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Autophagy has a dual role in the maintenance of cancer stem cells (CSCs),

but the precise relationship between autophagy and cancer stemness

requires further investigation. In this study, it was found that luminal and

triple-negative breast cancers require distinct therapeutic approaches

because of their different amounts of autophagy flux. We identified that

autophagy flux was inhibited in triple-negative breast cancer (TNBC)

CSCs. Moreover, miRNA-181a (miR-181a) expression is upregulated in

both TNBC CSCs and patient tissues. Autophagy-related 5 (ATG5) and

autophagy-related 2B (ATG2B) participate in the early formation of

autophagosomes and were revealed as targets of miR-181a. Inhibition of

miR-181a expression led to attenuation of TNBC stemness and an increase

in autophagy flux. Furthermore, treatment with curcumin led to attenua-

tion of cancer stemness in TNBC CSCs; the expression of ATG5 and

ATG2B was enhanced and there was an increase of autophagy flux. These

results indicated that ATG5 and ATG2B are involved in the suppression

of cancer stemness in TNBC. In summary, autophagy inhibits cancer stem-

ness through the miR-181a-regulated mechanism in TNBC. Promoting

tumor-suppressive autophagy using curcumin may be a potential method

for the treatment of TNBC.

1. Introduction

Breast cancer is one of most common cancers in

women. It is usually classified into four subtypes,

depending on the type of receptor expressed. Triple-

negative breast cancer (TNBC) is one of the four

subtypes that lack the expression of estrogen receptor

(ER), progesterone receptor (PR), and human epither-

mal growth factor receptor 2 (HER2) [1]. Among

breast cancer patients, 15–20% of women are diag-

nosed as triple-negative [2]. TNBC is known to be the

most aggressive type of all breast cancer subtypes and
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has the worst prognosis of the four subtypes. Since

TNBC cells do not express endocrine receptors on

their surface, therapies such as anti-cancer drugs,

which target receptors on the cancer cells, cannot be

used. As a result, therapies for TNBC patients are lim-

ited to surgery, radiation therapy, and chemotherapy.

For these reasons, there is an imminent need to iden-

tify new targets for TNBC therapy. An increasing

number of studies have identified miRNAs as potential

biomarkers for human cancer diagnosis, prognosis,

and therapeutic targets/tools [3].

Cancer stem cells (CSCs) are a certain type of cancer

cells that display stem cell-like properties, that is, the

pluripotent capacity to differentiate into all cell types.

Recently, it has been found that CSCs are immortal

tumor-initiating cells that comprise a small subset of all

cancer cells. CSCs have self-renewal abilities and have

been reported to cause cancer genesis, growth of tumor,

recurrence, and drug resistance [4]. Complete elimina-

tion of the CSC population, in order to prevent tumor

recurrence and to provide complete treatment, has been

suggested as an important approach in cancer therapy.

Therefore, CSCs emerge as an important potential tar-

get for therapeutic intervention. Therapeutic strategies

that use CSCs as targets have been suggested as a way

to increase the efficiency of conventional anticancer

therapies [5]. Previous studies have demonstrated that

TNBC displays more CSC-like characteristics than

other breast cancer subtypes [6]. Upon such examina-

tion, it has been found that the incidence of the CD44+/

CD24- population is significantly higher in TNBC than

in other breast cancer subtypes [7,8]. Previous studies

have identified that CSC enrichment frequently arises in

response to chemotherapy. The relative resistance of

CSCs to chemotherapy, particularly in case of TNBC,

has been speculated to be a key mechanism for relapse

[9,10]. These previous studies suggest CSCs as one of

the factors responsible for the aggressiveness of TNBC.

Macroautophagy (referred to as autophagy) is a

molecular mechanism by which cellular waste or dam-

aged organelles are degraded. Autophagy has been

reported to be related to the occurrence and survival

of cancer cells. A number of previous studies have

reported the role of autophagy as a tumor suppressor

[11]. Autophagy plays a critical role in cytoprotection

and maintaining homeostasis by preventing the accu-

mulation of toxic proteins and recycling cytoplasm to

generate energy under stress conditions [12]. Previous

studies have reported that the effect of autophagy on

the survival of breast cancer cells depends on the sub-

types [13,14]. Due to differences in the role of autop-

hagy, each subtype requires a different therapeutic

application of autophagy. Additionally, recent studies

indicate that autophagy plays a key role in the mainte-

nance of CSCs [15].

This study aims to explore the role of autophagy on

the regulation of cancer stemness in TNBC and the

mechanism of regulation, in which miR-181a is

involved. In the present study, we aimed to investigate

whether downregulation of the autophagic molecules

by miR-181a effects the maintenance of cancer stem-

ness in TNBC.

2. Materials and methods

2.1. Cell culture

MDA-MB-231, MDA-MB-231/A, MCF7 cells, and

HEK293T cells were grown in Dulbecco’s modified

Eagle’s medium (DMEM; WelGENE Inc., Gyeongsan,

South Korea) with 10% (FBS; Gibco; Thermo Fisher

Scientific Inc., Waltham, MA, USA) and 1% penicillin/

streptomycin (WelGENE Inc.) at 37 °C, 5% CO2 atmo-

sphere. MDA-MB-231, MCF7 cells were provided by

Sapporo Medical University. The MDA-MB-231/A

cells and primary mouse tumor cells that have been

used in this study were provided by Yonsei University

[16]. All the cell lines were subjected to DNA finger-

printing analysis (Korean Cell line Bank) in 2020.

2.2. Induction and inhibition of autophagy

In order to establish the starved condition and induce

autophagy, cells were incubated in Earle’s balanced salt

solution (EBSS; WelGENE Inc.) for 4 h. For treatment

of curcumin, cells were plated at a density of 1 9 105

cells�mL�1. 24 h after cell plating, cells were treated with

curcumin (Sigma-Aldrich, Saint Louis, MO, USA)

diluted in dimethyl sulfoxide (DMSO; Sigma-Aldrich)

for 6 h. MDA-MB-231/A cells were treated with 50 lM
curcumin, and MDA-MB-231/A tumorspheres were

treated with 25 lM curcumin. MDA-MB-231 cells were

treated with 30 lM curcumin. Rapamycin (Sigma-

Aldrich) was used to induce autophagy and treated at

100–500 nM concentration for 24 h. To inhibit the

autophagosome–lysosome fusion [17], chloroquine (CQ;

Sigma-Aldrich) was diluted in DMSO, and the cells

were treated with 10 lM chloroquine for 3 h.

2.3. Western blotting analysis

Protein extracts were prepared using Nucleospin�
DNA/RNA/protein kit (Macherey-Nagel, Dueren,

Germany). The concentration of protein was measured

using a bicinchonic acid solution (Sigma-Aldrich) and

1858 Molecular Oncology 16 (2022) 1857–1875 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

miR-181a-mediated autophagy in cancer stem cells J. W. Park et al.



copper (Ⅱ) sulfate solution (Sigma-Aldrich), using

multi-well spectrophotometer (Synergy HTX, BioTek

Instruments, Winooski, VT, USA). Proteins (10–
70 lg) were loaded onto 6–12% SDS/PAGE gel, elec-

trophorased, and transferred onto polyvinylidene diflu-

oride membranes (ATTO, Tokyo, Japan). The

following primary antibodies were used in this study:

ATG5 (1 : 2000; Cell Signaling Technology, USA),

ATG16L1 (1 : 2000; Cell Signaling Technology, Dan-

vers, MA, USA), ATG7 (1 : 2000; Cell Signaling

Technology), ATG2B (1 : 800; Abcam, Cambridge,

UK), ULK1 (1 : 2000; Cell Signaling Technology),

LAMP2A (1 : 2000; Abcam), UVRAG (1 : 2000;

Abcam), LC3A/B (1 : 2000; Cell Signaling Technol-

ogy), p62 (1 : 8000; Novus Biologicals, Littleton, CO,

USA, Santa Cruz Biotechnology, Dallas, TX, USA),

OCT4 (1 : 2000; Abcam), SOX2 (1 : 2000, Abcam),

and b-actin (1 : 8000; Bethyl Laboratories, Mont-

gomery, TX, USA). b-actin was used as loading con-

trols. Immunoreactive proteins were detected using

horseradish peroxidase-conjugated secondary antibod-

ies (1 : 4000; Enzo Life Sciences, Farmingdale, NY,

USA) and the enhanced chemiluminescence reagent,

EzWestLumi plus (ATTO). All antibodies were diluted

with skimmed milk (BD, Franklin Lakes, NJ, USA) in

phosphate-buffered saline (PBS; WelGENE Inc.) con-

taining Tween� 20 (Sigma-Aldrich).

2.4. Immunofluorescence staining

The tissues processed on a tissue array slide

(BC081120f, US Biomax Inc, US Biomax Inc, Rock-

ville, MD, USA) were deparaffinized and rehydrated

in HistoClear and serially diluted ethanol (Merck,

Darmstadt, Germany). After heat-induced antigen

retrieval, tissues were blocked with normal horse

serum for 1 h and incubated overnight at 4 °C with

primary antibodies. OCT4 (1 : 400; Abcam) and p62

(1 : 200; Santa Cruz Biotechnology) antibodies were

used. Next, nuclei were counterstained with 40,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for

15 min and 2 h at room temperature with Alexa

Flour� 488- and 594-conjugated secondary antibodies

(1 : 1000; Enzo Life Sciences). The slide was mounted

with a cover slide using mounting solution (Dako;

Agilent Technologies, Santa Clara, CA, USA). Images

were obtained with confocal laser scanning microscopy

(LSM 700, Zeiss, Oberkochen, Germany) using identi-

cal exposure settings. The number of puncta was mea-

sured using i-Solution software (version 22.5,

InnerViewTM, Seongnam, South Korea). The intensity

of nuclear OCT4 fluorescence was measured using IM-

AGEJ [18].

2.5. Preparation of breast cancer patient tissues

To observe the expression of cancer stemness and autop-

hagy in human tissues, human breast cancer samples

were surgically resected from patients. The study was

conducted in accordance with the Declaration of Hel-

sinki and was approved by the Institutional Review

Board of Seoul National University Hospital (IRB num-

ber: 1704-019-843). Informed consent was obtained from

all patients before collection of the specimens. Also,

breast cancer tissue array (BC081120f, US Biomax Inc)

was also purchased for immunofluorescence staining.

2.6. Transfection

To regulate miRNA expression, cells were plated at a

density of 9 9 104 cells�mL�1 and transiently trans-

fected with 30nM of mirVanaTM miR-181a-5p inhibitor

(Ambion; Thermo Fisher Scientific Inc., Waltham, MA,

USA) or mirVanaTM negative control inhibitor (Negative

Control #1, Ambion) using siPORTTM NeoFXTM trans-

fection agent (Invitrogen; Thermo Fisher Scientific Inc.,

Waltham, MA, USA). For plasmid transfection,

FuGene (Promega, USA) transfection reagent was used.

All transfections were conducted for 24–72 h, according

to the manufacturer’s instructions.

2.7. mRNA extraction, reverse transcription, and

quantitative real-time PCR

mRNA was extracted using the Nucleospin� DNA/

RNA/protein kit (Macherey-Nagel). RT-PCR and

quantitative real-time PCR (qPCR) for quantification

of mRNA expression were performed using oligo dT

(Bioneer, Daejeon, South Korea), M-MLV reverse

transcriptase (Promega, Madison, WI, USA), and set

of dNTP (Promega).

Following reverse transcription, 100 ng of each indi-

vidually synthesized cDNA was used in the qPCR with

SYBR Green qPCR master mix (PCR Biosystems, Lon-

don, UK) and primers designed for each OCT4, SOX2,

NANOG, ATG5, ATG2B (Bionics, Seoul, South

Korea). Human 18s ribosomal RNA was used as the

endogenous control. The sequences of qPCR primers are

described in Table S1. All quantitative PCR (qRT-PCR)

analyses were performed using LightCycler� 96 system

(Roche, Basel, Switzerland), as described previously [19].

2.8. Total RNA isolation, miRNA RT-PCR, and

qRT-PCR

Total RNA was isolated using TRIzol� reagent

(Ambion) and the clean-up was performed using
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chloroform (Sigma-Aldrich) and isopropanol (Merck).

For quality control, RNA purity and integrity were

evaluated by measurement of the OD 260/280 ratio.

RT-PCR was performed using 100–500 ng of total

RNA. TaqMan� microRNA assays and TaqMan�
microRNA reverse transcription kit (Applied Biosys-

tems; Thermo Fisher Scientific Inc., Waltham, MA,

USA) were used for RT-PCR. TaqMan� probes for

RT-PCR were used for reverse transcription of miR-

181a (miRBase ID: miR-181a-5p, Assay ID: 000480,

Applied Biosystems). qPCR for miRNA analysis was

performed using TaqMan� universal master mix

(Applied Biosystems). A small nuclear RNA, C/D

Box 48 (RNU48) RNA, was used as the endogenous

control (Assay ID: 001006, Applied Biosystems).

2.9. Immunocytochemistry

Immunocytochemistry (ICC) of the tumorspheres was

performed referring to a previously published protocol

[20]. Briefly, cells were seeded onto poly-L-lysine-

coated coverslips and grown in stem cell medium for

3–10 days. After the tumorspheres were formed, cells

were fixed in 10% neutral-buffered formalin (Bios-

esang, Seongnam, South Korea) for 30 min. Following

fixing, the tumorspheres were permeabilized for 5 min

and then blocked using 1% BSA (Bovogen, Keilor

East, Australia) in PBS (WelGENE Inc.) for 30 min.

The cells were then incubated with primary antibodies

for 1 h in an incubator maintained at 37 °C. The fol-

lowing primary antibodies were used in this study:

OCT4 (1 : 400; Abcam), p62 (1 : 200; Santa Cruz

Biotechnology), LC3B (1 : 200; Cell Signaling Tech-

nology), and LAMP2 (1 : 200; Santa Cruz Biotechnol-

ogy). Next, the cells were incubated with Alexa

Flour� 488- and 594-conjugated secondary antibodies

(1 : 1000; Enzo Life Sciences) for 1 h at room temper-

ature. Lastly, the cells were stained with DAPI-

containing mounting solution (Dako). The cells were

visualized using a confocal laser scanning Microscope

(LSM 700, Zeiss), and all the images were captured

using identical exposure settings. The number of

puncta was measured using i-Solution software (ver-

sion 22.5, InnerViewTM). The intensity of nuclear

OCT4 fluorescence was measured using IMAGEJ [18].

2.10. Tumorsphere formation assay

MDA-MB-231, MDA-MB-231/A, and MCF7 cells

were plated in low-attachment culture dishes at a den-

sity of 10 000–20 000 cells�mL�1 in DMEM/F12 basic

medium, supplemented with 2% B27 (Gibco),

20 ng�mL�1 human epidermal growth factor (Prospec,

Rehovot, Israel), 20 ng�mL�1 basic human fibroblast

growth factor (Gibco), 4 lg�mL�1 heparin (Sigma-

Aldrich), and 30% bovine serum albumin (BSA;

Sigma-Aldrich). Cells were grown for 3–10 days in sus-

pension at 37 °C in a 5% CO2 atmosphere. Tumor-

sphere volume area was measured using IMAGEJ [18].

The numbers of tumorspheres were counted under a

microscope [21].

2.11. Dual-luciferase reporter assay

The 30 UTRs of human ATG5 and ATG2B, which

included the predicted miR-181a seed sequence, were

PCR-amplified using HEK293T complementary DNA

as the template. The primers used for amplification of

3’UTRs are listed in Table S2. The amplified 30 UTRs

were cloned into pmirGLO Dual-Luciferase� miRNA

Target Expression vector (Promega) using the In-

fusion� HC Cloning kit (Clontech Laboratories,

Mountain View, CA, USA). The luciferase constructs

were cotransfected along with mirVanaTM miR-181a-5p

mimic (Ambion) or mirVanaTM negative control mimic

(Negative Control #1, Ambion) into HEK293T cells,

using Lipofectamine 2000 (Invitrogen). Cells were

lysed after 24–48 h, and the luciferase activities were

measured using multiwell spectrophotometer (Synergy

HTX, BioTek Instruments, USA) and Dual-

Luciferase� Reporter Assay System (Promega),

according to the manufacturer’s instructions. The rela-

tive luciferase activities were normalized to the Renilla

luciferase activity of the pmirGLO vector.

2.12. Target prediction database analysis

To obtain the list of miR-181a predictive target genes

involved in the autophagy pathway, two target predic-

tion databases were analyzed—TargetScan [22] and

Human Autophagy Database (HADb, http://www.

autophagy.lu/).

2.13. Acridine orange staining

Acridine orange staining was performed to detect the

formation of autolysosomes in MDA-MB-231/A cells.

Cells were incubated for 15 min in complete medium

containing 1 lg�mL�1 Acridine orange hemi (zinc

chloride) salt (Sigma-Aldrich). Cells were then stained

for 5 min with Hoechst 33342 (Invitrogen) diluted

1 : 2000 in PBS, according to the manufacturer’s

instructions. After the staining solution was removed,

the cells were washed thrice with PBS and imaged

using confocal laser scanning microscopy (LSM 700,

Zeiss).
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2.14. Aldefluor Assay

To identify the percentage of CSCs with high ALDH

activity in MDA-MB-231/A cell population, ALDE-

FLUORTM kit (Stemcell Technologies, Vancouver, BC,

Canada) was used, according to the manufacturer’s

instructions and methods of previous studies [23,24].

MDA-MB-231/A cells were grown on coverslips. After

treatment of miR-181a inhibitor for 48 h and curcumin

for 6 h, coverslips were washed with Hank’s buffered salt

solution (HBSS; WelGENE Inc.). Cells were then

stained with activated Aldefluor reagent with nuclear

stain Hoechst 33342 and incubated for 45 min at 37°C.
The coverslips were washed with HBSS and imaged

using confocal laser scanning microscopy. The percent-

age of MDA-MB-231/A cells containing ALDH puncta

was measured only on cells that were not DEAB treated.

2.15. CCK-8 Assay

Cell proliferation was measured using a cell counting

kit-8 (CCK-8; Dojindo Laboratories, Kumamoto,

Japan), according to the manufacturer’s instructions.

MDA-MB-231/A stable miR-181a KO cells were pla-

ted in 24-well plates at a density of 1 9 104

cells�mL�1. Cells were first plated in DMEM with

10% FBS. After 4 h, the culture medium was replaced

with DMEM with 1% FBS. Then, CCK-8 reagent was

added to a single well of each group and incubated for

30 min at 37°C. The absorbance at 450 nm was mea-

sured using a multiwell spectrophotometer (Synergy

HTX, BioTek Instruments). Cell proliferation was

measured at 48 h intervals for 4 days.

2.16. Cyto-ID� autophagy detection dye staining

Cyto-ID� autophagy detection kit (Enzo Life Sciences),

which includes novel dye that selectively labels accumu-

lated autophagic vacuoles, was used to monitor autop-

hagy flux in live cells. MDA-MB-231/A cells were plated

on coverslips at a density of 9 9 104 cells�mL�1 and

treated with miRNA inhibitor or curcumin. Post-

treatment, the medium was removed and cells were

stained with Cyto-ID� autophagy detection dye (Enzo

Life Sciences) according to the manufacturer’s instruc-

tions. Nuclei were conterstained with Hoechst 33342,

according to the manufacturer’s instructions. Cells were

imaged using confocal laser scanning microscopy.

2.17. Limiting dilution assay

MDA-MB-231/A cells in the 200 µL of tumorsphere

assay medium were seeded into 96-well plates for

culturing tumorspheres. The number of wells contain-

ing tumorspheres was counted using a light microscope

2–3 weeks after plating. Cancer cell-initiating frequency

and significance were analyzed using the online soft-

ware ELDA: extreme limiting dilution analysis [25].

2.18. Construction of CRISPR-knockout (KO) cell

line

The cloning process was performed according to the

manufacturer’s protocols [26]. The lentiCRISPR v2

vector (Addgene, Watertown, MA, USA) was digested

using BsmBI (NEB, Ipswich, MA, USA). To knockout

the chromosome site of miR-181a-1 and miR-181a-2,

two pairs of oligos were designed using an online tool

named CHOPCHOP (http://chopchop.cbu.uib.no/)

and cloned into the single-guide RNA (sg RNA) scaf-

fold of the vector. The sequences of oligos are listed in

Table S3. The ligated plasmid was transformed into

Stbl3 bacteria, plated with selection pressure, and the

single colonies obtained were expanded prior to plas-

mid extraction using midi-prep kit (Macherey-Nagel).

The correct insertion of the oligos was later confirmed

by Sanger sequencing.

For the generation of virus, HEK293T cells were

transfected with the constructs and lentiCRISPR v2

vector using the TransIT�-293 transfection reagent

(Mirus Bio, Madison, WI, USA), according to the

manufacturer’s protocol. Viruses with negative control

vector or constructed vector were harvested after 24–
48 h. MDA-MB-231/A cells were infected with the

viruses and selected using puromycin (Gibco). Pro-

duced MDA-MB-231/A stable cell line was cultured in

DMEM (WelGENE Inc.) with 10% FBS (Gibco) and

puromycin (1–10 lg�mL�1; Gibco).

2.19. Statistical analysis

One-tailed t-test was performed using GRAPHPAD Prism 5

software (GraphPad, La Jolla, CA, USA). Values have

been expressed as the means � SDs. P < 0.05 was con-

sidered statistically significant (*P < 0.05; **P < 0.01;

***P < 0.001). All experimental data are representative

of at least three independent experiments.

3. Results

3.1. Different patterns of autophagy in breast

CSCs

First, we aimed to investigate the difference of autop-

hagy flux in two subtypes of breast CSCs. MDA-MB-

1861Molecular Oncology 16 (2022) 1857–1875 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

J. W. Park et al. miR-181a-mediated autophagy in cancer stem cells

http://chopchop.cbu.uib.no/


231 (TNBC) and MCF7 (luminal), two of the most

well-known and widely studied breast cancer cell lines,

were selected for comparison. Alterations of autop-

hagy genes have been observed in them, suggesting the

significant effects of autophagy on characteristics of

cancer cells [13,14]. To establish stem-like groups of

breast cancer cells, MDA-MB-231 and MCF7 cells

were grown in tumorspheres [27] and compared to

cells grown in monolayer. When subjected to a starved

conditions, induced by treatment with EBSS, MDA-

MB-231 cells showed less progression of autophagy

flux, as there was less conversion of LC3-I to LC3-II.

The expression of p62 also showed no significant dif-

ference between basal and starved conditions in MDA-

MB-231. The accumulation of p62 in MCF7 was sig-

nificantly higher when treated with chloroquine (CQ),

which suggests that the amount of basal autophago-

some in MCF7 is greater than that of MDA-MB-231

(Fig. 1A). These results indicate that autophagy does

indeed show differences, depending on the subtypes of

breast CSCs.

To further observe autophagy in breast CSCs, the

expression level of another widely used autophagy

marker, p62, was measured by ICC, in addition to the

expression level of cancer stemness marker, OCT4

[28,29]. An increase in the expression levels of p62 was

also observed in the tumorsphere culture of MDA-

MB-231 cells, which can be interpreted as an attenua-

tion of the overall autophagy flux [30,31], suggesting

that autophagy was attenuated only in TNBC CSCs

(Fig. 1B).

To investigate the precise relationship of cancer

stemness and autophagy in TNBC CSCs, the MDA-

MB-231/A cell line was included in the ICC analysis

of tumorspheres. MDA-MB-231/A is the immortalized

MDA-MB-231 cell line, obtained from mice tumors

generated by the injection of MDA-MB-231 cells. Can-

cer cells retrieved from primary tumors are known to

contain a higher population of CSCs [32]. Thus,

MDA-MB-231/A is closer to the state of CSCs than

MDA-MB-231. The expression of p62 showed increase

in MDA-MB-231/A tumorspheres, as in MDA-MB-

231, which also represents inhibition of autophagy

(Fig. 1C). OCT4 expression was found to increase as

the tumorspheres formed and grew, suggesting that the

tumorspheres reliably acquired cancer stemness during

their formation. (Fig. S1). Autophagy did not show

attenuation in HER2 breast cancer tissue with high

OCT4 expression (Fig. 1D). The immunofluorescence

assay revealed that TNBC tissues showed high expres-

sion of p62 and OCT4, compared to normal and non-

TNBC tissues, suggesting that the attenuation of

autophagy is related to cancer stemness of TNBC

(Fig. 1E–G). These results suggest that autophagy is

potentially negatively correlated with cancer stemness

in TNBC. If autophagy acts as a tumor suppressor

only in TNBC CSCs and not in other subtypes, TNBC

will require a therapeutic approach that is distinct

from other subtypes.

3.2. miR-181a is upregulated in TNBC CSCs and

directly regulates ATG5 and ATG2B

We attempted to investigate the mechanism by which

autophagy affects cancer stemness in TNBC. As

miRNA affects autophagy through the suppression of

protein expression [33–35], we suggested the possibility

that a specific miRNA attributes the cancer stemness

and aggressiveness of TNBC by targeting autophagy

molecules. miRNAs that are differentially expressed

between MDA-MB-231 and MCF7 cells have been

identified to delineate the differences between common

breast cancer cells and CSCs [36]. The miRNA expres-

sion profile in tumorspheres was compared to that of

parental cells grown in monolayer culture. This led to

the identification of miRNAs that are upregulated in the

Fig. 1. The expression of autophagy flux and cancer stemness in breast CSCs. (A) The expression level of LC3 and p62 in breast cancer

cells. EBSS, Earle’s balanced salt solution; CQ, chloroquine. (B,C) Immunocytochemistry staining of MDA-MB-231, MCF7, and MDA-MB-

231/A tumorspheres for detection of OCT4 and p62 (magnification: 940) and phase-contrast images of tumorspheres (magnification: 920).

Nuclei were counterstained with DAPI. The number of p62 puncta was normalized with the number of DAPI-stained nuclei. Scale bar,

20 lm (fluorescence images of MDA-MB-231 and MDA-MB-231/A), 50 lm (fluorescence images of MCF7), 100 lm (phase-contrast

images). Data were presented as mean � SD of three independent experiments. Statistical analyses were performed with one-tailed

student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001; ns, nonsignificant difference). (D) The expression levels of OCT4 and LC3 in normal

breast and breast cancer tissues. (E) Representative images of immunofluorescence staining of breast cancer tissues (magnification: 940,

zoom: 2.0). The scale bar for magnified images equals 10 lm. Nuclei were counterstained with DAPI. Scale bar, 20 lm. (F) Mean

fluorescence intensity of OCT4 in normal breast (n = 5), non-TNBC (luminal and HER2; n = 42) and TNBC tissues (n = 13). (G) The

expression level of p62 in normal breast (n = 8), non-TNBC (n = 39), and TNBC tissues (n = 8). The numbers of p62 puncta were normalized

with the number of DAPI-stained nuclei. (F,G) Each dot represents one patient and intensity value of about 150 cells was measured on

average per patient. The normal tissues used in the experiment are not paired with cancer tissues. Data were presented as mean � SD.

Statistical analyses were performed with one-tailed Student’s t-test (**P < 0.01, ***P < 0.001; ns, nonsignificant difference).
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MDA-MB-231 and MCF7 tumorspheres, compared to

their parent cells [36]. Based on the above findings and

in search for deregulated miRNAs in TNBC CSCs, we

analyzed the list of miRNA identified at the dataset

described above (GSE75396) [36] to find miRNAs

upregulated only in MDA-MB-231 tumorspheres.

Based on analysis of GSE75396 [36], 33 miRNAs

showed increased expression in tumorspheres relative to

the parental cells. Out of these 33 miRNAs, 23 were

upregulated only in MDA-MB-231 tumorspheres, not in

MCF7 tumorspheres. To identify how the expression of

these miRNAs differ in normal and breast cancer

patients, the list of 23 miRNAs went through TCGA

miRNA analysis provided by UALCAN [37] and

MOBCdb [38] (Fig. S2). Eight miRNAs were found to

be upregulated in tissues from TNBC patients compared

to adjacent normal patients, and six of the eight miR-

NAs were upregulated in TNBC compared with luminal

breast cancer. Through the analysis of TCGA data using

MOBCdb [38], the expression levels of these six miR-

NAs between normal and TNBC tissues were confirmed;

of the six miRNAs, miR-181a-1, miR-181a-2, miR-

181b-1, miR-181b-2, miR-181c, and miR-210 had higher

expression levels in TNBC tissues than in normal tissues

(Fig. 2A). miR-181a was actually found to be upregu-

lated in the TNBC tumorspheres, compared to that in

the cells cultured in monolayer, whereas upregulation of

miR-181a was not observed in non-TNBC tumorspheres

(Fig. 2B). Three-dimensional spheroid formation of

breast cancer cells was confirmed in the anchorage-

independent environment of tumorsphere culture

(Fig. S3A). High expression levels of OCT4 and SOX2

confirmed the enrichment of CSCs in the tumorspheres

(Fig. S3B) [28,39,29]. Kaplan–Meier analysis of

METABRIC datasets also revealed that a low level of

overall survival was observed in the TNBC patient group

with high miR-181a expression (Fig. 2C). For these rea-

sons, the present study was carried forward with a focus

on the upregulation of only miR-181a in the CSC popu-

lation.

TNBC tumorspheres were found to be more

enriched with CSCs, this was confirmed by determin-

ing the expression of OCT4 and SOX2 (Fig. S3C).

MDA-MB-231/A cells also displayed increased expres-

sion of miR-181a in tumorspheres, compared to paren-

tal cells (Fig. S4A). The basal expression level of miR-

181a was higher in MDA-MB-231/A than in MDA-

MB-231 (Fig. S4B), and in the CSC population, miR-

181a expression level was found to be higher in TNBC

cells than in MCF7 cells (Fig. 2D). These results so

far suggest that higher expression of miR-181a in

TNBC may be correlated with cancer stemness.

To find whether autophagy is involved in the relation-

ship between miR-181a and cancer stemness, we

attempted to investigate whether miR-181a affects

autophagy. Since miRNAs regulate the expression of

target genes by binding to their 30 UTRs [40], TargetScan

was used to look for autophagy genes containing poten-

tial miRNA regulatory elements (MREs) for miR-181a

in their 30 UTRs. Additionally, HADb, a database con-

taining known autophagy genes in humans was used for

comparative analysis with TargetScan. The analysis

showed that 66 genes from HADb were found to have

miR-181MREs in their 30 UTRs (Table S4).

miR-181a binds directly to ATG5 in luminal breast

cancer, and the regulation of ATG5 by miR-181a

affects autophagy flux in MCF7 [41]. ATG2B is also

regulated by miRNA and thus affects autophagy in

Fig. 2. miR-181a is upregulated in TNBC CSCs and directly targets autophagy genes. (A) The expression levels of six miRNAs between

TNBC (n = 115) and normal tissues (n = 104). MOBCdb was used to confirm expression levels. Statistical analyses were performed with

one-tailed Student’s t-test (***P < 0.001). (B) The expression levels of miR-181a in TNBC (MDA-MB-231) and non-TNBC (MCF7) cells. M,

monolayer; T, tumorsphere. Data were presented as mean � SD of three independent experiments. Statistical analyses were performed

with one-tailed Student’s t-test (**P < 0.01, ***P < 0.001). (C) Kaplan–Meier analysis of METABRIC datasets showing overall survival of

TNBC patients. P-value was calculated using the log-rank test. Patients were stratified into ‘low (blue)’ and ‘high (red)’ miR-181a expression

groups based on the auto-selected best cut-off. (D) miR-181a expression level in breast cancer tumorspheres. Data were presented as

mean � SD of three independent experiments. Statistical analyses were performed with one-tailed Student’s t-test (*P < 0.05, **P < 0.01).

(E) The sequence alignment of miR-181a and the 30 UTRs of ATG5 and ATG2B containing miRNA-binding sites. (F) Luciferase activities of

the wild-type or mutant 30 UTR constructs of ATG5 and ATG2B in HEK293T cells 24–48 h after transfection with miR-181a mimic or

negative control. NC, negative control mimic. Data were presented as mean � SD of three independent experiments. Statistical analyses

were performed with one-tailed Student’s t-test (**P < 0.01, ***P < 0.001). (G) qRT-PCR analysis showing the miR-181a expression level in

breast cancer cells after transfection with miR-181a inhibitor or negative control. NC inhi, negative control inhibitor; miR-181a inhi, miR-181a

inhibitor. Data of MCF7 were presented as mean � SD of five independent experiments. Data of MDA-MB-231 and MDA-MB-231/A were

presented as mean � SD of three independent experiments. Statistical analyses were performed with one-tailed Student’s t-test

(*P < 0.05, **P < 0.01, ***P < 0.001). (H) Protein expression levels of autophagy genes in breast cancer cells transfected with negative

control (NC) or miR-181a inhibitor (181a). (I) Protein expression levels of autophagy genes in breast cancer cells grown in monolayer or

tumorspheres.
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NSCLC and chronic lymphocytic leukemia cells

[42,43]. Therefore, we selected ATG5 and ATG2B out

of the 66 genes as candidate targets of miR-181a. To

confirm whether miR-181a actually binds to the 30

UTRs of ATG5 and ATG2B, a dual-luciferase assay

was performed using ATG5 and ATG2B 30 UTR con-

structs, which contain the binding seed sequence for

miR-181a (Fig. 2E). The luciferase activities of wild-

type ATG5 and ATG2B 30 UTRs were found to be

highly attenuated upon miR-181a overexpression, sug-

gesting direct binding between miR-181a and the two

genes (Fig. 2F). In order to observe the effect of the

inhibition of miR-181a, miR-181a inhibitor was ectopi-

cally transfected to breast cancer cells, and it was con-

firmed that the expression of miR-181a was

significantly inhibited (Fig. 2G). Among the miRNAs

increased in TNBC tissue, the inhibitor specifically

reduced the expression of miR-181a, with the excep-

tion of miR-181c which showed exceptionally low

expression in the breast cancer (Fig. S5). When miR-

181a was inhibited, the expression of ATG5 and

ATG2B was increased in TNBC cells, while the

expression of these genes did not show significant

changes in MCF7 cells (Fig. 2G,H). Additionally, it

was confirmed that the expression levels of ATG5 and

ATG2B were higher in MDA-MB-231 cells than in

MDA-MB-231/A cells grown in tumorspheres com-

pared to that in monolayer (Fig. 2I). Based on these

results, it can be concluded that miR-181a regulates

the expression of ATG5 and ATG2B by directly bind-

ing to the 30 UTRs of ATG5 and ATG2B in TNBC.

3.3. Inhibition of miR-181a promotes autophagy

flux and attenuates cancer stemness in TNBC

Based on the previous results, miR-181a may have an

effect on autophagy flux by regulating two of the early

autophagy genes. miR-181a expression was found to

increase from the early to late days of tumorsphere

culture of TNBC cells (Fig. 3A and S6A). The expres-

sion of miR-181a did not change significantly in

MCF7 tumorspheres (Fig. S6B). The increase in the

levels of miR-181a brought about corresponding

changes in the expression levels of ATG5 and ATG2B

(Fig. 3B and S6C). To identify the precise effect of

miR-181a on autophagy flux of TNBC CSCs, MDA-

MB-231/A cells were used, as it possess more stem-like

properties compared to MDA-MB-231. The extent of

increase in ATG5 and ATG2B levels upon inhibition

of miR-181a became more explicit in the starved con-

dition (Fig. 3C). Also, when miR-181a was inhibited,

there was an increase observed in the autolysosome

Fig. 3. Inhibition of miR-181a led to changes in autophagy and cancer stemness. (A) Expression levels of miR-181a in MDA-MB-231/A

tumorspheres were assessed using Taqman qRT-PCR on days 0–10 of tumorsphere culture. Data were presented as mean � SD of three

independent experiments. Statistical analyses were performed with one-tailed Student’s t-test (***P < 0.001). (B) ATG5 and ATG2B mRNA

levels in MDA-MB-231/A tumorspheres. Data were presented as mean � SD of three independent experiments. Statistical analyses were

performed with one-tailed Student’s t-test (***P < 0.001). (C) Expression levels of ATG5, ATG2B, and LC3 proteins in cells transfected with

miR-181a inhibitor. NC, negative control. (D) Confocal microscopy of acridine orange staining in MDA-MB-231/A tumorspheres (left,

magnification: 940, zoom: 2.0). The scale bar for magnified images equals 10 lm. Nuclei were counterstained with Hoechst 33342. Scale

bar, 20 lm. The percentage of MDA-MB-231/A cells containing acridine orange puncta is shown (right). The number of nuclei was used to

normalize the values. Data were presented as mean � SD. Statistical analyses were performed with one-tailed Student’s t-test

(***P < 0.001). (E) Confocal microscopy of LC3B and LAMP2 staining in tumorspheres (left, magnification: 940, zoom: 2.0). The scale bar

for magnified images equals 10 lm. Nuclei were counterstained with DAPI. Scale bar, 20 lm. Colocalization of LC3B and LAMP2 puncta

was quantified, and normalized with the number of all measured puncta (right). Data were presented as mean � SD. Statistical analyses

were performed with one-tailed Student’s t-test (**P < 0.01). (F) The mRNA levels of OCT4, SOX2, and NANOG in MDA-MB-231/A cells

after transfection with miR-181a inhibitors were measured using qRT-PCR. Data were presented as mean � SD of four independent

experiments. Statistical analyses were performed with one-tailed Student’s t-test (**P < 0.01, ***P < 0.001). (G) Representative images of

MDA-MB-231/A tumorspheres transfected with miR-181a inhibitors (left, magnification: 920). Scale bar, 100 lm. The number and sizes of

tumorspheres were quantified (right). Data were presented as mean � SD. Statistical analyses were performed with one-tailed Student’s t-

test (**P < 0.01). (H) MDA-MB-231/A cells transfected with miR-181a inhibitor were stained with Aldefluor reagent (left). Cells treated

additionally with DEAB (Aldefluor inhibitor) were used as a negative control. Nuclei were counterstained with Hoechst 33342 (Hoechst

33342; blue). Scale bar, 20 lm. The percentage of DEAB-untreated MDA-MB-231/A cells containing ALDH (Aldefluor; green) puncta is

shown (right). The number of nuclei was used to normalize the values. Data were presented as mean � SD. Statistical analyses were

performed with one-tailed Student’s t-test (***P < 0.001). (I) Limiting dilution assay performed on MDA-MB-231/A cells transfected with

miR-181a inhibitors. Stem cell frequency was calculated using extreme limiting dilution assay analysis. (J) Immunocytochemistry staining for

detection of p62 and OCT4 in MDA-MB-231/A cells transfected with miR-181a inhibitor (left, magnification: 940). Nuclei were

counterstained with DAPI. Scale bar, 20 lm. Mean nuclear intensity of OCT4 fluorescence is shown (right). The number of p62 puncta was

normalized with the number of DAPI-stained nuclei (right). Data were presented as mean � SD. Statistical analyses were performed with

one-tailed Student’s t-test (*P < 0.05).
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formation which was detected by acridine orange

staining (Fig. 3D) [44]. The colocalized puncta of

LC3B-LAMP2 also increased when miR-181a was

inhibited, suggesting that inhibition of miR-181a pro-

moted fusion of autophagosome (LC3B as the marker)

with lysosome (LAMP2 as the marker) and the pro-

gress of autophagy to its late stages (Fig. 3E) [45,46].

Cancer stemness markers, OCT4, SOX2, and

NANOG [47], were found to be significantly decreased

upon miR-181a inhibition (Fig. 3F). In addition,

tumorsphere formation ability of TNBC cells trans-

fected with the miR-181a inhibitor was found to be

impaired (Fig. 3G). In various types of tumors, alde-

hyde dehydrogenase (ALDH) is associated with cancer

stem cell phenotype including tumor-initiating ability

[48–50]. We found that miR181a inhibition decreased

ALDH-positive cells, suggesting the attenuation of can-

cer stemness (Fig. 3H). A decrease in the stem cell fre-

quency in cells transfected with the miR-181a inhibitor

was also observed in limiting dilution assay (Fig. 3I). A

reduction in the number of p62 puncta after the inhibi-

tion of miR-181a indicated degradation of autophago-

somal cargo proteins, suggesting the promotion of

autophagy, while a decrease in nuclear OCT4 expres-

sion suggested the attenuation of cancer stemness

(Fig. 3J). So far, changes in both autophagy flux and

cancer stemness were observed when the expression of

miR-181a changed. CCK-8 assay revealed that inhibi-

tion of miR-181a itself had no significant effect on

MDA-MB-231/A cell proliferation (Fig. S7), indicating

that miR-181a inhibition decreases cancer stemness

without affecting cell viability. These results suggest the

possibility that miR-181a plays a role in the relation-

ship between tumor-suppressive autophagy and cancer

stemness in TNBC CSCs.

3.4. The promotion of autophagy by curcumin

negatively affects cancer stemness in TNBC

If autophagy affects the cancer stemness of TNBC

through the action of miR-181a, it is essential to inves-

tigate whether the regulation of autophagy affects can-

cer stemness by controlling the target genes of miR-

181a. Previously, autophagy flux was found to be

inversely proportional to the expression of cancer

stemness markers (Fig. 3). Judging from the results of

the present study and findings from previous reports,

autophagy seems to participate in the suppression of

cancer stemness. To precisely verify the relation

between upregulation of miR-181a and attenuation of

autophagy in TNBC CSCs, the effects of ATG5 and

ATG2B were replicated in MDA-MB-231/A by restor-

ing autophagy at a molecular level. Thus, in the

present study, curcumin, a natural compound known

for its autophagy-inducing and anti-tumor effects [51],

was selected to function as an autophagy inducer to

recover the downregulated autophagy flux in TNBC

CSCs.

Curcumin was found to stimulate the expression of

ATG5 and ATG2B in MDA-MB-231/A (Fig. 4A), and

treatment with different concentrations of curcumin

was found to induce autophagy flux in TNBC cells

(Fig. 4B and S8A). The concentration of curcumin that

induced autophagy flux in MDA-MB-231/A was also

found to stimulate the formation of autolysosomes

(Fig. 4C). Cyto-ID� staining further verified that treat-

ment of curcumin induced the formation of late autop-

hagic vacuoles (Fig. 4D). The treatment of curcumin

caused a decrease in the gene expression of cancer stem-

ness markers and the formation of tumorspheres

(Fig. 4E,F and Fig. S8B). Treatment of curcumin did

not change the expression of miR-181a, thus indicating

that curcumin does not affect autophagy flux of MDA-

MB-231/A by regulating the expression of miR-181a

(Fig. S8C). Consistent with curcumin effect on tumor-

sphere formation, rapamycin treatment or ATG5 over-

expression to induce autophagy flux also decreased

tumorsphere formation of MDA-MB-231/A (Fig. S9A,

B). Additionally, we show that protein expression of

stemness markers, OCT4 and SOX2, were decreased

under treatment of rapamycin or curcumin in MDA-

MB-231/A (Fig. 4G), indicating that stemness markers

are considered as autophagy target. These results sug-

gest that autophagy inhibited cancer stemness via regu-

lating stemness marker in TNBC cells. In limiting

dilution assay, stem cell frequency in cells treated with

curcumin decreased (Fig. 4H), thus suggesting that the

recovery of autophagy by curcumin negatively affects

the cancer stemness.

3.5. Tumor-suppressive effect of curcumin is

enhanced in miR-181a-deficient TNBC cells

To confirm whether miR181a inhibition induces

tumor-suppressive effect of curcumin, we examined the

effect of curcumin treatment on autophagy and cancer

stemness in miR-181a-deficient TNBC cells. We found

that curcumin treatment further promoted the forma-

tion of autolysosomes and late autophagic vacuoles, in

addition to the effects of the inhibition of miR-181a

(Fig. 5A,B). In order to observe the long-term changes

in cancer stemness using the limiting dilution assay, an

MDA-MB-231/A stable cell line with continuous low

expression of miR-181a was produced (MIR181A-KO)

(Fig. 5C and Fig. S10). As shown in Fig. S10,

ATG2B, ATG5, and autophagy flux were increased,
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Fig. 4. Recovery of autophagy by curcumin inhibits cancer stemness in TNBC. (A) Protein levels of ATG5 and ATG2B in curcumin-treated

MDA-MB-231/A cells. (B) Treatment of MDA-MB-231/A cells with different concentrations of curcumin. (C) Confocal microscopy of acridine

orange staining in curcumin-treated MDA-MB-231/A cells (left, magnification: 940, zoom: 2.0). The scale bar for magnified images equals

10 lm. Nuclei were counterstained with Hoechst 33342. Scale bar, 20 lm. The percentage of MDA-MB-231/A cells containing acridine

orange puncta is shown (right). The number of nuclei was used to normalize the values. Data were presented as mean � SD. Statistical

analyses were performed with one-tailed Student’s t-test (**P < 0.01). (D) Confocal microscopy of curcumin-treated MDA-MB-231/A cells

stained with Cyto-ID dye (left, magnification: 940, zoom: 2.0). The scale bar for magnified images equals 10 lm. Nuclei were counterstained

with Hoechst 33342. Scale bar, 20 lm. The number of Cyto-ID puncta was normalized with the number of nuclei (right). Data were presented

as mean � SD. Statistical analyses were performed with one-tailed Student’s t-test (*P < 0.05). (E) mRNA expression of cancer stemness

markers in curcumin-treated MDA-MB-231/A cells. Data were presented as mean � SD of three independent experiments. Statistical

analyses were performed with one-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001). (F) Representative images of MDA-MB-231/A

tumorspheres treated with curcumin (left, magnification: 920). Scale bar, 100 lm. The number and sizes of tumorspheres were quantified

(below). Data were presented as mean � SD. Statistical analyses were performed with one-tailed Student’s t-test (**P < 0.01, ***P < 0.001).

(G) Protein levels of OCT4, SOX2, and LC3 in rapamycin or curcumin-treated MDA-MB-231/A cells. (H) Limiting dilution assay performed on

MDA-MB-231/A cells treated with curcumin. Stem cell frequency was calculated using extreme limiting dilution assay analysis.
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Fig. 5. Treatment with curcumin enhances the suppression of cancer stemness by miR-181a inhibitor. (A) Confocal microscopy of acridine

orange staining in MDA-MB-231/A cells treated with curcumin following miR-181a transfection. (Magnification: 940, zoom: 2.0). The scale

bar for magnified images equals 10 lm. Nuclei were counterstained with Hoechst 33342. Scale bar, 20 lm. The percentage of MDA-MB-

231/A cells containing acridine orange puncta is shown. The number of nuclei was used to normalize the values. Data were presented as

mean � SD. Statistical analyses were performed with one-tailed Student’s t-test (*P < 0.05, **P < 0.01). (B) Confocal microscopy of

autophagic MDA-MB-231/A cells stained with Cyto-ID dye following miR-181a transfection and curcumin treatment (magnification: 940,

zoom: 2.0). The scale bar for magnified images equals 10 lm. Nuclei were counterstained with Hoechst 33342. Scale bar, 20 lm. The

number of Cyto-ID puncta was normalized with the number of nuclei. Data were presented as mean � SD. Statistical analyses were

performed with one-tailed Student’s t-test (*P < 0.05; ns, nonsignificant difference). (C) qRT-PCR analysis showing the miR-181a expression

levels in MDA-MB-231/A stable KO cells. Data were presented as mean � SD of three independent experiments. Statistical analyses were

performed with one-tailed Student’s t-test (***P < 0.001). (D) Limiting dilution assays performed on curcumin-treated MDA-MB-231/A stable

miR-181a-KO cells. Stem cell frequency was calculated using extreme limiting dilution assay analysis.

1870 Molecular Oncology 16 (2022) 1857–1875 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

miR-181a-mediated autophagy in cancer stem cells J. W. Park et al.



while OCT4 was decreased in miR-181a KO cells com-

pared to that in controls. A decrease in the CSC-

initiating frequency of MDA-MB-231/A cells was

observed when the expression of miR-181a was stably

inhibited (Fig. 5D). Curcumin lowered CSC-initiating

frequency in TNBC, as well as the inhibition of miR-

181a (Fig. 5D). When the effect of miR-181a inhibi-

tion and curcumin treatment overlapped, cancer stem-

ness was further reduced in MDA-MB-231/A stable

KO cells (Fig. 5D). These results indicated that the

suppression of miR-181a further enhanced the tumor-

suppressive effects of curcumin. Thus, it can be con-

cluded that the regulation of autophagy through miR-

181a has clinically meaningful suppressive effects on

cancer stem cells.

4. Discussion

Since TNBC is enriched with the CSC population,

which serve as influencing factors in its resistance to

chemotherapy, CSC-targeted therapy is an important

process in treating cancer [52]. Recently, many studies

have applied autophagy for CSC-targeted therapy;

autophagy itself has been shown to play a dual role in

cancer, as a tumor suppressor and a tumor promoter

[15]. Therefore, autophagy acts as a double-edged

sword for tumor cells. Autophagy genes have fre-

quently been found to be mono-allelically deleted,

silenced, or mutated in human tumors, resulting in an

environment of increased oxidative stress that is con-

ducive to DNA damage, genomic instability, and

tumor progression [53]. Cancer tissues have been

shown to display reduced autophagy as compared to

their normal counterparts, suggesting that autophagy

serves as an in vivo tumor suppressor [54].

Dysregulation of miRNA has been observed in vari-

ous types of human cancer [55]. Numerous studies

revealed that miRNAs play important roles in autop-

hagy, as several target genes of miRNAs have been

found to be actively involved in the autophagy pathway

[33–35,56]. In a mammary epithelial cell line, autophagy

promotes the survival of cells detached from surfaces,

and miR-181a promotes anoikis by suppressing autop-

hagy [57], but the role of autophagy in breast cancer

varies by subtype [13]. In cancer stem cells, autophagy is

known to display a more complex status [58]. It has

been found that miR-181a regulates autophagy and sus-

tains cellular survival in various cancers [59,60]. More-

over, the inhibition of miR-181a was observed to have

therapeutic effects on gastric cancer [61].

Curcumin is a natural compound known for its anti-

cancer effects in various cancers and antiproliferative

effects on human tumor cell lines [62,63]. Curcumin has

been shown to upregulate the expression of autophagy-

related proteins, including ATG5 and ATG2B and

induce overall autophagy flux in human cancers [64,65].

Autophagy modulation in CSCs is an emerging strategy

for cancer therapy, involving the use of drugs or natural

compounds that regulate autophagy flux. Many of the

clinical drugs and natural compounds induce autophagy

to accelerate cancer cell death, as a means of suppress-

ing cancer growth [53].

By demonstrating that downregulation of autophagy

occurs specifically in TNBC with high expression of can-

cer stemness marker, the present study intended to sug-

gest the role of autophagy as a potential tumor

suppressor in TNBC CSCs. Also, our data collectively

led us to the conclusion that the upregulation of miR-

181a results in the downregulation of its target genes

ATG5 and ATG2B in TNBC CSCs. This leads to the

attenuation of the tumor-suppressive autophagy, result-

ing in the stable maintenance of cancer stemness. The

promotion of autophagy by curcumin, which increases

the expression of the target gene of miR-181a, could be

used as a means of tumor suppression and a treatment

for TNBC. Inhibition of miR-181a and treatment of

curcumin compensate for the downregulation of autop-

hagy flux and restore it; the tumor-suppressive autop-

hagy then results in the inhibition of cancer stemness.

Therefore, based on the results in this study, we present

miR-181a as a potential target of therapy and curcumin

as a potential treatment for TNBC.

5. Conclusions

Taken together, this study identified the tumor-

suppressive effect of autophagy regulated by miR-181a

on TNBC stemness, which could provide a new evi-

dence of miRNA-regulated autophagy and potential

therapeutic approach for TNBC.

Acknowledgments

This work was supported by the National Research

Foundation of Korea (NRF) Grant funded by the

Korean Government (MSIP) (2019R1A2B5B03069738,

NRF-2016R1A5A1011974).

Conflict of interest

The authors declare no conflict of interest.

Peer review

The peer review history for this article is available at

https://publons.com/publon/10.1002/1878-0261.13180.

1871Molecular Oncology 16 (2022) 1857–1875 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

J. W. Park et al. miR-181a-mediated autophagy in cancer stem cells

https://publons.com/publon/10.1002/1878-0261.13180


Data accessibility

The data that support the findings of this study are

available on request from the corresponding author.

Author contributions

JWP and YK performed the experiments, analyzed the

data, and prepared the manuscript. SBL, CWO, and

EJL contributed to data and methods. JYK performed

the experiments, analyzed the data, and prepared the

revised manuscript. JHP contributed to conceptualiza-

tion and funding acquisition and discussed the manu-

script.

Consent for publication

Not applicable.

References

1 Foulkes WD, Smith IE, Reis-Filho JS. Triple-negative

breast cancer. N Engl J Med. 2010;363:1938–48. https://
doi.org/10.1056/NEJMra1001389.

2 Curigliano G, Goldhirsch A. The triple-negative

subtype: new ideas for the poorest prognosis breast

cancer. J Natl Cancer Inst Monogr. 2011;2011:108–10.
https://doi.org/10.1093/jncimonographs/lgr038.

3 Peng Y, Croce CM. The role of MicroRNAs in human

cancer. Signal Transduct Target Ther. 2016;1:15004.

https://doi.org/10.1038/sigtrans.2015.4.

4 Chen K, Huang YH, Chen JL. Understanding and

targeting cancer stem cells: therapeutic implications and

challenges. Acta Pharmacol Sin. 2013;34:732–40. https://
doi.org/10.1038/aps.2013.27.

5 Frank NY, Schatton T, Frank MH. The therapeutic

promise of the cancer stem cell concept. J Clin Invest.

2010;120:41–50. https://doi.org/10.1172/JCI41004.
6 O’Conor CJ, Chen T, Gonzalez I, Cao D, Peng Y.

Cancer stem cells in triple-negative breast cancer: a

potential target and prognostic marker. Biomark Med.

2018;12:813–20. https://doi.org/10.2217/bmm-2017-0398.

7 Idowu MO, Kmieciak M, Dumur C, Burton RS,

Grimes MM, Powers CN, et al. CD44(+)/CD24(-/low)

cancer stem/progenitor cells are more abundant in

triple-negative invasive breast carcinoma phenotype and

are associated with poor outcome. Hum Pathol.

2012;43:364–73. https://doi.org/10.1016/j.humpath.2011.

05.005.

8 Park SY, Lee HE, Li H, Shipitsin M, Gelman R,

Polyak K. Heterogeneity for stem cell-related markers

according to tumor subtype and histologic stage in

breast cancer. Clin Cancer Res. 2010;16:876–87. https://
doi.org/10.1158/1078-0432.CCR-09-1532.

9 DeSano JT, Xu L. MicroRNA regulation of cancer

stem cells and therapeutic implications. AAPS J.

2009;11:682–92. https://doi.org/10.1208/s12248-009-
9147-7.

10 Hosseinahli N, Aghapour M, Duijf PHG, Baradaran B.

Treating cancer with microRNA replacement therapy: a

literature review. J Cell Physiol. 2018;233:5574–88.
https://doi.org/10.1002/jcp.26514.

11 Yang ZJ, Chee CE, Huang S, Sinicrope FA. The role

of autophagy in cancer: therapeutic implications. Mol

Cancer Ther. 2011;10:1533–41. https://doi.org/10.1158/
1535-7163.MCT-11-0047.

12 Feng Y, He D, Yao Z, Klionsky DJ. The machinery of

macroautophagy. Cell Res. 2014;24:24–41. https://doi.
org/10.1038/cr.2013.168.

13 Han Y, Fan S, Qin T, Yang J, Sun Y, Lu Y, et al.

Role of autophagy in breast cancer and breast cancer

stem cells (Review). Int J Oncol. 2018;52:1057–70.
https://doi.org/10.3892/ijo.2018.4270.

14 Maycotte P, Thorburn A. Targeting autophagy in

breast cancer. World J Clin Oncol. 2014;5:224–40.
https://doi.org/10.5306/wjco.v5.i3.224.

15 Ojha R, Bhattacharyya S, Singh SK. Autophagy in

cancer stem cells: a potential link between

chemoresistance, recurrence, and metastasis. Biores

Open Access. 2015;4:97–108. https://doi.org/10.1089/
biores.2014.0035.

16 Kong HK, Park SJ, Kim YS, Kim KM, Lee HW,

Kang HG, et al. Epigenetic activation of LY6K

predicts the presence of metastasis and poor prognosis

in breast carcinoma. Oncotarget. 2016;7:55677–89.
https://doi.org/10.18632/oncotarget.10972.

17 Mauthe M, Orhon I, Rocchi C, Zhou X, Luhr M,

Hijlkema KJ, et al. Chloroquine inhibits autophagic

flux by decreasing autophagosome-lysosome fusion.

Autophagy. 2018;14:1435–55. https://doi.org/10.1080/
15548627.2018.1474314.

18 Schneider CA, Rasband WS, Eliceiri KW. NIH

Image to ImageJ: 25 years of image analysis. Nat

Methods. 2012;9:671–5. https://doi.org/10.1038/nmeth.

2089.

19 Son D, Kim Y, Lim S, Kang HG, Kim DH, Park JW,

et al. miR-374a-5p promotes tumor progression by

targeting ARRB1 in triple negative breast cancer.

Cancer Lett. 2019;454:224–33. https://doi.org/10.1016/j.
canlet.2019.04.006.

20 Shaheen S, Ahmed M, Lorenzi F, Nateri AS. Spheroid-

formation (Colonosphere) assay for in vitro assessment

and expansion of stem cells in colon cancer. Stem Cell

Rev Rep. 2016;12:492–9. https://doi.org/10.1007/s12015-
016-9664-6.

21 Kim DK, Ham MH, Lee SY, Shin MJ, Kim YE, Song

P, et al. CD166 promotes the cancer stem-like

properties of primary epithelial ovarian cancer cells.

BMB Reports. 2020;53:622–7.

1872 Molecular Oncology 16 (2022) 1857–1875 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

miR-181a-mediated autophagy in cancer stem cells J. W. Park et al.

https://doi.org/10.1056/NEJMra1001389
https://doi.org/10.1056/NEJMra1001389
https://doi.org/10.1093/jncimonographs/lgr038
https://doi.org/10.1038/sigtrans.2015.4
https://doi.org/10.1038/aps.2013.27
https://doi.org/10.1038/aps.2013.27
https://doi.org/10.1172/JCI41004
https://doi.org/10.2217/bmm-2017-0398
https://doi.org/10.1016/j.humpath.2011.05.005
https://doi.org/10.1016/j.humpath.2011.05.005
https://doi.org/10.1158/1078-0432.CCR-09-1532
https://doi.org/10.1158/1078-0432.CCR-09-1532
https://doi.org/10.1208/s12248-009-9147-7
https://doi.org/10.1208/s12248-009-9147-7
https://doi.org/10.1002/jcp.26514
https://doi.org/10.1158/1535-7163.MCT-11-0047
https://doi.org/10.1158/1535-7163.MCT-11-0047
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.3892/ijo.2018.4270
https://doi.org/10.5306/wjco.v5.i3.224
https://doi.org/10.1089/biores.2014.0035
https://doi.org/10.1089/biores.2014.0035
https://doi.org/10.18632/oncotarget.10972
https://doi.org/10.1080/15548627.2018.1474314
https://doi.org/10.1080/15548627.2018.1474314
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.canlet.2019.04.006
https://doi.org/10.1016/j.canlet.2019.04.006
https://doi.org/10.1007/s12015-016-9664-6
https://doi.org/10.1007/s12015-016-9664-6


22 Grimson A, Farh KK, Johnston WK, Garrett-Engele

P, Lim LP, Bartel DP. MicroRNA targeting specificity

in mammals: determinants beyond seed pairing. Mol

Cell. 2007;27:91–105. https://doi.org/10.1016/j.molcel.

2007.06.017.

23 Almanaa TN, Geusz ME, Jamasbi RJ. A new method

for identifying stem-like cells in esophageal cancer cell

lines. Journal of Cancer. 2013;4:536–48. https://doi.org/
10.7150/jca.6477.

24 Klutzny S, Anurin A, Nicke B, Regan JL, Lange M,

Schulze L, et al. PDE5 inhibition eliminates cancer stem

cells via induction of PKA signaling. Cell Death Dis.

2018;9:192. https://doi.org/10.1038/s41419-017-0202-5.

25 Hu Y, Smyth GK. ELDA: extreme limiting dilution

analysis for comparing depleted and enriched

populations in stem cell and other assays. J Immunol

Methods. 2009;347:70–8. https://doi.org/10.1016/j.jim.

2009.06.008.

26 Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA,

Mikkelson T, et al. Genome-scale CRISPR-Cas9

knockout screening in human cells. Science.

2014;343:84–7. https://doi.org/10.1126/science.1247005.
27 Lee CH, Yu CC, Wang BY, Chang WW. Tumorsphere

as an effective in vitro platform for screening anti-

cancer stem cell drugs. Oncotarget. 2016;7:1215–26.
https://doi.org/10.18632/oncotarget.6261.

28 Atlasi Y, Mowla SJ, Ziaee SA, Bahrami AR. OCT-4,

an embryonic stem cell marker, is highly expressed in

bladder cancer. Int J Cancer. 2007;120:1598–602.
https://doi.org/10.1002/ijc.22508.

29 Kim RJ, Nam JS. OCT4 expression enhances features

of cancer stem cells in a mouse model of breast cancer.

Lab Anim Res. 2011;27:147–52. https://doi.org/10.5625/
lar.2011.27.2.147.

30 Bjorkoy G, Lamark T, Brech A, Outzen H, Perander

M, Overvatn A, et al. p62/SQSTM1 forms protein

aggregates degraded by autophagy and has a

protective effect on huntingtin-induced cell death. J

Cell Biol. 2005;171:603–14. https://doi.org/10.1083/jcb.
200507002.

31 Komatsu M, Waguri S, Koike M, Sou YS, Ueno T,

Hara T, et al. Homeostatic levels of p62 control

cytoplasmic inclusion body formation in autophagy-

deficient mice. Cell. 2007;131:1149–63. https://doi.org/
10.1016/j.cell.2007.10.035.

32 Nguyen LV, Vanner R, Dirks P, Eaves CJ. Cancer stem

cells: an evolving concept. Nat Rev Cancer.

2012;12:133–43. https://doi.org/10.1038/nrc3184.
33 Gozuacik D, Akkoc Y, Ozturk DG, KocakM.

Autophagy-regulating microRNAs and Cancer. Front

Oncol. 2017;7:65. https://doi.org/10.3389/fonc.2017.00065.

34 Jing Z, Han W, Sui X, Xie J, Pan H. Interaction of

autophagy with microRNAs and their potential

therapeutic implications in human cancers. Cancer Lett.

2015;356:332–8. https://doi.org/10.1016/j.canlet.2014.09.
039.

35 Xu J, Wang Y, Tan X, Jing H. MicroRNAs in

autophagy and their emerging roles in crosstalk with

apoptosis. Autophagy. 2012;8:873–82. https://doi.org/10.
4161/auto.19629.

36 Boo L, Ho WY, Mohd Ali N, Yeap SK, Ky H, Chan

KG, et al. Phenotypic and microRNA transcriptomic

profiling of the MDA-MB-231 spheroid-enriched CSCs

with comparison of MCF-7 microRNA profiling

dataset. PeerJ. 2017;5:e3551. https://doi.org/10.7717/

peerj.3551.

37 Chandrashekar DS, Bashel B, Balasubramanya SAH,

Creighton CJ, Ponce-Rodriguez I, Chakravarthi B,

et al. UALCAN: A portal for facilitating tumor

subgroup gene expression and survival analyses.

Neoplasia. 2017;19:649–58. https://doi.org/10.1016/j.neo.
2017.05.002.

38 Xie B, Yuan Z, Yang Y, Sun Z, Zhou S, Fang X.

MOBCdb: a comprehensive database integrating multi-

omics data on breast cancer for precision medicine.

Breast Cancer Res Treat. 2018;169:625–32. https://doi.
org/10.1007/s10549-018-4708-z.

39 Ellis P, Fagan BM, Magness ST, Hutton S, Taranova

O, Hayashi S, et al. SOX2, a persistent marker for

multipotential neural stem cells derived from

embryonic stem cells, the embryo or the adult. Dev

Neurosci. 2004;26:148–65. https://doi.org/10.1159/
000082134.

40 Matoulkova E, Michalova E, Vojtesek B, Hrstka R.

The role of the 3’ untranslated region in post-

transcriptional regulation of protein expression in

mammalian cells. RNA Biol. 2012;9:563–76. https://doi.
org/10.4161/rna.20231.

41 Tekirdag KA, Korkmaz G, Ozturk DG, Agami R,

Gozuacik D. MIR181A regulates starvation- and

rapamycin-induced autophagy through targeting of

ATG5. Autophagy. 2013;9:374–85. https://doi.org/10.
4161/auto.23117.

42 Kovaleva V, Mora R, Park YJ, Plass C, Chiramel AI,

Bartenschlager R, et al. miRNA-130a targets ATG2B

and DICER1 to inhibit autophagy and trigger killing of

chronic lymphocytic leukemia cells. Cancer Res.

2012;72:1763–72. https://doi.org/10.1158/0008-5472.
CAN-11-3671.

43 Wei J, Ma Z, Li Y, Zhao B, Wang D, Jin Y, et al.

miR-143 inhibits cell proliferation by targeting

autophagy-related 2B in non-small cell lung cancer

H1299 cells. Mol Med Rep. 2015;11:571–6. https://doi.
org/10.3892/mmr.2014.2675.

44 Ko M, Oh GT, Park J, Kwon HJ. Extract of high

hydrostatic pressure-treated danshen (Salvia

miltiorrhiza) ameliorates atherosclerosis via autophagy

induction. BMB Reports. 2020;53:652–7.

1873Molecular Oncology 16 (2022) 1857–1875 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

J. W. Park et al. miR-181a-mediated autophagy in cancer stem cells

https://doi.org/10.1016/j.molcel.2007.06.017
https://doi.org/10.1016/j.molcel.2007.06.017
https://doi.org/10.7150/jca.6477
https://doi.org/10.7150/jca.6477
https://doi.org/10.1038/s41419-017-0202-5
https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.1126/science.1247005
https://doi.org/10.18632/oncotarget.6261
https://doi.org/10.1002/ijc.22508
https://doi.org/10.5625/lar.2011.27.2.147
https://doi.org/10.5625/lar.2011.27.2.147
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1016/j.cell.2007.10.035
https://doi.org/10.1016/j.cell.2007.10.035
https://doi.org/10.1038/nrc3184
https://doi.org/10.3389/fonc.2017.00065
https://doi.org/10.1016/j.canlet.2014.09.039
https://doi.org/10.1016/j.canlet.2014.09.039
https://doi.org/10.4161/auto.19629
https://doi.org/10.4161/auto.19629
https://doi.org/10.7717/peerj.3551
https://doi.org/10.7717/peerj.3551
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1007/s10549-018-4708-z
https://doi.org/10.1007/s10549-018-4708-z
https://doi.org/10.1159/000082134
https://doi.org/10.1159/000082134
https://doi.org/10.4161/rna.20231
https://doi.org/10.4161/rna.20231
https://doi.org/10.4161/auto.23117
https://doi.org/10.4161/auto.23117
https://doi.org/10.1158/0008-5472.CAN-11-3671
https://doi.org/10.1158/0008-5472.CAN-11-3671
https://doi.org/10.3892/mmr.2014.2675
https://doi.org/10.3892/mmr.2014.2675


45 Kim S, Choi S, Kang D. Quantitative and qualitative

analysis of autophagy flux using imaging. BMB

Reports. 2020;53:241–7.
46 Meng XH, Chen B, Zhang JP. Intracellular Insulin and

Impaired Autophagy in a Zebrafish model and a Cell

Model of Type 2 diabetes. Intern J Biol Sci.

2017;13:985–95. https://doi.org/10.7150/ijbs.19249.
47 Shan J, Shen J, Liu L, Xia F, Xu C, Duan G, et al.

Nanog regulates self-renewal of cancer stem cells

through the insulin-like growth factor pathway in

human hepatocellular carcinoma. Hepatology.

2012;56:1004–14. https://doi.org/10.1002/hep.25745.
48 Awad O, Yustein JT, Shah P, Gul N, Katuri V,

O’Neill A, et al. High ALDH activity identifies

chemotherapy-resistant Ewing’s sarcoma stem cells

that retain sensitivity to EWS-FLI1 inhibition. PLoS

One. 2010;5:e13943. https://doi.org/10.1371/journal.

pone.0013943.

49 Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J,

Cervera N, Finetti P, et al. Breast cancer cell lines

contain functional cancer stem cells with metastatic

capacity and a distinct molecular signature. Can Res.

2009;69:1302–13. https://doi.org/10.1158/0008-5472.
CAN-08-2741.

50 Shenoy A, Butterworth E, Huang EH. ALDH as a

marker for enriching tumorigenic human colonic stem

cells. Methods Mol Biol. 2012;916:373–85. https://doi.
org/10.1007/978-1-61779-980-8_27.

51 Priyadarsini KI. The chemistry of curcumin: from

extraction to therapeutic agent. Molecules.

2014;19:20091–112. https://doi.org/10.3390/
molecules191220091.

52 Park SY, Choi JH, Nam JS. Targeting cancer stem

cells in triple-negative breast cancer. Cancers (Basel).

2019;11:965. https://doi.org/10.3390/cancers11070965.

53 Kung CP, Budina A, Balaburski G, Bergenstock MK,

Murphy M. Autophagy in tumor suppression and

cancer therapy. Crit Rev Eukaryot Gene Expr.

2011;21:71–100. https://doi.org/10.1615/
critreveukargeneexpr.v21.i1.50.

54 Kisen GO, Tessitore L, Costelli P, Gordon PB,

Schwarze PE, Baccino FM, et al. Reduced autophagic

activity in primary rat hepatocellular carcinoma and

ascites hepatoma cells. Carcinogenesis. 1993;14:2501–5.
https://doi.org/10.1093/carcin/14.12.2501.

55 Palanichamy JK, Rao DS. miRNA dysregulation in

cancer: towards a mechanistic understanding. Front

Genet. 2014;5:54. https://doi.org/10.3389/fgene.2014.

00054.

56 Zhang N, Qiu L, Li T, Wang X, Deng R, Yi H, et al.

MiR-449a attenuates autophagy of T-cell lymphoma

cells by downregulating ATG4B expression. BMB

Reports. 2020;53:254–9.
57 Wei JL, Li YC, Ma ZL, Jin YX. MiR-181a-5p

promotes anoikis by suppressing autophagy during

detachment induction in the mammary epithelial cell

line MCF10A. Protein Cell. 2016;7:305–9. https://doi.
org/10.1007/s13238-016-0255-8.

58 Nazio F, Bordi M, Cianfanelli V, Locatelli F, Cecconi

F. Autophagy and cancer stem cells: molecular

mechanisms and therapeutic applications. Cell Death

Differ. 2019;26:690–702. https://doi.org/10.1038/s41418-
019-0292-y.

59 Lin Y, Zhao J, Wang H, Cao J, Nie Y. miR-181a

modulates proliferation, migration and autophagy in

AGS gastric cancer cells and downregulates MTMR3.

Mol Med Rep. 2017;15:2451–6. https://doi.org/10.3892/
mmr.2017.6289.

60 Liu Y, Song Y, Zhu X. MicroRNA-181a regulates

apoptosis and autophagy process in parkinson’s disease

by inhibiting p38 mitogen-Activated Protein Kinase

(MAPK)/c-Jun N-terminal kinases (JNK) signaling

pathways. Med Sci Monit. 2017;23:1597–606. https://
doi.org/10.12659/msm.900218.

61 Zhang X, Nie Y, Li X, Wu G, Huang Q, Cao J, et al.

MicroRNA-181a functions as an oncomir in gastric

cancer by targeting the tumour suppressor gene ATM.

Pathol Oncol Res. 2014;20:381–9. https://doi.org/10.
1007/s12253-013-9707-0.

62 Lee JE, Yoon SS, Moon EY. Curcumin-induced autophagy

augments its antitumor effect against A172 human

glioblastoma cells. Biomol Ther (Seoul). 2019;27:484–91.
https://doi.org/10.4062/biomolther.2019.107.

63 Mehta K, Pantazis P, McQueen T, Aggarwal BB.

Antiproliferative effect of curcumin (diferuloylmethane)

against human breast tumor cell lines. Anticancer

Drugs. 1997;8:470–81. https://doi.org/10.1097/00001813-
199706000-00010.

64 Fu H, Wang C, Yang D, Wei Z, Xu J, Hu Z, et al.

Curcumin regulates proliferation, autophagy, and

apoptosis in gastric cancer cells by affecting PI3K and

P53 signaling. J Cell Physiol. 2018;233:4634–42. https://
doi.org/10.1002/jcp.26190.

65 Kishi-Itakura C, Koyama-Honda I, Itakura E,

Mizushima N. Ultrastructural analysis of

autophagosome organization using mammalian

autophagy-deficient cells. J Cell Sci. 2014;127:4089–102.
https://doi.org/10.1242/jcs.156034.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. The expression of OCT4 in breast cancer

tumorspheres.

Fig. S2. The expression levels of miRNAs upregulated

in MDA-MB-231 tumorspheres between normal and

TNBC tissues.

1874 Molecular Oncology 16 (2022) 1857–1875 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

miR-181a-mediated autophagy in cancer stem cells J. W. Park et al.

https://doi.org/10.7150/ijbs.19249
https://doi.org/10.1002/hep.25745
https://doi.org/10.1371/journal.pone.0013943
https://doi.org/10.1371/journal.pone.0013943
https://doi.org/10.1158/0008-5472.CAN-08-2741
https://doi.org/10.1158/0008-5472.CAN-08-2741
https://doi.org/10.1007/978-1-61779-980-8_27
https://doi.org/10.1007/978-1-61779-980-8_27
https://doi.org/10.3390/molecules191220091
https://doi.org/10.3390/molecules191220091
https://doi.org/10.3390/cancers11070965
https://doi.org/10.1615/critreveukargeneexpr.v21.i1.50
https://doi.org/10.1615/critreveukargeneexpr.v21.i1.50
https://doi.org/10.1093/carcin/14.12.2501
https://doi.org/10.3389/fgene.2014.00054
https://doi.org/10.3389/fgene.2014.00054
https://doi.org/10.1007/s13238-016-0255-8
https://doi.org/10.1007/s13238-016-0255-8
https://doi.org/10.1038/s41418-019-0292-y
https://doi.org/10.1038/s41418-019-0292-y
https://doi.org/10.3892/mmr.2017.6289
https://doi.org/10.3892/mmr.2017.6289
https://doi.org/10.12659/msm.900218
https://doi.org/10.12659/msm.900218
https://doi.org/10.1007/s12253-013-9707-0
https://doi.org/10.1007/s12253-013-9707-0
https://doi.org/10.4062/biomolther.2019.107
https://doi.org/10.1097/00001813-199706000-00010
https://doi.org/10.1097/00001813-199706000-00010
https://doi.org/10.1002/jcp.26190
https://doi.org/10.1002/jcp.26190
https://doi.org/10.1242/jcs.156034


Fig. S3. The expression of cancer stem cell properties

of breast cancer tumorspheres.

Fig. S4. miR-181a expression in MDA-MB-231 and

MDA-MB-231/A cells.

Fig. S5. The specificity of miR-181a inhibitor on

breast cancer cells.

Fig. S6. The expression of miR-181a and autophagy

target genes in breast cancer tumorspheres.

Fig. S7. The effect of miR-181a inhibition on the via-

bility of MDA-MB-231/A cells.

Fig. S8. The effects of curcumin on autophagy flux

and cancer stemness of TNBC cells.

Fig. S9. The effects of ATG5 overexpression or rapa-

mycin treatment on autophagy flux and tumorsphere

of MDA-MB-231/A cells.

Fig. S10. Protein expression of autophagy and stem-

ness marker in miR181a KO MDA-MB-231/A cells.

Table S1. qRT-PCR primer sequences for each gene.

Table S2. The sequences of primers to amplify the

3’UTRs of the genes.

Table S3. The sequences of oligos for CRISPR-knock-

out of miR-181a.

Table S4. Target prediction of miR-181a using Tar-

getScan and HADb.
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