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Downregulating microRNA-144 mediates a metabolic shift
in lung cancer cells by regulating GLUT1 expression
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Abstract. Lung cancer is the leading cause of cancer-associ-
ated mortality worldwide. Increasing evidence has found that
cancer metabolism alternations represent a critical hallmark
for lung cancer. There is an urgent requirement to understand
and dissect the molecular mechanisms underlying cancer
metabolism for lung cancer therapy. It remains largely unknown
whether the deregulation of miRNAs contributes to the cancer
metabolism. The present study aimed to investigate the role
of miR-144 in lung cancer. Glucose uptake rate and lactate
production assays demonstrated that miR-144 expression is
decreased and therefore enhances the aerobic metabolism in
lung cancer cells. In addition, western blot analysis revealed
that miR-144 performs this function by increasing the expres-
sion of glucose transporter 1 (GLUTI), leading to an increase
in glucose uptake and lactate production. Furthermore, cell
viability assays demonstrated that the altered metabolism
induced by miR-144 results in the rapid growth of cancer cells.
In conclusion, these results identify miR-144 as a molecular
switch involved in the orchestration of the Warburg effect in
lung cancer cells via targeting the expression of GLUTI.

Introduction

Lung cancer is the main cause of cancer-related mortality
worldwide, and is pathologically classified as one of two
types, namely, small cell (15%) or non-small cell (85%) lung
cancer (1). The disease is notoriously fatal at an advanced
stage, with a 5-year survival rate of <15% (1,2). Therefore,
an improved understanding of the molecular mechanisms
involved in the development of lung cancer is urgently required
as the basis of the identification of novel therapeutic targets
and the development of novel treatment strategies.

The metabolism of cancer cells is significantly different
from that of normally differentiated cells (3). Normally
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differentiated cells rely primarily on the oxidation of pyru-
vate in the mitochondria to generate energy for cellular
physiological functions; however, even with sufficient oxygen,
rapidly growing cancer cells rely on aerobic glycolysis to
generate energy (4). This phenomenon is termed ‘the Warburg
effect’ (5). This metabolic shift towards enhanced glycolysis
is hypothesized to be the result of adaptations to support the
continuous proliferation of cancer cells. The upregulation of
specific glucose transporter 1 (GLUT1) may represent a key
mechanism by which malignant cells may achieve increased
glucose uptake to support the high rate of glycolysis. There
is a growing body of evidence indicating that reprogrammed
cancer metabolism is a potential therapeutic target (5).

microRNAs (miRs/miRNAs) are an evolutionarily
conserved group of small (18-24-nucleotide) non-coding
RNAs, which suppress gene expression in a sequence-specific
manner (6). miRNAs negatively regulate the expres-
sion of target genes through complementarity between
the miRNA seed sequence and the 3'-untranslated region
(UTR) of the target mRNA (6). Target mRNA is degraded
when miRNAs bind with exact complementarity to the
protein-encoding messenger RNA (mRNA), while mRNA
translation is repressed when miRNAs exhibit inexact comple-
mentarity to the 3'UTR of the target mRNA (7).

miRNAs are now known as essential regulators of develop-
ment and physiological processes (7). By regulating oncogenic
and tumor suppressor signal pathways, miRNAs may also
play significant roles in cancer development. Recently, a large
number of miRNAs were identified as important natural regu-
lators of metabolism (8). For example, miR-33a and miR-33b
play a key role in regulating fatty acid degradation and
cholesterol homeostasis (9), while numerous miRNAs, such
as miR-21, miR-143, miR-130 and miR-27a, are reported to be
involved in white-adipocyte differentiation. Furthermore, the
inhibition of miR-122 is believed to decrease plasma triglyc-
eride and cholesterol concentrations (10).

An increasing level of attention has been conferred on the
role of microRNA-144 in tumorigenesis and the treatment of
cancer. A number of studies have reported miR-144 downregu-
lation in a range of cancer types, including osteosarcoma and
mesothelioma, indicating that the miRNA is a potential tumor
suppressor (11,12). In particular, one study revealed an inverse
correlation between the level of miR-144 and the develop-
ment of gastric cancer (13), while another study reported an
elevated miR-144 level in colorectal cancer (14). A study by
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Fu et al showed that cell proliferation, migration and invasion
is promoted by miR-144 in nasopharyngeal carcinoma by the
suppression of PTEN expression (15). Consequently, miR-144
appears to have a complex and highly tissue-specific function
in tumorigenesis and cancer development.

The direct role of miR-144 in lung cancer cells has not yet
been reported. In the present study, it was found that miR-144
is significantly decreased in lung cancer. The loss of miR-144
function enhanced the proliferation of the tumor cells via
increased glycolysis through the direct targeting of the 3'-UTR
of GLUTI.

Materials and methods

Cell culture. A549 and HEK?293T cells were purchased
from the American Type Culture Collection and cultured in
Dulbecco' modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), 4.5 g/l glucose and
100 U/ml penicillin/streptomycin in a tissue incubator main-
tained at 37°C.

Transfections. All transfections were performed using Lipo-
fectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocols. The miR-144
mimics or inhibitor and the negative controls were purchased
from GenePharma (Shanghai, China). The miR-144 mimics
and miR-144 inhibitor were used at a final concentration of
50 nM.

Luciferase reporter assay. For the luciferase reporter assay,
HEK?293T cells were seeded in a 24-well plate and were
grown to 80-90% confluence. To detect the interaction
between miR-497 and GLUT1 3'UTR, the cells were cotrans-
fected with 50 nM of either scramble or miR-497 mimics and
40 ng of either pmirGLO-GLUT1-3'UTR-wild-type (WT)
or pmirGLO-GLUTI1-3'UTR-mutant (MUT) using Lipo-
fectamine 2000 according to the manufacturer's protocols.
The cells were collected 48 h after transfection and analyzed
using the Dual-Luciferase® Reporter Assay system (Promega
Corporation, Madison, WI, USA). A plasmid constitutively
expressing Renilla luciferase was cotransfected as an internal
control to correct for differences in transfection and harvesting
efficiencies. The transfections were performed in duplicate,
and at least three independent experiments were performed.

Western blotting. Protein was harvested with radioimmu-
noprecipitation assay buffer (Sigma-Aldrich, St. Louis, MO,
USA), quantified and then resolved on a 1% sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis gel. The
protein was then transferred onto nitrocellulose membrane,
which was blocked in 5% non-fat milk and incubated with the
following primary antibodies: Rabbit monoclonal anti-B-actin
(1:5,000; catalog no. 4970), rabbit monoclonal anti-GLUT1
(1:1,000; catalog no. 12939) (Cell Signaling Technology, Inc.,
Danvers, MA, USA). After being washed, the membranes
were incubated with hydrogen peroxide and alkaline phospha-
tase-conjugated secondary antibodies (Abcam, Cambridge,
UK). The proteins were detected by chemiluminescence
using Bio-Rad Gel Imaging system (ChemiDoc MP System;
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Figure 1. miR-144 expression is decreased in lung cancer. Selected heatmap
of microRNA expression assay in lung cancer tissues compared with normal
tissue, showing the decrease in miR-144 expression in the lung cancer tissues.
N, normal tissue; T, tumor; miR, microRNA; hsa, Homo sapiens.

Bio-Rad Laboratories, Hercules, CA, USA) and Pierce™ ECL
Western Blotting Substrate (Thermo Fisher Scientific, Inc.).

Cell viability assays. A total of 5,000 cells/well were seeded
into a 96-well plate and transfected with miR-144 mimics
or miR-144 inhibitor (final concentration, 50 nm). Following
incubation for 48 h at 37°C, the cells were labeled with Cell
Counting kit-8 (CCK8) (Dojindo, Tabaru, Japan) for 1 h. Cell
viability was measured at an absorbance of 450 nm using
Synergy™ H4 Hybrid Multi-mode Microplate Reader (BioTek
Instruments, Inc., Winooski, VT, USA).

Measurement of extracellular lactate. In total, 5x10° cells
were seeded into 60-nm dishes and transfected with miR-144
mimics or miR-144 inhibitor, then incubated in DMEM with
10% FBS overnight. Next, the media was removed, and the
cells were incubated in DMEM without FBS. Subsequent tot
incubation for 1 h, the supernatant was collected. The concen-
tration of lactate in the supernatant was measured using a
colorimetric assay according to the manufacturer's protocols
(Lactate Assay kit; BioVision Inc., Milpitas, CA, USA) .

RNA extraction and reverse transcription quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was extracted
from A549 cells using TRIzol Reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) in accordance with the manufacturer's
protocol. miR expression was measured using a TagMan
MicroRNA Assay (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol and treated with
DNase (1 g RNA per 5 U DNase) (Invitrogen; Thermo Fisher
Scientific, Inc.). cDNA was synthesized from 200 ng of total
RNA using the Universal cDNA Synthesis kit (Exiqon,
Vedbaek, Denmark) in a 15 pl reaction. miRNA expression
was measured using a TagMan® MicroRNA Assay (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufacturer's
protocol. cDNAs were then amplified using qPCR with
TagMan miRNA Assays Human Panel sequence-specific
primers. PCR was performed in an Applied Biosystems 7500
Fast Real-Time PCR System (Invitrogen; Thermo Fisher
Scientific, Inc.) under the following conditions: 95°C for
60 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for
40 sec. All samples were normalized to the internal control
and fold changes were calculated using the 2441 quantifica-
tion method (16). The expression of RNU48 served as an
internal control. The primers used for miR-144 and RNU48
(Sigma-Aldrich) were as follows: miR-144, forward 5'-TAC
AGTATAGATGAT-3' and reverse 5-GTGCAGGGTCCG



3774

A A549

5 b h
Q
2 3-
K
@

2 E
3
€ 17
E

0 &

o & ©
(\é \6\\ 6\6“
< h?‘é‘ &
N 3@?
& &

ONCOLOGY LETTERS 11: 3772-3776, 2016

B A549
2.0
15 4 "
(=]
w0
=+
a 1.0 4
g 10
0.5
0.0 - A
S & ©
& & &
[ b"‘o &
N 3\”'
& &

Figure 2. miR-144 inhibits the proliferation of lung cancer cells. (A) Reverse transcription-quantitative polymerase chain reaction analysis of miR-144 level in
A549 cancer cells transfected with miR-144 mimics or inhibitor. (B) Cell Counting kit-8 assay results showing that the growth rate of miR-144-overexpressing
A549 cancer cells was decreased compared with that of the control cells. Conversely, knockdown of miR-144 in the A549 cancer cells enhanced cell growth.

“P<0.01. miR, microRNA; OD, optical density.

AGGT-3"; RNU48 forward 5-"TGATGATGACCCCAGGTA
ACTC-3" and reverse 5-GAGCGCTGCGGTGATG-3' (2,17).

Measurement of glucose uptake. Following 12 h of serum star-
vation, the cells were cultured in DMEM containing 25 mM
glucose. To measure the rate of glucose uptake, the cells were
washed three times with phosphate-buffered saline (PBS)
and then incubated for 3 h in DMEM containing 1 mCi/ml
2-deoxy-D-[1,2-3H]-glucose (PerkinElmer Inc., Waltham,
MA, USA). The cells were washed three times with ice-cold
PBS and solubilized in 1% SDS. A scintillation counter
(Beckman LS 6000SC Scintillation Counter; Beckman
Coulter, Brea, CA, USA) was used to determined the radioac-
tivity of each aliquot. Each assay was performed in triplicate.

Statistical analysis. Statistical analysis was performed with
SPSS version 17 software (SPSS Inc., Chicago, IL, USA).
Analysis of variance were used to determined statistical
significance. P<0.05 was used to indicate a statistically signifi-
cant difference.

Results

miR-144 expression is decreased in lung cancer tissue. First,
a previously published dataset (ArrayExpress Accession
no. E-MTAB-113; www.ebi.ac.uk/arrayexpress/) was down-
loaded, and the expression of miR-144 was analyzed in lung
cancer tissue; the result showed that miR-144 was decreased in
the lung cancer tissues compared with the normal lung tissues
(P=0.0075) (Fig. 1). This result was consistent with that of the
study by Zha et al (2).

miR-144 inhibits the proliferation of A549 cells. To assess the
role of miR-144 in the growth of glioma cells, miR-144 mimic
or miR-144 inhibitor was transfected into A549 cells at a final
concentration of 50 nM. The RT-qPCR analysis revealed that
miR-144 expression was markedly and specifically increased
in the mimic-transfected cells and decreased in the inhib-
itor-transfected cells (Fig. 2A). A CCKS assay showed that cell
proliferation was decreased in the miR-144-overexpressing

A549 cells compared with the control cells (Fig. 2B). The
study then investigated whether reducing miR-144 in the
A549 cells enhanced cell proliferation. As expected, the loss
of miR-144 function in the A549 cells treated with miR-144
inhibitor increased cell proliferation (Fig. 2B). Taken together,
these results suggested that miR-144 plays a role as a tumor
suppressor in A549 cell proliferation.

Decreased expression of miR-144 induces a metabolic shift
in A549 cells. The present study next sought to investigate
whether miR-144 was capable of inducing a metabolic shift
in the A549 cells. Loss of miR-144 function in the A549 cells
was found to increase glucose uptake and lactate secretion
(Fig. 3A and B). Conversely, gain of miR-144 function in A549
cells treated with mimics reduced glucose uptake and lactate
secretion (Fig. 3A and B).

To detect whether the miR-144-induced metabolic switch
is required for miR-144-dependent cell proliferation, miR-144
inhibitor-transfected A549 cells were administered 2-deoxy-
glucose (2-DG), a glucose analog that inhibits glycolysis by
its action on hexokinase, and analyzed cell proliferation with
a CCK8 assay. The results demonstrated that inhibition of
glycolysis induced by loss of miR-144 function is sufficient to
block cell proliferation (Fig. 3C). Taken together, these results
suggested that miR-144-induced glycolysis is responsible for
the enhanced cell proliferation in miR-144-knockdown cells.

miR-144 suppresses the expression of GLUTI by targeting its
3'-UTR. Two different mRNA target-predicting algorithms
(TargetScan and miRanda (18,19) were used to identify
potential direct targets of miR-144 based on binding sites in
the 3'UTR. Candidate genes that are involved in glycolysis
were selected. mRNA target-predicting algorithms identified
an area within the 3'-UTR of GLUT]I as a potential target of
miR-144 (Fig. 4A). Western blot analysis confirmed that the
overexpression of miR-144 decreased the protein level of
GLUT!1 (Fig. 4B), while knockdown of miR-144 increased
the protein level of GLUT1 (Fig. 4B). To further determine
whether GLUT1 is a direct target of miR-144, a luciferase assay
was performed. The results showed that miR-144 effectively
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Figure 3. miR-144 induces a metabolic shift in lung cancer cells. (A) Glucose uptake assays showed that miR-144 decreases the rate of glucose uptake. (B) Lactate
production assays showed that miR-144 blocks lactate secretion. (C) Cell Counting kit-8 assays showed that inhibition of glycolysis with 2-deoxy-D-glucose
blocks the enhanced proliferate rate induced by the knockdown of miR-144. “P<0.01. miR, microRNA; OD, optical density.

A B

&

Glut1 5'- 2aUGUGAAGUAAAUACUGUa -3' & &
RIRARL (A
miR-144 3'- ucAUGUAGUAGAUAUGACAu -5’

C 207
& & £ 15
« 2
o é\é‘ e
S o 8 1.0
& @ B
¢ & &
g 05
-l

0.0 -

=
—

x
&

Figure 4. miR-144 suppresses the expression of GLUTI. (A) Sequences of miR-144 and the potential binding sites at the 3'UTR of GLUTI. (B) Western blot
assays showed that the overexpression of miR-144 suppresses the expression of GLUT1, and the knockdown of miR-144 increases the expression of GLUT1.
(C) Dual-luciferase assays showed that miR-144 suppresses the luciferase activity in the 3'UTR WT group, but not in the 3'UTR MUT group. WT, wild-type;
MUT, mutant; miR, microRNA; UTR, untranslated region; GLUT], glucose transporter 1.

suppressed the luciferase reporter activity of the WT vector,
but that this decreased luciferase activity was reversed when
cells were transfected with the MUT vector (Fig. 4C). Taken
together, these results demonstrated that miR-144 directly
regulates GLUT1 expression via binding sites in the 3'-UTR.

Discussion

miRNAs have attracted an increasing level of attention due
to their key role in a number of biological events, including
cell proliferation, cell motility, differentiation, metabolic
switch and apoptosis (7). In recent years, the dysregulation
of miR-144 has been associated with several types of human
cancer. Significant miR-144 downregulation has been reported
in osteosarcoma and mesothelioma (11,12). miR-144 acts
as a tumor suppressor in uveal melanoma by inhibiting cell
proliferation and migration (20). Chen et al reported that down-
regulation of miR-144 in lung cancer inhibits proliferation and
induces apoptosis and autophagy by targeting TP53-inducible
glycolysis and apoptosis regulator (21). However, the function
of miR-144 in lung tumorigenesis remains unclear.

In the present study, it was found that miR-144 expression
was decreased in lung cancer compared with adjacent normal
tissues. Previous studies have demonstrated that miR-144 acts

as a tumor suppressor to inhibit cell proliferation in osteosar-
coma and mesothelioma (11,12). The results of the CCK8 assay
in the present study also indicated that miR-144 decreased cell
proliferation.

The molecular mechanisms responsible for shifting energy
metabolism to the advantage of cancer cells are complicated and
only partially understood (22). In the present study, it was found
that miR-144 plays a significant role in regulating the metabo-
lism of lung cancer cells. Knockdown of miR-144 increased
glucose uptake rate and lactate secretion, while overexpression
of miR-144 decreased glucose uptake and lactate secretion.
The altered metabolism induced by miR-144 was required
for lung cancer cell proliferation. Moreover, it was found that
GLUT1 is a direct target of miR-144. The induction of GLUT1
enhanced aerobic glycolysis in the cancer cells. Dysregulation
of miR-144 in lung cancer cells requires extensive investigation
concerning its role in cancer cell metabolism.

In summary, the present study provides direct evidence
that the decrease of miR-144 in lung cancer cells promotes cell
glycolysis by increasing GLUT1 expression, thus enhancing
cell growth. These results identify miR-144 as a molecular
switch involved in the orchestration of the Warburg effect
in lung cancer cells and as a potential therapeutic target for
lung cancer.
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