAF6 (18). However, the functional role of miR-
345-3p in breast cancer is still unclear. Our results unveiled
the molecular mechanisms how miR-345-3p was involved
in the occurrence and development of breast cancer. In our
study, we have demonstrated for the first time that miR-
345-3p promotes proliferation and invasion of breast cancer
cells by downregulating PPP2CA and activating PI3K-AKT
signaling pathway. According to our results, miR-345-3p
expression was significantly elevated in breast cancer tis-
sues and breast cancer cell lines. More importantly, the ex-
pression of miR-345-3p was obviously upregulated in highly
metastatic MDA-MB-231 and SKBR3 cells in comparison
with low metastatic MCF-7 and T47D cells. These results
suggest that miR-345-3p expression might be positively cor-
related with the metastatic ability of breast cancer cells. In
addition, Kaplan-Meier plot demonstrated that breast cancer
patients with higher expression of miR-345-3p had worse
prognosis, indicating its oncogenic role in breast cancer. In
this study, MCF-7 and MDA-MB-231 cells were transfected
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with miR-345-3p mimics and miR-345-3p inhibitors respect-
ively. MiR-345-3p mimics obviously promoted proliferation
and invasion of breast cancer cells, while knockdown of
miR-345-3p with the oligonucleotide inhibitor attenuated
proliferation capacity and invasiveness in these breast cancer
cells. Moreover, overexpression of miR-345-3p resulted in
significant increase in the proliferation and invasion abilities
of breast cancer cells by regulating expression of apoptosis
and epithelial-mesenchymal transition (EMT)-related protein.
Knockdown of miR-345-3p by miR-345-3p-inhibition lenti-
virus significantly suppressed breast cancer cell growth and
invasiveness in vivo. Collectively, our findings imply that
miR-345-3p might be an effective target for breast cancer
treatment.

Another finding of our studies was that protein phos-
phatase 2 catalytic subunit alpha (PPP2CA) could be as a
novel downstream target of miR-345-3p. PPP2CA is the cata-
lytic subunit alpha of Protein phosphatase 2A (PP2A), a type
of serine/threonine phosphatase involved in multiple cellular
processes (30, 31). PP2A, as a confirmed tumor suppressor
protein, was found to be altered or functionally inactivated
in many cancers (32, 33). In addition, previous studies indi-
cated that PPP2CA functioned as a suppressor of insulin’s
metabolic signaling pathway by inactivating the phosphor-
ylation of AKT (34, 35). PI3K-AKT signaling pathway is one
of the signaling pathways associated with insulin’s metabolic
signaling pathway. It is noteworthy that many investigations
have reported the activation of PI3K-AKT signaling pathway
in cancers (36-38). In our study, we identified PPP2CA as a
direct downstream of miR-345-3p by taking advantage of
bioinformatics strategies. Moreover, we verified the miR-
345-3p-binding sites of PPP2CA by constructing luciferase
vectors containing the wide-type and mutant binding se-
quence. Luciferase reporter assay indicated that miR-345-3p
mimics significantly decreased the luciferase activity driven
by PPP2CA 3" UTR wide-type rather than PPP2CA 3 UTR
mutant. Consistent with these results, miR-345-3p mimics
treatment obviously reduced the PPP2CA expressions at both
mRNA and protein levels, while inhibition of miR-345-3p
resulted in a remarkable increase in PPP2CA at mRNA and
protein levels, suggesting that PPP2CA is the direct down-
stream target of miR-345-3p. Additionally, siRNA-mediated
silencing of PPP2CA rescued the inhibition of cell prolifer-
ation and invasion induced by miR-345-3p inhibitors. Thus,
these results indicate that PPP2CA play a crucial role in the
regulation of miR-345-3p-mediated proliferation and in-
vasion of breast cancer cells. In accordance with a previous
study, our results shown that miR-345-3p activated PI3K-
AKT signaling pathway through miR-345-3p-mediated sup-
pression of PPP2CA and thus promoted proliferation and
invasion of breast cancer cells (20).

In summary, we reported that miR-345-3p could promote
proliferation and invasion of breast cancer cells by directly
targeting PPP2CA, which could activate PI3K-AKT signaling
pathway. All these findings highlight the significant role of
miR-345-3p as well as PPP2CA in the progression of breast
cancer, and provide a new target for the development of novel
therapeutic strategies for breast cancer treatment in the future.
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Supplementary data are available at Carcinogenesis online.
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