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Background/aims: Autophagy is known as a protective intracellular procedure, which can be regulated by
several factors. MiRNA has been suggested as a potential element to mediate autophagy pathway in
carcinomas. Our study was aim to investigate the role of autophagy in breast cancer cells and identify the
involved molecular mechanism
Methods: The expression of LC3I/II, SQSTM1 and Smad4 were detected by western blot. The mRNA level
were quantified by real-time PCR. MDC staining was used to directly visualize autophagosome formation.
Target Scan 7.2 was used to predict biological targets of miR-224-5p
Results: MiR-224 -5p expression was upregulated in metastatic breast cancer and non-metastatic breast
cancer cells compare with control. Moreover, miR-224-5p inhibition enhanced cellular autophagy levels
in breast cancer cells. MiR-224-5p could suppress Smad4 expression in MDA-MB-231 cells, which indi-
cated that Smad4 was identified as a target of miR-224-5p in breast cancer cells with high metastatic
potential
Conclusions: Our study revealed that miR-224-5p inhibited autophagy by targeting Smad4 in MDA-MB-
231 cells. The results indicated that miR-224-5p/Smad4 regulating autophagy might be a novel regula-
tory network contributing to metastasis of breast cancer. MiR-224-5p and Smad4 is involved in breast
tumorigenesis, which is possibly a novel target for breast cancer therapy.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Breast cancer is the most common malignant tumors, which
seriously endangering the health of women [1]. With the
improvement of living conditions and the deterioration of envi-
ronment, the incidence of breast cancer has continued to rise over
the worldwide [2,3]. In China, there is about 3%e4% of the addi-
tional incidence of breast cancer every year. Although years of study
and extensive progress, the mechanisms that involved of
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development and progression of breast cancer is still unclear. In-
vasion, metastasis and recurrence are the common cause for death
rate of this disease [4,5]. Therefore, it is necessary to study the
molecular event underlying progression and to find the novel
therapeutic target of breast cancer.

Autophagy is an evolutionally conserved multi-step lysosomal
degradation pathway, which could enable the cell to survive under
various types of stress conditions [6,7]. Recently, many studies
proved a close relationship between cancer progression and auto-
phagy, and the dynamics of the relationship are constantly
changing in the course of disease development [8,9].

MicroRNAs (miRNAs, miRs), 19e22 nucleotides non-coding
single-stranded small molecule-RNA, can regulate gene expres-
sion via controlling of translation ormRNA degradation followed by
repression of protein synthesis [10,11]. Being the central regulators
of gene expression, miRNAs have been found to play roles in
phagy in breast cancer cells via targeting Smad4, Biochemical and
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regulating many essential biological processes including cell pro-
liferation, apoptosis and differentiation through base pairing with
the 30-UTR of target mRNA [12e15]. It is suggested that miRNA
function as autophagy regulator through specifically regulating
autophagy related genes [16,17]. MiR-224 is a family of microRNA
precursors found in mammals, including humans. It has been re-
ported that miR-224 is upregulated in a variety of cancer types
[18,19] and effects cell invasion, migration and proliferation,
resulting in the dysregulation of cellular processes that ultimately
lead to tumorigenesis.

From our previous study, we identified that miR-224-5p is over
expression in breast cancer serum samples [20]. The current study
identifies autophagy as a novel pathway targeted by miR-224-5p
and reports Smad4 to be targets of miR-224-5p. Together, there
results revealed that miR-224-5p is involved in breast tumorigen-
esis and possibly a new target for breast cancer therapy.

2. Material and methods

2.1. Clinical samples

Clinical serum samples were obtained from patients with breast
cancer and health control from Tianjin cancer hospital (Tianjin,
China) and Taizhou central hospital (Taizhou, Zhejiang Province,
China) from 2014 to 2017, 30 of patients with metastatic breast
cancer invading lymphatic nodes, 35 of patients with non-
metastatic breast cancer and 25 of health control (Table 1). Only
patient samples without prior medical therapy were finally chosen
for use. All the patients had a definite histological diagnosis of
breast cancer according to the American Joint Committee Cancer
(AJCC). This research was permitted with the Medical Ethics and
Human Clinical Trial Committee. CEA and CA153 levels were
measured by microparticle enzyme immunoassay (Abbott, USA).
The level of CEA is more than 15 mg/L is considered to be positive,
the level of CA153 is more than 25 ku/L is considered to be positive.

2.2. RNA isolation, sequencing and differential expression analysis

Total RNA was isolated for each of serum samples with Trizol
reagent (Invitrogen, USA). RNA purity and quantity were analyzed
with RNA 6000 Nano LabChip Kit (Agilent) and Bioanalyzer 2100. In
order to eliminate the biological variations caused by gene
expression difference for different samples, RNA from all samples
were pooled together. About 1 mg of pooled RNA was used to pre-
pare small RNA library according to instruction of TruSeq™ Small
RNA Sample Prep Kits (Illumina). The single-end sequencing (36
bp) was performed on an Illumina Hiseq2500 at the WS-BIO
(Hangzhou, China) following the protocol.

Adapter dimers, junk, low complexity, common RNA families
(rRNA, tRNA, snRNA, snoRNA) were discarded as the procedures
reported by previous paper [21]. Sequencing reads of small RNA
were aligned against 2578 mature miRNA sequences frommiRBase
build 20 with Bowtie 1.0.0 [22], which allows at most two mis-
matches. Expression values are quantified by aggregating reads into
Table 1
Clinical characteristic of breast cancer patients (BC) and health control (HC).

Characteristics Metastatic BC invading lymphatic

N 30
Age (years, N)
>40 50± 4(22)
<40 36± 2(8)
CA153 (mg/L) 23.41± 22.23
CEA (ku/L) 37.38± 11.26
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counts. Differential expression analysis was analyzed by normal-
ized deep-sequencing counts in RPM (Reads Per Million mapped
reads) (NOISeq) [23]. The expression levels of miRNA are defined as
significantly difference with at least two fold change for q¼ 0.8.

2.3. Cell cultures

The MDA-MB-231 and MCF-7 human breast cancer cell lines
were maintained in RPMI 1640 medium and DMEMmedia (Sigma-
Aldrich, St Louis, MO, USA), separately. All cultures were grown in
media supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich). The cells were cultured at 37 �C with 5% CO2.

2.4. Small RNAs and transfections

MiR-224-5p mimics, miR-224-5p inhibitor and small interfering
RNA were purchased from Synbio Tec (Suzhou, China). The breast
carcinoma cells were prepared with Lipofectamine® RNAi Max
(Invitrogen) for small RNAs transfections. All the sequences of
miRNA are as follows:

miR-224-5p mimics: 50-UCAAGUCACUAGUGGUUCCGUUUAG-3’
miR-224-5p inhibitor: 50-CUAAACGGAACCACUAGUGACUUGA-

3’

2.5. Target gene prediction for miR-224-5p

It has been determined that the results of cross multiple pre-
diction algorithms can increase specificity, and decrease sensitivity
[24]. Hence, we chose to integrate the results of the bioinformatics
prediction programs TargetScan 7.2 (http://www.targetscan.org)
and MiRDB (http://mirdb.org/miRDB/). Totally, Smad4 was finally
selected out by two programs to be predicted miR-224-5p target.

2.6. Protein extraction and western blot assays

Total cellular proteins from MDA-MB-231 and MCF-7 cells were
lysed and harvested. MCF-7 and MDA-MB-231 cells were trans-
fected with 20 nM miR-224-5p, anti-miR-224-5p, si-miR-224-5p,
or NC RNA. Cells were collected at 48h after transfection and cell
lysates were served for western blot as reported [25]. Antibodies
against LC3II (L7543, Sigma-Aldrich, dilution 1:2000), SQSTM1/p62
(sc-28359, Santa cruz, dilution 1:500), b-actin (BF0198, Affinity,
dilution 1:5000) were used.

2.7. RNA extraction and qPCR analysis

Total RNA was isolated from cells or samples using the Trizol
reagent (Invitrogen, USA) following to manufacturer's instructions.
Each samplewas treated with DNase I to remove genomic DNA. The
expression of miR-224-5p was measured by qRT-PCR with SYBR
Green according to the manufacturer's protocols. The primers were
used as following: MiR-224-5p forward primer 50-CTGGTAGG-
TAAGTCACTA-3’; reverse primer 50-TCAACTGGTGTCGTGGAG-3’. U6
was used as control.
Non-metastatic BC HC P-value

35 25 e

51± 7(23) 49± 5(15) 1.599
35± 3(12) 33± 4(10) 0.420
10.34± 5.03 e <0.001
15.33± 9.58 e <0.001
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Fig. 1. RNA-seq datasets of 8 patients included in this study. 3494623 of 9538940
reads(36.64%) in breast cancer patients are uniquely mapped reads. 2947601 of
9752317 (30.22%) reads in healthy control are uniquely mapped reads(A). Gene
expression levels of miR-224-5p in serum between healthy control, non-metastatic
breast cancer and metastatic breast cancer patients (B). The RT-PCR results were
normalized to GAPDH and expressed as the mean ± SD. The expression levels of
autophagy-related protein SQSTM1 and LC-3 I/II were examined by western blot (C, D,
E). Relative protein expressions of SQSTM1 and LC-3 I were normalized to tubulin. The
values are expressed as the mean ± SD. **p < 0.01 ***p < 0.005 vs. control group.

Fig. 2. The expression level of the autophagy-related proteins in MDR-MB-231 (A) and
MCF-7 (B) cells with miR-224-5p gene knockdown. Tubulin was used as an internal
control. Quantitative analysis of SQSTM1 and LC-3 II are expressed as the mean ± SD.
*p < 0.05, **p < 0.01, ****p < 0.001 vs. control group.
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2.8. Monodansylcadaverine (MDC) staining

MDA-MB-231 and MCF-7 cells were seeded for three days in 6-
well plates beforeMDC staining, and thenwashed three times. MDC
staining solution was diluted to 1:10 by wash buffer, added suffi-
cient staining solution to cover the cells. After culturing for three
days, the cultural mediumwas removed and the plates were gently
washed twice with 300ul wash buffer. Then, 50 ml of MDC stain
solution (KeyGEN BioTECH) and 450ul wash buffer was added into
each well. Cells were protected from light and incubated for 45min
at room temperature. Results were measured using a fluorescence
microscope at 512 nm.

2.9. Statistics

Data are presented as mean± standard deviation. Statistical
analyses were performed with SPSS software 16.0 (SPSS Inc., Chi-
cago, IL, USA) or GraphPad Prism (Version5, GraphPad Software,
Inc.). Correlation was determined by Spearman's correlation coef-
ficient. P-value of <0.05 was used to represent a statistically sig-
nificant difference.

3. Results

3.1. MiRNA expression profiling of breast cancer serum

In order to find the potential miRNA signatures for breast car-
cinoma detection, RNA-seq was performed to generate the
expression profiles of miRNAs in the serum samples from 8 patients
with breast cancer and health control.We obtainedmore than eight
million reads for each sample (Fig. 1A). Further examination iden-
tified that 109 miRNAs expressed significantly differentially be-
tween the serum from patients with breast cancer and healthy
control. According to our previous study [20], we found that only 3
of up-regulated miRNAs and 7 of down-regulated miRNAs had the
same serum trend of change compared with tissue. The 3 of up-
regulated miRNAs are miR-224-5p, miR-1246 and miR-184.

3.2. The expression of miR-224-5p is associated with metastatic
breast cancer

MiR-224-5p expression was measured in serum from 30 of pa-
tients with metastatic breast cancer invading lymphatic nodes, 35
of patients with non-metastatic breast cancer and 25 of health
control. We found that miR-224-5p is highly expressed in the tu-
mors invading lymphatic nodes compared to non-metastatic tu-
mors (Fig. 1B).

In order to determine whether the up-regulation of miR-224-5p
had any effects on autophagy levels, the expression levels of
autophagy markers, LC3 [26] and SQSTM1 [27] were detected in
serum samples. From the result, we found that a marked increase of
SQSTM1 level in metastatic breast cancer compared to non-
metastatic tumors (Fig. 1C, D, E). While LC3II level was observed
to decrease significantly in metastatic breast cancer, indicating a
drop in autophagy levels in metastatic breast cancer. It suggests
that miR-224-5p up-regulation was accompanied by a decrease in
autophagy levels in breast cancer.

3.3. MiR-224-5p inhibits autophagy in MDA-MB-231 and MCF-
7 cells

To further examine the effect of miR-224-5p on autophagy of
breast cancer cells, endogenous miR-224-5p activity was inhibited
via the use of miR-224-5p inhibitors. Anti-miR designed against
miR-224-5p (miR-224i) was transfected into MDA-MB-231 and
Please cite this article as: Y. Cheng et al., MiRNA-224-5p inhibits autophagy in breast cancer cells via targeting Smad4, Biochemical and
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MCF-7 cells. SQSTM1 expression was measured by western blot-
ting. The miR-224-5p inhibitor down-regulated SQSTM1 expres-
sion in MDA-MB-231 (Fig. 2A) and MCF-7 cells (Fig. 2B), suggesting
that miR-224-5p inhibition enhanced cellular autophagy levels in
these cells. In the overexpression experiment, overexpress
microRNA-224-5p did not cause a significant change on autophagy,
possibly because the natural high expression of miR-224-5p in
MDA-MB-231 and MCF-7 cells. Hence, the inhibition experiments
proved that the expression of miR-224-5p reflects the cellular
autophagy levels in breast cancer cells. It is also important that the
effect of miR-224-5p on cellular autophagy was more pronounced
in metastatic cell MDA-MB-231. It could suggest that metastatic
cells are more sensitive to change in miR-224-5p expression and
the autophagy level.

To directly visualize autophagosome formation, both cells were
stained with MDC. Results confirmed that the expression status of
microRNA-224-5p is associated with the level of autophagy. Both of
two cells transfected with inhibitor exhibited more obvious fluo-
rescent punctate of GFP-LC3, which is equivalent to the highly
activated autophagy inside. Meanwhile, the overexpression of
microRNA-224-5p did not cause a significant change on autophagy,
which was consistent with the protein expression results (Fig. 3).
Fig. 4. Three potential targets of miR-224-5p predicted by Target Scan (A). The
expression level of Smad4 in MDR-MB-231 (B) and MCF-7 (C) cells, which transfected
with miR-224-5p inhibitor. Tubulin was used as an internal control. Quantitative
analysis of Smad4 are expressed as the mean ± SD. *p < 0.05, **p < 0.01, vs. control
3.4. MiR-224-5p inhibits autophagy through Smad4 as a direct
target

In order to elucidate the molecular mechanisms of miR-224-5p-
mediated autophagy, target Scan 7.2, a web server, was used to
predict biological targets of miR-224-5p in current study. Target
Scan analysis forecasted three putative miR-224-5p binding site
within the 30 UTR of Smad4 (Fig. 4A). In order to clarify whether
miR-224-5p could effectively regulate Smad4 expression, we
further examined the protein levels of Smad4 in MDA-MB-231
(Fig. 4B) and MCF-7 (Fig. 4C) cells after treatment with the miR-
224-5p inhibitor. In MDA-MB-231 cell lines, miR-224-5p
Fig. 3. Autophagy analyzed by MDC staining. After 6 h of transfectionwith miR-224-5p
mimics or inhibitor respectively, MDR-MB-231 cells (A, C) and MCF-7 cells (B, D) were
staining by MDC and observed under microscopy. The fluorescence intensity was
analyzed by imageJ and shown as the mean ± SD. *p < 0.05 **p < 0.01 vs. control group.

group.
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inhibition increased Smad4 expression. While in MCF-7 cells, we
didn't observe the similar result. The result suggests that miR-224-
5p can affect autophagy levels in MDA-MB-231 cells through the
regulation of Smad4 expression.
4. Discussion

Autophagy is a complicated process that can be regulated by
many ways and induced by numerous of factors such as amino
acids, changes in glucose levels, growth factors and DNA damage
[28e31]. Pathologically, autophagy is also linked to many diseases
such as chronic inflammation, autoimmune disease, especially
often associated with carcinoma, and many tumors with dysregu-
lated autophagic activity [32e35]. Recently, much more studies on
the role of autophagy in carcinoma progression have been exten-
sively reported, but the involvement of autophagy in breast cancer
pathogenesis is still not clear. Currently, with the increasing evi-
dences suggested that miRNA-regulated autophagy is a critical
incident in the molecular mechanisms of tumor pathogenesis.
MicroRNAs have numerous functions in cellular biology and is
involved in the regulation of several cellular pathways. It has been
reported that miRNAs can regulate the levels of autophagy in cells,
while autophagy levels can in turn regulate the expression of
miRNAs [36]. MiRNAs could enhance autophagy in malignant tu-
mors, and this change can affect cancer resistance to the thera-
peutic agents [37].
phagy in breast cancer cells via targeting Smad4, Biochemical and
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The abnormal level ofmiR-224 inmany kinds of tumor types has
been reported [38,39]. In current study, we found that the
expression of miR-224-5p was increased in breast cancer patients
and its expression levels were more closely related to the level of
tumor malignancy. To better understand the effects of miR-224-5p
on autophagy in breast cancer progression, autophagy levels was
observed in patients with breast cancer and health control. The
result shows that an obvious increase of SQSTM1 level in metastatic
breast cancer compared to non-metastatic tumors and a significant
decrease in LC3II level was observed, indicating a drop in auto-
phagy levels in metastatic breast cancer. It suggests that miR-224-
5p was up-regulated in breast cancer, which was accompanied by a
decrease in autophagy levels.

In our study, over-expression experiment and inhibition
experiment were used for investigated. In over-expression experi-
ment, the overexpression of microRNA-224-5p did not result in a
significant change on autophagy. It is possibly because the natural
high expression of miR-224-5p in MDA-MB-231 and MCF-7 cells.
While in inhibition studies, it shows that miR-224-5p levels and
activity directly affects cellular autophagy levels. The miR-224-5p
inhibitor down-regulated SQSTM1 expression in MDA-MB-231
and MCF-7 cells, suggesting that miR-224-5p inhibition enhanced
cellular autophagy levels in these cells. In MDC staining experi-
ment, results confirmed that the expression status of microRNA-
224-5p is associated with the level of autophagy. Both of two
cells transfected with inhibitor exhibited more obvious fluorescent
punctate of GFP-LC3, which is equivalent to the highly activated
autophagy inside. Meanwhile, the overexpression of microRNA-
224-5p did not cause a significant change on autophagy, which
was consistent with the protein expression results. The result
encouraged us further examining the mechanism of breast cancer
progression related to miR-224-5p and its effects on cellular
pathways leading to breast cancer pathogenesis.

To elucidate the molecular mechanisms of miR-224-5p-
mediated autophagy, target Scan 7.2 was used to predict biolog-
ical targets of miR-224-5p in present investigation. Target Scan
analysis forecasted three putative miR-224-5p binding site within
the 30 UTR of Smad4. Smad family proteins play a crucial role in the
process of TGF-b signal transmitting [40]. Smad4 knockout mice
develop cancers in the gastrointestinal tract [41]. Smad4 is reported
to be one target gene of miR-224 in previous study [42]. Because of
the cell specific effects of miRNAs [43], it is not surewhether Smad4
is a target gene of miR-224 and responsible for its effects in breast
cancer cells or not. We further determined the effects of miR-224 in
endogenous expressions of Smad4 in breast cancer cells. From this
investigation, we found that decreased expression level of miR-
224-5p significantly increased Smad4 expression in MDA-MB-231.
While in MCF-7 cells, we didn't observe the similar result. MDA-
MB-231 is triple negative breast cancer cell line with high meta-
static potential. Hence, the effect of miR-224-5p on cellular auto-
phagy was more pronounced in metastatic cell MDA-MB-231. It
could suggest that metastatic cells are more sensitive to change in
miR-224-5p expression and could be more amenable to thera-
peutics that target miR-224-5p mediated autophagy. The result
further explains the molecular mechanism of the results of miR-
224-5p is highly expressed in the tumors invading lymphatic
nodes companied by a drop in autophagy levels, compared to non-
metastatic tumors.

Totally, we found thatmiR-224-5p regulates autophagy in breast
cancer cells through Smad4. Our findings open up new way for the
use of miR-224-5p and Smad4 as fresh biomarkers or molecular
targets in the development of diagnostic and therapeutic strategies
for breast cancer. Together, these results revealed that miR-224-5p
is involved in breast tumorigenesis, and it is possibly a new target
for breast cancer therapy.
Please cite this article as: Y. Cheng et al., MiRNA-224-5p inhibits auto
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