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MicroRNA-18a upregulates autophagy and ataxia telangiectasia
mutated gene expression in HCT116 colon cancer cells
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Abstract. Autophagy is an evolutionarily conserved, multi-step
lysosomal degradation process in which a cell degrades its own
long-lived proteins and damaged organelles. Ataxia telangiec-
tasia mutated (ATM) has recently been shown to upregulate
the process of autophagy. Previous studies showed that certain
microRNAs, including miR-18a, potentially regulate ATM in
cancer cells. However, the mechanisms behind the modulation
of ATM by miR-18a remain to be elucidated in colon cancer
cells. In the present study, we explored the impact of miR-18a
on the autophagy process and ATM expression in HCT116
colon cancer cells. To determine whether a preliminary link
exists between autophagy and miR-18a, HCT116 cells were
irradiated and quantitative (q) PCR was performed to measure
miR-18a expression. HCT116 cells were transfected with an
miR-18a mimic to study its impact on indicators of autophagy.
Western blotting and luciferase assays were implemented to
explore the impact of miR-18a on ATM gene expression in
HCT116 cells. The results showed that miR-18a expression
was strongly stimulated by radiation. Ectopic overexpression
of miR-18a in HCT116 cell lines potently enhanced autophagy
and ionizing radiation-induced autophagy. Moreover, miR-18a
overexpression led to the upregulation of ATM expression and
suppression of mMTORCI activity. Results of the present study
pertaining to the role of miR-18a in regulating autophagy and
ATM gene expression in colon cancer cells revealed a novel
function for miR-18a in a critical cellular event and on a
crucial gene with significant impacts in cancer development,
progression, treatment and in other diseases.
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Introduction

Autophagy is a cellular catabolic degradation process which
functions to optimize the bioenergetic cellular microenviron-
ment by degrading long-lived proteins and damaged
organelles. Autophagy uses programmed machinery that
recruits a plethora of autophagy-related genes (ATGs) which
are required for autophagosome synthesis. Autophagosomes
are double membrane structures that sequester the intended
cytoplasmic portion, then bind to the lysosome to form
autophagolysosomes, where the cargo is digested (1).
Autophagy is involved in various physiological and patho-
physiological processes, including aging, cancer and
neurodegenerative diseases (2).

MicroRNAs are a short, non-coding, novel class of gene
regulators. They are synthesized in the nucleus, exported to
the cytoplasm and eventually bind to the 3'-untranslated region
(3'-UTR) of their target mRNA to repress gene expression at
the post-transcriptional level. Findings of previous studies
demonstrated the role of microRNAs in various cellular
events, including growth, apoptosis and carcinogenesis (3).
MicroRNAs have recently been characterized as modu-
lating the process of autophagy via the targeting of cardinal
autophagy-regulating genes. miR-30a and miR-376b have been
demonstrated to target and inhibit Beclin-1 activity, thereby
blocking autophagy (4,5). Additionally, miR-101 inhibits
RABS5A, which acts in the early stages of autophagosome
formation (6).

Ataxia telangiectasia mutated (ATM) is a Ser/Thr protein
kinase and a member of the phosphoinositide 3-kinase
(PI3K)-related protein kinase (PIKK) family. ATM func-
tions to maintain genomic stability by orchestrating the
actions of several downstream substrates involved in cell
cycle arrest, apoptosis and DNA repair in response to DNA
damage-inducing agents, particularly ionizing radiation (7).
ATM has also been identified to upregulate the autophagic
response of cells to genotoxic and oxidative stimuli (8). It has
been reported that the expression of ATM is modulated by
miR-421, miR-101, miR-100 and miR-18a in cancer cells (9-12).
miR-18a, a member of the miR-17-92 cluster, has been shown
to be significantly overexpressed in colon cancer tissues in
comparison to normal colon mucosal cells (13). Modulation of
ATM expression by miR-18a has not been exhibited in colon
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cancer cells. In the present study, we explored the impact of
miR-18a on the process of autophagy and ATM expression in
colon cancer cells, using the colon cancer cell line HCT116.

Materials and methods

Celllines andradiation. HCT116 colon cancer cells were grown
in DMEM supplemented with 10% fetal bovine serum, 2 yM
glutamine, 100 TU/ml penicillin and 100 gxg/ml streptomycin
sulfate, in humidified conditions in an incubator containing
5% CO, and at 37°C. For the X-ray irradiation procedure a
180-kVp X-ray generator (Model XSZ-720/20, China) was
utilized at a dose rate of 0.41 Gy/min. The study was approved
by the ethics committee of Jilin University School of Public
Health. Informed consent was obtained from patients.

RNA extraction. The total RNA of the cultured cells was
extracted with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer's instructions and stored
at -80°C prior to RT-PCR analysis.

Quantitative (q) RT-PCR for measuring miR-18a expression.
For the SYBR-Green assay miRCURY LNA™ Universal
RT microRNA PCR was utilized (Exiqon, Denmark). RNA
(~20 ng) was converted to cDNA using the miRCURY
LNA Universal RT microRNA PCR with the Poly-T primer
(Exiqon). Following reverse transcription, the cDNA template
was amplified using microRNA-specific and LNA primers.
qRT-PCR was performed using the Stratagene MX3000p ther-
mocycler according to the manufacturer's instructions. The U6
gene was used as a normalization control for all samples.

Plasmids. To construct a plasmid expressing miR-18a, pri-
miR-18a was amplified using the genomic DNA from a healthy
blood donor. PCR was performed using the r7ag enzyme
(Takara, Dalian, China). The amplified fragment was first
cloned into a PCR cloning vector (PMD-19T) and subsequently
cloned into a lentiviral vector (pCDHCMV-MCS-EF1-
copGFP; System Biosciences, Mountain View, CA, USA) at
the EcoRI and BamHI sites. Primer sequences used were:
hsa-miR-18a (forward), GCCGAATTCGTGCAGGTAGT
GATATGTGC; hsa-miR-18a (reverse), CGCGGATCCGA
TTTGCACAACTACATTC. The 3-UTR of ATM (Genbank
accession no. NM_000051.3, region between 9557 and
13147 bp) carrying the putative miR-18a binding site was
amplified by PCR from the human genomic DNA of the blood
and cloned between the Sacl and HindIII sites of the pMIR-
REPORT™ luciferase vector (Ambion, Foster City, CA, USA).

The primers selected were the upstream ATM 3'-UTR
primer 5'-GCCTCTAGACTCCTGTTCTGTTCAAGTAT-3'
and the downstream ATM 3'-UTR primer 5-GGCCCTCTA
GAGCTTTTAGAATTATTTATTC-3". PCR products cloned
into the plasmid were verified by DNA sequencing to ensure
that they were free of mutations and in the correct cloning
direction.

Luciferase reporter assays. HCT116 cells at a density of
0.5x10°/well were cultured in 24-well plates and each well
was transfected with 20 ng pMIR-ATM-3-UTR, together with
5 ng pRL-SV40 vector (Promega, Madison, WI, USA), which
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contains the Renilla luciferase gene, and 50 or 100 nM of the
miR-18a mimics/negative control (NC; GenePharma, Shanghai,
China) or PCDH-miR-18a/PCDH-control. Transfection was
performed using Lipofectamine™ 2000 (Invitrogen). At 48 h
post-transfection, firefly and Renilla luciferase activities were
examined using the Dual-Luciferase Reporter Assay (Promega).

Western blot analysis. Cells were harvested and lysed in a
RIPA lysis buffer (150 mM sodium chloride, 1.0% NP-40
or Triton X-100, 0.1% SDS, 50 mM Tris, pH 8.0, 20 mmol/l
Na,PO,, pH 7.4, aprotinin, 1 mmol/l phenymethysulfonyl
fluoride, 10 mg/ml leupeptin, 100 mmol/l NaF and 2 mmol/l
Na;VO,). Total protein (100 pg) was separated by SDS-PAGE,
transferred to nitrocellulose membranes and analyzed by
immunoblotting using chemiluminescence (Santa Cruz
Biotechnology, Inc. Santa Cruz, CA, USA). The primary
antibodies used were ATM (1:300) and LC3-I/1T (1:300; Cell
Signaling Technology Inc., Danvers, MA, USA), GAPDH
(1:1000; Santa Cruz Biotechnology), P62/SQSTMI1 (1:500) and
P70S6K and p-P70S6K (Thr389; 1:500; Abcam, Cambridge,
MA, USA). The intensity of the protein bands was quantified
using Image J software and the control was set to 1.

GFP-LC3 study. To generate the stable expression of GFP-LC3,
the HCT116 cells were transfected with the purified recom-
binant plasmid, pQN-GFP-LC3, using Lipofectamin™ 2000
according to the manufacturer's instructions. The HCT116
cells stably expressing GFP-LC3 were plated at a density of
1x10° in a 6-well plate with glass coverslips in the bottom and
exposed to the indicated transfections of microRNA, then
irradiated. GFP-LC3 puncta were visualized under an inverted
fluorescence (Olympus XSZ-D2) microscope equipped with
CCD cameras. Images were captured for each sample at 48 h
post-transfection, then analyzed manually.

Statistical analysis. The Student's t-test was used to determine
statistical significance. P<0.01 and P<0.05 were considered to
indicate statistically significant differences.

Results

Endogenous miR-18a expression upregulation by ionizing
radiation. To determine whether a preliminary link exists
between autophagy and miR-18a expression we measured the
level of endogenous miR-18a under basal growth conditions
and following exposure to ionizing radiation (IR) in HCT116
colon cancer cells. Quantitative RT-PCR was performed using
the HCT116 cells collected following exposure to 4 Gy of
radiation. The expression level of miR-18a markedly increased
by >200-fold 1 h after irradiation (Fig. 1).

Ectopic miR-18a overexpression promotes autophagy.
During autophagy, the mammalian ATG8-homolog (LC3-I)
is processed and recruited to the autophagosomes, where the
lipidated LC3-II is generated (14). Therefore, HCT116 cells
stably expressing GFP-LC3 were transfected with a miR-18a
mimic, a negative control or left without any transfection as
mock cells. At 48 h post-transfection, analysis by fluorescence
microscopy for the presence of GFP-LC3 puncta was performed
(Fig. 2A). miR-18a expression increased the percentage of
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Figure 1. Endogenous miR-18a expression increased following exposure of
HCT116 cells to IR. HCT116 cells were exposed to 4 Gy of ionizing radiation,
and then qRT-PCR was performed to measure the relative expression level of
miR-18a. This expression level was compared with the control cells to show
the fold changes (n=3). qRT-PCR, quantitative RT-PCR; IR, ionizing radiation.

puncta-positive cells to a significant extent as compared with
the NC-transfected and mock cells (Fig. 2B). Notably, the
percentage of puncta-positive cells was further enhanced when
miR-18a was combined with IR, relative to cells treated with
IR alone (Fig. 2C and D). Similarly, miR-18a overexpression
enhanced the LC3-II protein expression level in non-irradiated
and irradiated HCT116 cells (Fig. 2E and F). P62/SQSTM1 is a
poly-ubiquitin binding protein that was identified as being able
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to bind directly to ATG8/LC3 and localize to autophagosomes
to ultimately be degraded during autophagy. Therefore, the
level of P62 reflects the autophagic turnover (15). As shown in
Fig. 2G and H, in the HCT116 cells transfected with miR-18a
the expression level of the P62/SQSTMI protein was markedly
reduced in non-irradiated and irradiated cells as compared
with the NC-transfected cells. Consequently, such findings
demonstrated that miR-18a enhanced the autophagic flux.
Taken together, these results indicate that miR-18a upregulates
the process of autophagy in the HCT116 cell line and potenti-
ates the autophagic response of HCT116 cells to radiation.

Ectopic miR-18a overexpression upregulates ATM gene
expression. First, we explored the effect of miR-18a on endog-
enous ATM protein levels in HCT116 cells by western blotting.
Using a miR-18a mimic, we identified that an ectopic increase
in miR-18a led to >50% increase in ATM protein levels in non-
irradiated and irradiated HCT116 cells relative to the negative
control (NC) transfected cells (Fig. 3A and B). Opposite trends
were identified in the cells transfected with the miR-18a inhib-
itor (Fig. 3C and D). According to the databases from three
popular microRNA target prediction programs (Targetscan,
miranda and miRBase), the ATM mRNA 3'-UTR contains a
sequence motif (position 3481-3488) which is complementary
to the miR-18a seed sequence and may be a putative binding
site for miR-18a (Fig. 3E). Therefore, we constructed a lucif-
erase reporter plasmid (pMIR-ATM 3'-UTR) with the ATM
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Figure 2. Ectopic miR-18a overexpression upregulates autophagy in HCT116 cells. (A) Representative images of HCT116 cells stably expressing GFP-LC3; the
right panel with the white arrows indicating a typical puncta-positive cell shows induction of autophagy, while the left panel with a white arrow indicating a GFP-
LC3-positive cell shows that autophagy was not induced. (B-D) Stably expressing GFP-LC3 HCT116 cells were transfected with the negative control (NC) or
miR-18a mimic (100 nM) or left without transfection as mock cells, then treated accordingly with indicated doses of radiation. The graphs show the total number
of puncta-positive cells divided by the total GFP-positive cells; "P<0.05, “P<0.01 compared to mock or NC. (E) miR-18a overexpression increases LC3-1I protein
expression. HCT116 cells were transfected with NC or miR-18a mimic (100 nM) then the cell lysate was applied to western blot analysis 48 h post-transfection.
GAPDH was used as a loading control, n=3. (F) HCT116 cells were transfected with NC or miR-18a mimic (100 nM) then treated with 4 Gy of IR. Western blot
analysis was conducted 48 h post-transfection (20 h post-radiation) to measure LC3-II protein expression, n=2. (G) miR-18a overexpression led to a decreased
expression of the P62/SQSTMI protein. HCT116 cells were transfected with NC or miR-18a mimic (100 nM), then the cell lysate was exposed to western blot
analysis 48 h post-transfection, n=2. (H) HCT116 cells were transfected with NC or miR-18a mimic (100 nM), then treated with 4 Gy of radiation. The cell lysate
was subjected to western blot analysis 48 h post-transfection (20 h post-IR) to measure the P62/SQSTM1 expression level, n=2. IR, ionizing radiation.
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Figure 3. Ectopic miR-18a overexpression upregulates the ATM gene expression level in HCT116 cells. (A) HCT116 cells were harvested 48 h after transfec-
tion with the negative control (NC) or miR-18a mimic (100 nM) and the cell lysate was applied to a western blot, n=3. (B) HCT116 cells were transfected
with the NC or miR-18a mimic (100 nM), irradiated with 4 Gy, and the cell lysate was applied to a western blot 48 h post-transfection (20 h post-radiation),
n=2. (C) Suppression of ATM expression in HCT116 cells by miR-18a inhibitor. HCT116 cells were harvested 48 h after transfection with the negative
control inhibitor (NCi) or miR-18a inhibitor (100 nM) and the cell lysate was applied to a western blot. miR-21 inhibitor was used as non-sense control, n=2.
(D) HCT116 cells were transfected with NCi or miR-18a inhibitor (100 nM) then irradiated with 4 Gy, and cell lysate was applied to a western blot 48 h
post-transfection (20 h post-radiation), n=2. (E) The nucleotide segment within the box shows the seed sequence of miR-18a with its corresponding binding
site in the 3'-UTR of ATM. (F) The ATM 3'-UTR segment carrying the putative miR-18a binding site was cloned between the Sacl and HindlII sites of the
pMIR-REPORT™ luciferase vector. (G and H) Luciferase reporter activity was assayed 48 h post-transfection of the HCT116 cell line with vector expressed
PCDH-miR-18a or synthetic miR-18a mimic (100 nM) and the pMIR-luciferase reporter with the partial 3'-UTR of ATM. Relative luciferase activity was
normalized to Renilla luciferase and compared with the PCDH-empty vector (PCDH-control) (n=2) or NC-transfected cells (n=6). "P<0.05, “P<0.01. ATM,
ataxia telangiectasia mutated.

HCT116 cells 3'-UTR, which contains a putative binding site to miR-18a,

p-P70S6K ’ — and cloned it to a firefly luciferase reporter (Fig. 3F). PCDH
vector-expressed miR-18a (PCDH-miR-18a) and synthetic

PIOSEK - miR-18a (miR-18a mimic) were then used to evaluate the
— effects of the microRNA on the reporter gene expression. At

48 h post-transfection, the luciferase activity was assayed and
Gapdh normalized to Renilla. In HCT116 cells, PCDH-miR-18a and

NC miR-18a the miR-18a mimic significantly increased the expression of

. 4 Eetonic miRI8 ) TORCI activit the reporter gene with the ATM 3'-UTR tag (Fig. 3G and H).
HCT116 cells were transfected with miR-18a mimic (100 nM) or negarive | NESE Tesults demonstrate for the first time that miR-18a is

control (NC). Western blot analysis was then conducted 48 h post-transfec- able to enhance ATM gene expression in the HCT116 colon
tion to measure total P70S6K and phosphorylated P70S6K (p-P70S6K),n=2.  cancer cell line, most likely by targeting the ATM 3'-UTR.
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miR-18a overexpression inhibits mTORCI activity. ATM has
been demonstrated to upregulate autophagy via inhibition of
mTORCI (8). We hypothesized that miR-18a positively regu-
lated ATM, inhibiting mTORCI and inducing autophagy. To
examine whether miR-18a regulated mTORCI1, we measured
P70S6K phosphorylation at Thr389 as a typical readout of
mTORCI activity (16). As shown in Fig. 4, miR-18a overex-
pression resulted in hypophosphorylation of P70S6K (which
indicated mTORCI activity inhibition) compared with
NC-transfected cells.

Discussion

Our knowledge concerning the molecular control of autophagy
has greatly increased during the last decade, yet mechanisms
controlling autophagic activity are not fully understood.
Abnormalities of autophagy play a role in major health problems,
including cancer and neurodegenerative diseases. The exact role
of autophagy in carcinogenesis remains elusive. Autophagy is
able to behave as a tumor suppressor or oncogene depending
on the cell context (17). A similar paradox is exhibited during
tumor therapy. Autophagy has been shown to support cancer
cell survival, as has been observed in breast cancer cells (18).
However, in other contexts, as in HCT116 colon cancer cells,
autophagy has been shown to contribute to cell death (19,20).
Therefore, specific modulators of autophagy suitable for in vivo
use are required (21). MicroRNAs have emerged recently as
a novel class of endogenous gene regulators, and have been
implicated in various pathological and physiological processes.
Previously, a series of studies had been working to demonstrate
the role of microRNAs in the regulation of autophagy. miR-
376b overexpression was shown to attenuate starvation- and
rapamycin-induced autophagy in MCF-7 and Huh-7 cancer cells
by suppressing the autophagy proteins ATG4C and BECNI as
target genes (5). Other microRNAs, including miR-30a (via
suppression of Beclin-1), miR-101 (via suppression of STMNI,
RABS5A and ATG4D) and miR-204 (via blocking the activation
of LC3-IT activity), have all been shown to be potent suppressors
of autophagy in cancer cells (4,6,22).

In the present study we showed that miR-18a overexpression
resulted in a significant promotion of autophagy in HCT116
colon cancer cells, as evidenced by increased GFP-LC3
puncta formation, increased LC3-II protein expression and
a decreased P62/SQSTMI protein level. Moreover, miR-18a
promoted radiation-induced autophagy (Fig. 2). Additionally,
the role of miR-18a in modulating autophagy is supported
by our analysis of endogenous microRNA expression, which
demonstrated a marked upregulation of miR-18a expression in
HCT116 cells following exposure to radiation (Fig. 1). ATM
encodes a 370-kDa protein with a carboxyl-terminal sequence
homologous to the catalytic domain of phosphatidylinositol
3-kinases. Its classical function is to maintain genomic stability
following the exposure of cells to agents that induce DNA
damage (double strand breaks), particularly ionizing radiation,
by phosphorylation of several downstream substrates involved
in cell cycle arrest, apoptosis and DNA repair (23). ATM has
been identified to upregulate the autophagic response of cells
to genotoxic and oxidative stimuli. ATM stimulates down-
stream signaling through the LBK/AMPK/TSC2 pathway,
which in turn results in mTORCI repression and autophagy
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induction (8,24,25). Therefore, ATM may serve as a direct link
between DNA damage and autophagy.

The 3-UTR segment of ATM mRNA contains only a single
binding site for the seed sequence of miR-18a. We showed that
miR-18a upregulated ATM gene expression in non-irradiated
and 4 Gy-irradiated HCT116 cells, as evidenced by western
blotting. Conversely, inhibition of miR-18a led to the suppres-
sion of ATM protein expression. To explore the mechanisms we
constructed plasmids containing the binding site for miR-18a
and conducted a dual-luciferase reporter assay. Following
co-transfection, luciferase activity with the ATM 3'-UTR
construct increased significantly in the miR-18a mimic and
vector expressed miR-18a (PCDH-miR-18a)-transfected cells
(Fig. 3). These results suggest that ATM expression may be
elevated by miR-18a through targeting of the 3'-UTR of ATM
mRNA. However, the theory that overexpression of miR-18a
downregulates ATM expression in breast cancer cells remains
controversial (12). Similar controversial findings have been
exhibited by miR-21, which has been to shown to upregulate
Bcl-2 gene expression in pancreatic cancer cells, but also to
lead to downregulation of Bcl-2 in breast cancer cells (26,27).
Previous studies have revealed that certain microRNAs are
able to directly upregulate the expression of their target genes
by binding to the 3'-UTR (28,29). Collectively such findings
suggest that the impact of miR-18a on ATM gene expression
may be cell-type specific. Results from the present study demon-
strate for the first time that miR-18a is able to upregulate ATM
target gene expression in HCT116 cells and provides a novel
clue for exploring the exact targets and mechanisms of miR-18a
in colon cancer cells. Further comprehensive investigations
are consequently required. This provides a new challenge to
further understand the mechanisms of microRNAs. As it is well
known that microRNAs target several genes simultaneously,
we hypothesize that the miR-18a induces autophagy, at least
partially, through targeting the ATM gene. This hypothesis is
supported partially by our finding that miR-18a overexpression
suppressed mTORC]1 activity (Fig. 4).

Colorectal cancer (CRC) is the second most common cause
of cancer mortality in the western world. CRC develops from
an accumulation of multiple genetic and epigenetic alterations
that contribute to its diverse phenotypes. Genomic instability,
which occurs in ~5% of colorectal adenomas, constitutes
a major step in the progression to cancer (30,31). ATM, the
guardian of genomic integrity, has been shown to play a
major tumor suppressive role in colon cancer by inhibiting the
progression of pre-neoplastic lesions into neoplasia (32,33).
miR-18a belongs to the miR-17-92 cluster, located at 13q, which
encodes six microRNAs processed from a common precursor
transcript. The miR-17-92 cluster has been shown to be involved
in the pathogenesis of human cancers, including diffuse
large B cell lymphoma (34) and small cell lung cancer (35).
However, the pathophysiological roles and targets of members
of this cluster, particularly miR-18a, are largely unknown in
colon cancer (36). The results of the present study suggest
that miR-18a has the potential to modulate autophagy through
regulation of the expression of the known autophagy activator
ATM, thus providing evidence for a new role of miR-18a in a
cellular process with a significance that has increasingly been
recognized in cancer biology. An improved understanding of
the microRNA-modulated autophagic signaling networks is
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likely to be crucial to the current and future cancer therapeutic
strategies (37). The ability of miR-18a to upregulate ATM
gene expression, which has potent antitumor features, renders
miR-18a a good candidate for future studies in the field of
microRNA-based epigenetic colon cancer therapy.
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