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Background: Autophagy executes the rapid degradation of unneeded proteins and orga-

nelles through the lysosomal pathway, and is a crucial catabolic process widely conserved

among eukaryotes. miRNAs can modulate autophagy by targeting genes encoding proteins

involved in the process. A great deal of researchhas indicated that miR-216a was a functional

miRNA related to tumorigenesis. However, the contribution of miR-216a to autophagy in

colorectal cancer (CRC) remains unclear. The purpose of this study was to investigate the

role of miR-216a in autophagy in CRC cells.

Methods: The expression levels of miR-216a in 67 paired CRC patients were evaluated by

qRT-PCR. Direct gene targeting predicted by TargetScan and miRanda was confirmed by

luciferase activity. Western blot and flow cytometry were used to identify the regulatory

mechanism of miR-216a on autophagy in CRC cells.

Results: We determined that miR-216a is downregulated in CRC by screening its expression

in 67 CRC tissue samples. Dual luciferase reporter assays showed that miR-216a binds the

3′-UTR of MAP1S, suggesting that MAP1S is a direct target of miR-216a. miR-216a could

inhibit autophagy in HCT-116 and HT-29 CRC cells through downregulating MAP1S

expression. Flow cytometry and Western blot analysis demonstrated that overexpression of

miR-216a reduced MAP1S mRNA and protein levels. Moreover, we determined that miR-

216a-regulated inhibition of autophagy via MAP1S regulation involves the TGF-β pathway.

Conclusion: Taken together, our findings indicate that miR-216a was a tumor-suppressor

miRNA in human CRC, which can inhibit autophagy via the TGF-β/MAP1S pathway.
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Introduction
Autophagy is characterized by autophagosome-dependent lysosomal degradation of

long-lived proteins and unneeded organelles, which sustain cellular homeostasis.1

Elimination of pathogens and engulfment of apoptotic cells are also important func-

tions of autophagy.2,3 In cancer cells, metabolic stress robustly induces autophagy,

which is sustained when apoptosis is blocked.4 Abnormal regulation of autophagy is

involved in several pathophysiological processes in numerous diseases;4 however, the

correlation between autophagy and tumors remains controversial.5

microRNAs (miRs, miRNAs), which belong to a group of short, noncoding

RNAs, have emerged as potential targets for anticancer therapy, as they regulate

approximately 60% of protein-coding genes.6 Through binding target mRNA mole-

cules, miRNAs generally downregulate gene expression and can influence cell
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proliferation, apoptosis, and the cell cycle.7–9

Dysregulated miRNA expression is a common feature in

human cancers,10,11 and previous studies have demon-

strated that several miRNAs are dysregulated in colorectal

cancer (CRC), and associated with its progression.12–14

Aberrant expression of miRNAs is increasingly recognized

as involved in the inappropriate stimulation of cellular

programs, such as autophagy.15,16

miR-216a, a functional miRNA related to tumorigenesis,

has recently become the subject of a great deal of research. Its

expression is frequently abnormal in tumors, suggesting that

it may have a significant role in cancer.17,18 Moreover,

a recent study demonstrated that miR-216a enhances radio-

sensitivity through inhibition of autophagy in pancreatic

cancer cells;19 however, the contribution of miR-216a to

autophagy in CRC remains unclear. Our computational ana-

lysis predicted that the MAP1S gene is a target for regulation

by miR-216a and that its encoded protein, microtubule-

associated protein 1S (MAP1S), is a key regulator that

enhances autophagy flux.20 Moreover, recent research has

demonstrated a link between TGF-β/MAP1S pathway-

mediated autophagy and suppression of tumorigenesis.21

In the present study, we show that levels of miR-216a

expression are reduced in CRC tissues and cells and confirm

the autophagy-mediating protein, MAP1S, as a direct tran-

scriptional target of miR-216a in CRC. We further demon-

strate that the TGF-β/MAP1S signaling pathway participates

in miR-216a-mediated suppression of CRC cell autophagy.

Materials and methods
Patient and tissue samples
Pairs of fresh tumor and adjacent nontumor tissue samples

(n=67) were collected during surgical resection at

the Second Affiliated Hospital of Harbin Medical

University (Harbin, China) between 2017 and 2018.

Patients who had received prior therapy were excluded.

All patients provided written informed consent, according

to our institutional guidelines, and the study protocol was

approved by the Institutional Review Board of Harbin

Medical University, which was conducted in accordance

with the Declaration of Helsinki.

Cell culture and transfection
The normal colon epithelial cell line, FHC, and the human

CRC cell lines, HT-29, HCT-116, SW-480, and SW-620, were

purchased from the Cell Bank of the Chinese Academy of

Sciences (Shanghai, China). FHC cells were cultured in

DMEM (Hyclone, Logan, UT, USA) and CRC cells were

incubated in RPMI-1640 medium. RPMI-1640 and DMEM

were supplemented with 10% FBS (Gibco, Grand Island,

NY, USA). Cells were incubated at 37℃ in 5% CO2.

Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,

MA, USA) was used for transient transfection, according to

themanufacturer’s protocol. The efficiency of transfectionwas

assessed by RT-qPCR and Western blotting.

Quantitative real-time polymerase chain

reaction (qRT-PCR)
Total RNA and miRNAs were isolated from tissues and

cells using Trizol (Thermo Fisher Scientific) and

a mirVana miRNA Isolation kit (Ambion, Waltham,

MA, USA), respectively, according to the manufacturer’s

instructions. miRNA samples (2 μg) were used to perform

reverse transcription with a High Capacity cDNA Reverse

Transcription kit (Thermo Fisher Scientific). Real-time

PCR was performed using SYBR Premix Ex TaqTM Ⅱ

(TaKaRa, Tokyo, Japan). The sequences of the primer sets

were as follows: MAP1S forward, 5′-CTCCTCACTGG

TCGCTAAAACT-3′ and reverse 5′-GGGACTGGTAGAA

AGGGGTATGT-3′; miR-216a forward, 5′-CTCAAC

GCGTGCGTCTGCTCTGGTGGCT-3′ and reverse 5′-

GGCGCAAGCTTCACCTGGAGTAAGACACGACTTC-

3′; TGF-β forward, 5′-ATGTTGAGACCTTCAACACC-3′

and reverse 5′-AGGTAGTCAGTCAGGTCCCGGCC-3′.

The relative expression levels of MAP1S and miR-216a

were, respectively, normalized to β-actin and U6.

Construction of promoter reporter

plasmids and luciferase reporter assays
A fragment of the 3′-UTR of MAP1S containing miR-216a-

binding sites was amplified by PCR and inserted downstream

of the firefly luciferase gene in the pGL3-promoter vector

(Promega, Madison, WI, USA). Mutant reporter plasmids

were constructed using the Quick Change Mutagenesis kit

(Stratagene, Palo Alto, CA, USA) and verified by sequencing

(Agilent Technologies, Inc., Palo Alto, CA, USA). Luciferase

activities were analyzed using the Dual-Luciferase Reporter

Assay System (Promega Corporation), according to the man-

ufacturer’s instructions.

Western blotting
To extract proteins, cells were treated with RIPA lysis buffer

supplemented with protease inhibitor cocktail and protein

phosphatase inhibitor. Protein concentrations in the resulting
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lysates were measured using a BCA kit (Beyotime Institute

of Biotechnology, Shanghai, China). Samples were then

separated by electrophoresis and transferred to PVDF mem-

branes, which were incubated with primary antibodies over-

night at 4℃. Primary antibodies used were against MAP-1S,

microtubule-associated protein light chain 3 (LC3)-I, LC3-

II, Beclin-I, N-cadherin, and Vimentin (Santa Cruz

Biotechnology, Dallas, TX, USA). The following day, mem-

branes were incubated with secondary antibody for 2 hrs at

room temperature. Expression levels of detected proteins

were determined by enhanced chemiluminescence reagent.

β-actin was used as a normalization control.

Evaluation of autophagy by flow

cytometry
Cell autophagy was detected by monodansylcadaverine

(MDC; Sigma-Aldrich, St. Louis, MO, USA) staining.

Cells were washed with PBS and then incubated with 0.05

mmol/L MDC in PBS at 37°C for 45 mins. Subsequently,

cells were washed three times with PBS and immediately

analyzed by flow cytometry. Cell Quest software was used to

analyze 104 cells. The number of MDC-positive cells was

positively correlated with autophagy status.

Statistical analysis
Results are expressed as mean ± SD. Comparisons

between two groups were carried out using the Student’s

t-test. Levels of correlation were examined by Spearman

correlation analysis. P<0.05 was considered to indicate

a statistically significant difference. Statistical analysis

was performed using SPSS version 21 (IBM Corp.,

Armonk, NY, USA) or GraphPad Prism version 5.0

(GraphPad Software, Inc., La Jolla, CA, USA).

Results
miR-216a inhibits autophagy in CRC cells
First, we investigated miR-216a expression levels to clar-

ify its potential role in CRC. Compared with adjacent

nontumor and FHC cells, levels of miR-216a expression

were decreased in 67 CRC tumor samples and four CRC

cell lines (Figure 1A and B). The CRC cell lines, HT-29

and HCT-116, were selected for further investigation, as

they showed intermediate levels of miR-216a expression.

To further investigate the potential involvement of

miR-216a in autophagy, we exposed cells to miR-216a

mimic, the autophagy activator, rapamycin, or the autop-

hagy inhibitor, 3-MA and examined levels of autophagy

by flow cytometry and Western blot analysis. The number

of MDC-positive cells (correlates positively with autop-

hagy status) was assessed by flow cytometry, while the

expression of autophagy marker proteins, such as LC3,

Beclin-I, N-cadherin, E-cadherin, and Vimentin, was eval-

uated by Western blotting. As shown in Figure 1C and D,

lower numbers of MDC-positive cells; lower levels of

LC3-II, Beclin-I, N-cadherin, and Vimentin expression;

and higher E-cadherin expression were detected in the

miR-216a transfected group, compared with controls.

These data indicate that treatment with miR-216a mimic

inhibits autophagy in HCT-116 and HT-29 CRC cells;

however, the inhibitory effect was slightly lower than

that observed in cells treated with the autophagy inhibitor,

3-MA. The autophagy activator, rapamycin, significantly

enhanced the level of autophagy, as reflected by the higher

numbers of MDC-positive cells; increased expression of

LC3-I, LC3-II, Beclin-I, N-cadherin, and Vimentin; and

reduced levels of E-cadherin compared with controls;

however transfection of miR-216a into rapamycin-treated

HCT-116 and HT-29 CRC cell lines decreased the level of

autophagy compared with rapamycin treatment alone.

These results indicate that miR-216a partially antagonizes

the autophagy-inducing effects of rapamycin, further ver-

ifying that miR-216a contributes to autophagy inhibition.

Nevertheless, the inhibitory effects of treatment with both

miR-216a and 3-MA simultaneously were similar to those

of 3-MA transfection alone in HCT-116 and HT-29 cells.

Although results in the two cells seemed inconsistent in

co-transfection of miR-216a with rapamycin group, it may

be the sensitivity of different cells on miR-216a and rapa-

mycin was different. However, these results suggest that

miR-216a is a tumor-suppressor miRNA that can inhibit

autophagy in human CRC.

miR-216a directly targets and

down-regulates MAP1S in CRC cells
In most cases, miRNAs bind to target mRNAs to regulate

downstream genes and influence biological processes. To

explore potential targets of miR-216a, we used TargetScan

(www.targetscan.org) and miRanda (www.microRNA.org).

The results indicated that the 3ʹ-UTR of MAP1S contained

a complementary site for the seed region of miR-216a

(Figure 2A). Moreover, MAP1S mRNA expression levels

were increased in the 67 fresh tumor tissue samples and four

CRC cell lines relative to those in adjacent nontumor tissues

and FHC cells (Figure 2B and C). Furthermore, we detected
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a statistically significant inverse correlation between miR-

216a and MAP1S levels in total CRC tissues by Spearman

correlation analysis (Figure 2D).

Dual luciferase reporter assays were performed in both

HT-29 andHCT-116 cells. The results showed that miR-216a

could significantly decrease luciferase activity driven by the

wild-typeMAP1S 3ʹ-UTR sequence compared with a vector-

only control (Figure 2E). Additionally, partial mutation of the

perfectly complementary sites in the 3ʹ-UTR of MAP1S

abolished the suppressive effect of miR-216a, due to the

disruption of the interaction between miR-216a and the

MAP1S 3ʹ-UTR.

To further investigate whether miR-216a could directly

regulate MAP1S expression, HT-29 and HCT-116 cells were

treated with either miR-216a mimic or miR-216a inhibitor

and compared with untreated controls. Total cells lysates

were obtained and subjected to Western blotting. Compared

with controls, MAP1S expression levels were significantly

decreased in CRC cells treated with miR-216a mimic, while

they were increased in those treated with miR-216a inhibitor

(2F). These data suggest that MAP1S is a direct target of

miR-216a and is negatively regulated by miR-216a in CRC

cells.

miR-216a is involved in MAP1S-regulated

autophagy
We next explored whether autophagy inhibition in response to

miR-216a was achieved through regulation of MAP1S. The

data presented in Figure 3A and B demonstrate that treatment

of HT-29 and HCT-116 cells with siRNAs targeting MAP1S

induced a significant decrease in MAP1S mRNA and protein

expression. Next, we transfected miR-216a mimic with or

without MAP1S-targeting siRNAs and found that the number

of MDC-positive cells detected by flow cytometry was sig-

nificantly decreased on simultaneous transfection with miR-

216a mimic and MAP1S-targeting siRNAs (Figure 3C).

Western blot analysis was conducted to further verify these
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results and showed that MAP1S, LC3-I, LC3-II, and Beclin-I

protein expression levels were downregulated in cells trans-

fected with miR-216a mimic or MAP1S-targeting siRNAs

(Figure 3D). Furthermore, treatment with a combination of

miR-216a mimic and MAP1S-targeting siRNA failed to alter

the inhibition of autophagy compared with treatment with

MAP1S-targeting siRNAs alone in HT29 and HCT116 cells,

as determined by both in flow cytometry and Western blot

analyses. Overall, these results indicate that miR-216a is

involved in MAP1S-regulated autophagy.

Suppression of CRC cell autophagy by

miR-216a involves the TGF-β/MAP1S

signaling pathway
We further investigated whether the TGF-β/MAP1S signaling

pathway is involved in miR-216a suppression of CRC cell

autophagy. Compared with controls, an increased level of

TGF-β expression was observed in both CRC tumors and

CRC cell lines (Figure 4A and B). Next, both HT29 and

HCT116 cells were transfected with miR-216a mimic and

then treated with or without TGF-β and the level of autophagy
was assessed. Compared with the control group, transfection

with miR-216a mimic significantly suppressed autophagy;

fewer MDC-positive cells were detected by flow cytometry

(Figure 4C), while lower levels of LC3-I, LC3-II, Beclin-I,

N-cadherin expression, and Vimentin, and higher levels of

E-cadherin expression were determined by Western blotting

(Figure 4D) in both cell lines. Levels of autophagy were

elevated in both HT29 and HCT116 cells after treatment with

TGF-β; however, this induction could be inhibited by combi-

nation treatment with miR-216a mimic in both HT29 and

HCT116 cells, as shown by the reduced proportion of MDC-

positive cells (Figure 4C); lower expression of LC3-1, LC3-II,

Beclin-I, N-cadherin, and Vimentin; and higher expression of

E-cadherin (Figure 4D) in theCRCcells. These results indicate

that the TGF-β/MAP1S signaling pathway participates inmiR-

216a-mediated suppression of CRC cell autophagy.

Discussion
CRC is the third most common cancer and the fourth leading

cause of cancer-associated death worldwide.22 Despite

advances in surgical resection combined with chemotherapy

and radiotherapy, median survival rates of patients with CRC

remain low, since they are usually diagnosed at an advanced
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stage, beyond the optimal time for surgical resection.23

Exploring the molecular mechanisms underlying CRC carci-

nogenesis is vital, as itmay provide new therapeutic targets and

improve the long-term survival patients with this disease;

however, the molecular mechanisms underlying the regulation

of CRC progression remain incompletely understood.

Increasing evidence supports roles for miRNAs as regulators

of tumor progression; hence, miRNAs have emerged as antic-

ancer targets and are the subject of intensive investigation.9–11

Among potential miRNA therapeutic targets, miR-216a is one

of the most prominent tumor suppressors, which regulates

a variety of target mRNAs in several cancers.17–19 miR-216a

has recently received particular research attention because it

targets mRNAs to inhibit cancer progression. In this study, we

evaluated the relationship betweenmiR-216a and autophagy in

CRC cells.

We showed that miR-216a was expressed at a lower level

in both CRC cells and CRC tissues compared with paired

normal tissues and the FHC cell line (Figure 1A and B).

Consistent with our results, downregulation of miR-216a has

also been reported in other human cancers, including

melanoma17 and pancreatic cancer,18 suggesting that miR-

216a may have roles in several types of malignancy.

Using both flow cytometry and Western blot analyses, we

demonstrated that upregulation of miR-216a inhibited autop-

hagy (Figure 1). To further confirm these results we performed

additional analyses using an autophagy activator (rapamycin)

and an inhibitor (3-MA).24,25 Treatment ofCRCcellswith both

miR-216a and rapamycin led to inhibition of autophagy com-

pared with rapamycin treatment alone, providing further sup-

port for the function of miR-216a in inhibiting autophagy

(Figure 1C and D); however, treatment with miR-216a and

3-MA did not result in a difference in autophagy inhibition

levels compared with treatment with each individually. These

results demonstrate that miR-216a acts a suppressor of CRC

cell autophagy.

As miRNAs are involved in cancer pathogenesis through

direct regulation of the expression of their targets, their
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investigation is potentially helpful to understanding of the

molecular mechanisms underlying CRC progression. In our

study, bioinformatics analysis indicated that MAP1S may be

a miR-216a-regulated target, since there is a potential miR-

216a-binding site in the MAP1S 3ʹ-UTR (Figure 2A). To

verify this prediction, we conducted dual-luciferase reporter

assays which confirmed MAP1S as a direct target of miR-

216a (Figure 2E). Furthermore, we detected higher MAP1S

expression levels in HT-29, HCT-116, SW-480, and SW-620

CRC cells, than in the normal colon epithelial cell line, FHC

(Figure 2C). Meanwhile, examination of tumor and adjacent

normal tissue samples from 67 CRC patients showed that

MAP1S is also significantly overexpressed in CRC tumors

relative to nonmalignant tissue (Figure 2D). Western blot

analysis further verified the regulated effect of miR216a on

MAP1S (Figure 2F).

The combination of miR-216a mimic and MAP1S-

targeting siRNA treatment and treatment with MAP1S-

targeting siRNAs alone failed to have any effect on CRC

cell autophagy (Figure 3C), indicating that, once MAP1S is

blocked, the level of autophagy did not increase on treatment

with the miR-216a. This demonstrates a direct relationship

between miR-216a and MAP1S in autophagy inhibition.

Further results verified that miR-216a can downregulate

MAP1S protein levels and those of autophagy marker pro-

teins in HCT-116 and HT-29 CRC cells (Figure 3D). These

data suggest that MAP1S is a direct target of miR-216a and

confirms the role of MAP1S in the autophagy pathway,

where miR-216a downregulates MAP1S expression and

inhibits autophagy in HCT-116 and HT-29 CRC cells.

Among miR-216a target genes, MAP1S is a confirmed

downstream regulator of the TGF-β pathway, which is

a well-characterized positive mediator of autophagy.26 The

TGF-β pathway is established as a promotor of the progres-

sion of several cancers, through positive regulation of various

oncogenes.27 Based on our data in this study, we confirm that

miR-216a can suppress CRC cell autophagy. Levels of

autophagy were elevated by treatment of CRC cells with
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Figure 4 The TGF-β/MAP1S signaling pathway is involved in miR-216a suppression of CRC cells autophagy. (A and B) Expression levels of TGF-β in 67 CRC tissue samples

and four CRC cell lines. (C and D) Treatment of HCT-116 and HT-29 cells with miR-216a mimic, TGF-β, or miR-216a mimic combined with TGF-β; the number of MDC-

positive cells was detected by flow cytometry to assess the level of autophagy in each treatment condition. Western blotting was also applied to analyze the levels of MAP1S

and other autophagy marker proteins in the same cells. β-actin was used as an internal control. Data are presented as means ± SD values of 3–4 independent experiments.
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TGF-β. This induction could be attenuated by combination

treatment with miR-216a mimic, compared with TGF-β
treatment alone. Therefore, we supposed that TGF-β signal-

ing at least partly participated in miR-216a-mediated sup-

pression of CRC cell autophagy. Based on previous study

that the link between TGF-β/MAP1S pathway-mediated-

autophagy and suppression of tumorigenesis, we will focus

on to further explore the regulatory mechanism between

miR-216, TGF-β, and MAP1S in CRC, which could provide

a new therapeutic target for colorectal patients.

Conclusion
In summary, our results identify miR-216a as a tumor-

suppressor miRNA in human CRC, which can regulate

autophagy through the inhibition of MAP1S. We also

determined that miR-216a inhibits autophagy via the

TGF-β/MAP1S pathway. Regulation via the miR-216a/

MAP1S axis may modulate CRC cell function.
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