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Abstract: Lung cancer is the most common solid tumor and the leading cause of cancer-related mortality world-
wide. miR-21 is one of the most commonly observed aberrant miRNAs in human cancers. However, the biological
roles of miR-21 in glucose metabolism of non-small cell lung cancer (NSCLC) cells remain unknown. In the present
study, our findings demonstrated that miR-21 promoted glucose uptake and increased TXNIP expression. miR-21
increased lactate generation and decreased oxygen consumption in NSCLC cells. Moreover, we found that miR-21
promoted glycolysis and decreased OXPHOS. Mechanistically, fructose-1,6-biphosphatase (FBP1) was a direct tar-
get of miR-21 and observed a negative correlation between miR-21 and FBP1 in NSCLC samples. Restoring FBP1
expression reversed the effects induced by miR-21 overexpression in NSCLC cells. Together, our findings suggest
the critical role of miR-21 in glucose metabolism through suppression of FBP1 in NSCLC cells. miR-21 may be a

potential target of NSCLC treatment.
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Introduction

Lung cancer is the most common solid tumor
and the leading cause of cancer-related mortal-
ity worldwide, accounting for more than 1.4 mil-
lion deaths per year [1, 2]. Non-small cell lung
cancer (NSCLC), including squamous cell carci-
noma, adenocarcinoma, adenosquamous cell
carcinoma and large cell carcinoma, accounts
for approximately 80% cases [3]. Despite the
recent advancements of the early detection of
the disease and early diagnosis and treatment,
the prognosis of patients with NSCLC remains
unsatisfied. High mortality is mainly due to
tumor heterogeneity, metastasis and the devel-
opment of resistance to therapies [4, 5]. Thus,
the identification of novel treatment strategies
is critical and essential for lung cancer man-
agement. Moreover, there is an urgent need to
find accurate biomarkers which could detect
lung cancer with high sensitivity and specificity
in the early state of disease.

With great progressions of genome and tran-
scriptome sequencing technologies, many
novel non-protein-coding transcripts were iden-
tified. About 80% of the genome is transcribed
into transcripts, but only 2% of the genome
codes for protein [6]. Among these numerous
non-protein-coding transcripts, MicroRNAs
(miRNAs) are a recently discovered class of
non-coding small RNA molecules approximately
22 nucleotides in length that play important
roles in cell differentiation, proliferation, apop-
tosis, and metabolism by inhibiting target genes
[7, 8]. Each miRNA has the ability to target mul-
tiple genes within a pathway makes miRNAs
one of the most abundant classes of regulatory
genes in humans, regulating up to 30% of
human protein coding genes [9]. miR-21 is one
of the most commonly observed aberrant miR-
NAs in human cancers and is one of the first
miRNAs to be described as an oncomir. The
miR-21 is up-regulated in multiple solid tumors,
including lung cancer, breast cancer, and pan-
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creatic cancer, and is overexpressed in most
cancer tissues, suggesting a close relationship
between miR-21 expression and tumor devel-
opment [10]. miR-21 posttranscriptionally do-
wnregulates the expression of the tumor sup-
pressor PTEN and subsequently, stimulates
growth and invasion in NSCLC [11]. Moreover,
inhibition of miR-21 expression reduces prolif-
eration, migration, and invasion of A549 cells
by upregulating the expression of the pro-
grammed cell death protein 4 (PDCD4) [12].

Glucose homeostasis is reciprocally controll-
ed by the catabolic glycolysis/oxidative phos-
phorylation (OXPHOS) and the anabolic gluco-
neogenesis pathway. Otto Warburg noticed that
some tumor cells preferentially metabolized
glucose to lactate in the presence of ample oxy-
gen, a process called aerobic glycolysis [13].
Activation of several oncogenes contributes to
the Warburg effect in tumor cells, such as AKT1
and Myc. Although metabolism plays a funda-
mental role in essentially every function of a
cell, little is known about the role of miR-21 in
cell’s glucose metabolism during NSCLC devel-
opment. In the present study, we performed the
gain- and loss-of-function experiments to inves-
tigate the biological roles of miR-21 in glucose
metabolism. The molecular mechanisms by
which miR-21 exerts its biological roles were
also explored.

Materials and methods
Cell culture and tissue specimens

NSCLC and adjacent normal tissue samples
were obtained with informed consent under
institutional review board-approved protocols.
The samples were collected between July 2010
and June 2017 at the Department of Critical
Care Medicine of Cangzhou central hospital,
Heibei province China. The NSCLC cases select-
ed were based on a clear pathological diagno-
sis, follow-up data, and had not received previ-
ous local or systemic treatment. This study was
approved by the institute research ethics com-
mittee of Cangzhou central hospital. A549 and
95D cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS).

RNA isolation and quantitative real-time PCR
(qPCR)

Total RNA was extracted with TRIzol reagent
(Invitrogen, Carlsbad, California, USA). cDNA

2122

was synthesised with the PrimeScript RT re-
agent Kit (Promega, Madison, WI, USA). Real-
time PCR was carried out using an ABI StepOne
Plus real-time PCR system (Applied Biosystems,
Foster City, California, USA).

Lentivirus production and transduction

Virus particles were harvested 48 h after
pCDH-CMV-miR-21 transfection with the pack-
aging plasmid pRSV/pREV, pCMV/pVSVG and
pMDLG/pRRE into 293FT cells using Lipo-
fectamine 2000 reagent (Invitrogen). A549
cells were infected with recombinant lentivi-
rus-transducing units plus 8 mg/ml Polybrene
(Sigma, St Louis, Missouri, USA).

Oligonucleotide transfection

MiR-21 inhibitor was synthesized by Gene-
pharma (Shanghai, China). Oligonucleotide tr-
ansfection was performed with Lipofectamine
3000 reagent (Invitrogen).

Luciferase reporter assay

The putative miR-21 binding site at the 3’-UTR
of fructose-1,6-biphosphatase (FBP1) mRNAs
was cloned downstream of the cytomegalovi-
rus (CMV) promoter in a pMIR-REPORT vector
(Ambion, Carlsbad, CA, USA). Two mutant con-
structs were generated by either deletion or
mutation.

The firefly luciferase construct was cotransfe-
cted with a control Renilla luciferase vector into
A549 cells in the presence of either miR-21 or
miR-control. A dual luciferase assay (Promega)
was performed 48 h after transfection. The
experiments were performed independently in
triplicate.

Western blot

Cells were lysed by RIPA buffer (Beyotime) sup-
plemented with protease inhibitors (Roche). 30
ug protein samples were separated on a SDS-
PAGE, and transfered into PVDF membranes
(Millipore), blocked with 5% BSA for 1 hour at
room temperature, and immunoblotted with
primary antibodies (GAPDH antibody, Rabbit,
Santa Cruz; TXNIP antibody, Rabbit, Santa Cruz;
FBP1 antibody, Rabbit, Abcam) overnight at
4°C. After the incubation with the correspond-
ing secondary antibodies conjugated to horse-
radish peroxidase for 1 hour, the signals of the
membranes were detected by ECL Substrate
(Millipore).
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Figure 1. miR-21 promotes glucose uptake in NSCLC Cells. A549 cells were transfected with miR-negative control
(miR-NC) or miR-21 for 24 hr. The relative expression of miR-21 was determined by qPCR. 95D cells were trans-
fected with anti-negative control (anti-NC) or anti-miR-21 for 24 hr. The relative expression of miR-21 was detected
by qPCR. Glucose uptake was measured in control and miR-21-overexpressing A549 cells. Glucose uptake was
measured in control and miR-21-knockdown 95D cells. Cells were deprived for glucose for 12 hr followed by glucose
stimulation for additional 3 hr. TXNIP expression was examined in control and miR-21-overexpressing A549 cells by
western blotting. Cells were deprived for glucose for 12 hr followed by glucose stimulation for additional 3 hr. TXNIP
expression was examined in control and miR-21-knockdown 95D cells by western blotting. Data are shown as mean
+ SD in three separate experiments in triplicate. *p < 0.05.

Metabolic assays

Glucose uptake and lactate production were
measured by assay kits from BioVision (San
Francisco, CA). Oxygen consumption was deter-
mined using the Seahorse Extracellular Flux
(XF-96) analyzer (Seahorse Bioscience, Chico-
pee, MA). To allow comparison between experi-
ments, data are presented as OCR in pMol/
min/10* cells. Basal OCR were measured four
times and plotted as a function of cells with
and without treatment under the basal condi-
tion followed by the sequential addition of oligo-
mycin (1 mg/ml) and FCCP (1 mM) as indicated.
The progress curve is annotated to show the
relative contribution of basal, ATP-linked and
maximal oxygen consumption after the addi-
tion of FCCP, and the reserve capacity of the
cells.

For the [U-**C_]-glucose tracer experiment, Ve-
ctor- and anti-miR-21-expressing 95D cells
were cultured in the DMEM medium with glu-
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cose replaced by 0.1% **C_-glucose for 24 hr.
Polar metabolites were extracted from cells
and media using the acetonitrile/water/chloro-
form partitioning and 10% trichloracetic acid
methods, respectively. The extracts were sub-
jected to 1D *H and *H(*3C) HSQC NMR and
GC-MS analysis, as previously described [14].

Statistical analysis

Experiments were repeated three times. Re-
sults are expressed as mean + SD as indicated.
An independent Student’s t test was performed
to analyze the assay results. A p value < 0.05
was considered statistically significant.

Results

miR-21 promotes glucose uptake in NSCLC
cells

To reveal the effect of miR-21 on glucose
metabolism in NSCLC, A549 cells were infected
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Figure 2. miR-21 increases lactate generation and decreases oxygen consumption in NSCLC cells. A. Lactate excre-
tion was measured in control and miR-21-overexpressing A549 cells. B. Lactate excretion was measured in control
and miR-21-knockdown 95D cells. C. Cell growth under normal and hypoxic condition was measured by cell-count
assay for 2 days. Data are presented as a percentage of miR-NC control values for A549 cells. D. Cell growth under
normal and hypoxic condition was measured by cell-count assay for 2 days. Data are presented as a percentage of
anti-NC control values for 95D cells. E. Oxygen consumption was measured in control and miR-21-overexpressing
A549 cells. F. Oxygen consumption was measured in control and miR-21-knockdown 95D cells. Data are shown as
mean * SD in three separate experiments in triplicate. *p < 0.05, **p < 0.01.

with miR-21 (Figure 1A), and 95D cells were
transfected with anti-miR-21 (Figure 1B). We
first measured glucose uptake and found that
miR-21 overexpression significantly increased
glucose uptake in A549 cells (Figure 1C),
whereas knockdown of miR-21 suppressed glu-
cose uptake in 95D cells (Figure 1D). Th-
ioredoxin-interacting protein (TXNIP) is com-
monly used as an intracellular glucose sensor.
We thus examined TXNIP induction by depleting
glucose for 12 hr, followed by glucose stimula-
tion for additional 3 hr. TXNIP was robustly
induced in NSCLC cells. TXNIP was markedly
stimulated by miR-21 overexpression A549
cells (Figure 1E), while knockdown of miR-21
suppressed TXNIP expression in 95D cells
(Figure 1F). These results indicate that miR-21
is critical in promoting glucose uptake.
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miR-21 increases lactate generation and de-
creases oxygen consumption in NSCLC cells

To examine whether miR-21 changes glucose
metabolism from glycolysis/oxidative phos-
phorylation (OXPHOS) to aerobic glycolysis, we
measured lactate production and found that
miR-21-overexpressed A549 cells produced
more lactate than control cells (Figure 2A),
whereas miR-21-knockdown 95D cells had less
lactate production (Figure 2B). We then investi-
gated the effect of miR-21 on cell growth under
different oxygen conditions. At normoxic condi-
tion (21% oxygen), miR-21 overexpression in-
duced a minor promotion in cell growth in A549
cells (Figure 2C). Similarly, miR-21 overexpres-
sion induced a minor suppression in cell growth
in 94D cells (Figure 2D). However, under hypox-
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ic condition (0.1% oxygen), miR-21 overexpres-
sion induced a drastic growth promotion in
A549 cells (Figure 2C), whereas miR-21 inhibi-
tion significantly enhanced hypoxia-mediated
growth inhibition in 95D cells (Figure 2D), sug-
gesting that the effect of miR-21 on cell growth
depends on oxygen. We thus examined oxygen
consumption rate (OCR). We found that the
basal OCR significantly decreased in miR-21
overexpressed A549 cells (Figure 2E), whereas
miR-21-silencing 95D cells displayed an
increased in basal OCR (Figure 2F). Similar
results were obtained in the analysis of ATP-
linked and maximal OCR (Figure 2E and 2F).

miR-21 promotes glycolysis and decreases
OXPHOS

We further investigated the metabolic fate of
[U-*3C]-glucose in control and miR-21 knock-
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Figure 3. miR-21 promotes glycolysis
and decreases OXPHOS. A. The conver-
sion of *3C_-Glucose to **C_-lactate were
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* media of anti-NC and miR-21-knockdown
95D cells grown in *3C_ Glucose. B. A
pair of representative 1D *H(**C) HSQC
NMR spectra show the changes in 3C
abundance (represented by the intensity
of *3C-attached *H peaks) of various as-
signed metabolites elicited by miR-21
knockdown in 95D cells. The relative 3C
abundance of indicated metabolites from

md cell extracts was quantified from their

HSQC peak intensity. AXP, adenine nu-

Malat_e cleotides; UXP, uracil nucleotides; UDPG,
I anti-NC

n

-
L

UDP-glucose. C. The doubly *3C labeled

-ar;ti—m'R-21 TCA cycle metabolites are derived from

the first turn of the TCA cycle while the
quadruply *3C labeled citrate is produced
from the second turn of the cycle. The lev-
els of several indicated *°C isotopologues
of glycolytic and TCA cycle metabolites
were obtained from the GC-MS analysis
of the same cell extracts as in B. Data are
shown as mean * SD in three separate
experiments in triplicate. *p < 0.05.

down 95D cells by using stable isotope-re-
solved metabolomics (SIRM). Nuclear magnetic
resonance (NMR) analysis of the culture media
demonstrated a reduced **C_-glucose uptake
in miR-21 silenced cells (Figure 3A). NMR anal-
ysis of *3C-labeled metabolites in cell extracts
also indicated a reduced **C,-lactate in miR-
21-silenced cells (Figure 3B), consisting of
reduced **C_-lactate excretion into the media.
Interestingly, miR-21 inhibition also reduced
13C abundance in the ribosyl unit of ribonucleo-
tides and derivatives, such as adenine nucleo-
tides (AXP), uracil nucleotides (UXP), NAD+ and
UDP-glucose (UDPG) (Figure 3B), suggesting
that the pentose phosphate pathway (PPP),
which is responsible for generating ribose-
5-phosphate for the synthesis of ribonucleo-
tides and NADPH production, is inhibited. The
decreased level of **C-UDPG in miR-21-silenced
95D cells suggests that the glycosylation pro-
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Figure 4. FBP1 is a direct target of miR-21. Schematic illustration of the
predicted miR-21-binding sites in FBP1 3’'UTR. FBP1 was a target of miR-
21. MiR reporter constructs, containing a wild-type and mutant FBP1 3’UTR,
were co-transfected into A549 cells which were transfected by miR-NC or
miR-21. Data are presented as the relative ratio of firefly luciferase activity to
renilla luciferase activity. FBP1 mRNA level after miR-21-induced expression
in A549 cells was examined by real-time PCR. FBP1 protein level after miR-
21-induced expression in A549 cells was examined by western blot. FBP1
mMRNA level after transfection of miR-21 inhibitor in A549 cells was exam-
ined by real-time PCR. FBP1 mRNA level after transfection of miR-21 inhibi-
tor in A549 cells was examined by western blot. Data are shown as mean +
SD in three separate experiments in triplicate. *p < 0.05.

cess is reduced. The same cell extracts we-

FBP1 is a direct target of
miR-21

To clarify the molecular me-
chanisms of miR-21 on glu-
cose metabolism of NSCLC
cells, we searched for the tar-
get mRNAs using TargetScan.
Fructose-1,6-biphosphatase
(FBP1) was selected as one of
the candidate targets of miR-
21, based on putative target
sequences at 187-194 bp of
FBP1 3'UTR (Figure 4A). To
further confirm targeting of
FBP1 by miR-21, luciferase
activity assay was performed.
Through the luciferase activi-
ty assay, we found that A549
cells transfected with miR-21
significantly inhibited wild-ty-
pe FBP1 3'UTR reporter ac-
tivity (Figure 4B), while had
no inhibitory effect on the
mutant-type FBP1 3'UTR re-
porter activity (Figure 4B). In
addition, the mRNA and pro-
tein levels of FBP1 were dete-
cted in NSCLC cells transfect-
ed miR-21 or miR-NC. Our re-
sults showed that miR-21 ov-
erexpression significantly at-
tenuated the mRNA and pro-
tein levels of FBP1 in A549
cells (Figure 4C and 4D). On
the contrary, inhibition of miR-

re further analyzed by GC-MS to quantify
13C-metabolites involved in glycolysis and the
TCA cycle (Figure 3C). We found that the pro-
duction of the m3 or **C,-isotopologues of glyc-
erol-3-phosphate (G3P) and serine were signifi-
cantly reduced in miR-21-silenced cells, which
is again consistent with attenuated glycolytic
activity. In line with the observations that miR-
21 inhibition increased OXPHOS, the produc-
tion of *C, or m2-succinate, fumarate, and
malate (markers of the first turn of the TCA
cycle) as well as the **C,- or m4-citrate (mark-
ers of the second turn of the TCA cycle) were
increased in miR-21-silenced 95D cells (Figure
3C). Together, these results indicate that miR-
21 promotes glycolytic flux, reduces biosynthe-
sis and enhances OXPHOS.
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21 increased both FBP1 mRNA and protein
expression (Figure 4E and 4F). Above results
implied that miR-21 suppressed FBP1 expres-
sion by binding to 3'UTR of FBP1 mRNA.

FBP1 was down-regulated and negatively cor-
related with miR-21 in NSCLC tissues

To further explore the pathological relationsh-
ip between miR-21 and FBP1, we examined the
expression of miR-21 and FBP1 mRNA in 75
NSCLC tissues and corresponding nontumor
tissues. The results showed that miR-21 was
much higher in NSCLC tissues, whereas FBP1
was significantly lower in NSCLC samples than
in corresponding nontumor tissues (Figure 5A
and 5B). Furthermore, Spearman’s correlati-
on analysis showed a negative correlation

Am J Cancer Res 2017;7(11):2121-2130



miR-21 provides metabolic advantages

>
@

p<0.0001

-::o‘c

essential to trigger glycolyt-
ic reprogramming and results
in several metabolic benefits
in NSCLC (Figure 7): (1) in-
crease glucose uptake as evi-
denced by elevated TXNIP af-
ter stimulation, (2) increased

&
2 p<0.0001 g
8 10 p 10
= [}
5§ 1 % s, ? 1
‘© ) n o
5 01] Somes # 3 0061
5 0.01 e Wi <
2o : 2 0.001
& 0.001 E 0.0001
E NC C T
[a1]
w
C  0.03;
kS
2
3 0.02
3
)
& 001
L
0.004F———= % ™~ .
00 05 10 15 20 25

miR-21 expression

Figure 5. FBP1 was down-regulated and negatively correlated with miR-21 in
NSCLC tissues. The miR-21 expression in 60 pairs of lung cancer tissues (C)
and adjacent noncancerous lung tissues (NC) was measured using qPCR.
The FBP1 mRNA expression in 60 pairs of lung cancer tissues (C) and ad-
jacent noncancerous lung tissues (NC) was measured using qPCR. The cor-
relation between miR-21 and FBP1 expression in 60 lung cancer tissues. ly,
Data are shown as mean + SD in three separate experiments in triplicate.

*p < 0.05.

between miR-21 and FBP1 expression in OS tis-
sues (r=-0.5219, p < 0.0001; Figure 5C).

Restoring FBP1 expression reverses the ef-
fects induced by miR-21 overexpression in
NSCLC cells

To evaluate if FBP1 is responsible for the func-
tional effect of miR-21 in NSCLC cells, some
rescue experiments were performed. miR-
21-overexpressing A549 cells were transfected
with FBP1 (Figure 6A). We found that FBP1
attenuated glucose uptake mediated by miR-
21 overexpression (Figure 6B), and decreased
the lactate generation induced by miR-21 over-
expression in A549 cells (Figure 6C). Moreover,
our results showed that under hypoxic condi-
tion (0.1% oxygen), overexpression of FBP1
could abolish the promotion of growth induced
by miR-21 overexpression in A549 cells (Figure
6D). These results indicated that miR-21 exerts
it biological roles in NSCLC by targeting FBP1.

Discussion
Our study provides several insights into the

relationship between microRNA and NSCLC.
First, miR-21-mediated suppression of FBP1 is
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NC

c glycolytic intermediates for
biosynthesis (such as PPP,
G3P, and serine), (3) mainte-
nance of ATP production under
hypoxia.

Accumulating evidences have
been suggested that miRNAs
function as either tumor sup-
pressors or oncogenes by reg-
ulating various biological pro-
cesses of cancer cells, such
as cell proliferation, apopto-
sis, migration and invasion. In
NSCLC, some miRNAs, such
as members of the let-7 fami-
miR-126, miR-145, miR-
144 or miR-34a, have been
identified as tumor suppres-
sors [15, 16], while miR-17-92,
miR-21, miR-221, miR-222 and miR-31 were
found to act as oncogenes in NSCLC [17-19],
suggesting that miRNAs act as new direction in
NSCLC diagnosis and treatment. Upregulation
of miR-21 has been reported in several type
cancers [20-22]. It has been showed that miR-
21 could promote cancer cell proliferation, col-
ony formation, migration and invasion, as well
as inhibited cell apoptosis by targeting multiple
genes, such as PTEN [23, 24]. However, little is
known about the role of miR-21 in glucose
metabolism. In the present study, we found
that miR-21 promoted glucose uptake and gly-
colysis, increased lactate generation, and de-
creases oxygen consumption and OXPHOS. In
addition, we identified that miR-21 directly tar-
geted the 3'UTR of FBP1 and suppressed its
expression. In addition, we also found that
restoring FBP1 reversed the effects of miR-21
on glucose metabolism in NSCLC cells. These
results provided new insights into NSCLC re-
search and therapeutic strategies.

FBP1 is a key regulatory enzyme during the pro-
cess of gluconeogenesis, which that can block
the glycolysis, by converting 1,6-fructose di-
phosphate to fructose-6-phosphate [25]. It has
been reported that deletion of FBP1 expressi-
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21 overexpression in A549 cells. A549 cells were transfected with miR-21.
Subsequently, FBP1 was transfected into miR-21-A549 cells. The expression
of FBP1 was shown by Western blot assay. Glucose uptake was measured
in indicated cells. Lactate excretion was measured in indicated cells. Cell
growth under hypoxic condition was measured by cell-count assay for 2 days.
Data are presented as a percentage of miR-NC control values for 95D cells.
Data are shown as mean + SD in three separate experiments in triplicate.

*p < 0.05.
miR-21 I
(-) FBP1
Glucose 1 Lactate 1 OXPHOS|
oxygen
consumption |

Growth 1 I

Figure 7. A proposed model to illustrate the repres-
sion of FBP1 by miR-21 in NSCLC, which results in
the switch to aerobic glycolysis.
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on is found in liver, gastric and
colon cancers, which can ac-
celerate glucose uptake and
glycolysis [26, 27]. Compelling
evidence indicates that in-
creased FBP1 levels predicts
a better outcome in various
neoplastic disease, including
kidney carcinoma [28], lung
carcinoma [29], suggesting
that FBP1 plays a vital role in
dominating glucose metabo-
lism in cancers. It has been
reported that FBP1 was epi-
gentically silenced by DNA me-
thylation, histone de acetyla-
tion and histone methylation.
However, whether FBP1 is reg-
ulated by microRNA remains
unknown. In our study, for the
first, we demonstrated that
FBP1 was a direct target of
miR-21. FBP1 expression level
was downregulated, and nega-
tively correlated with miR-21
expression levels in NSCLC ti-
ssues. Moreover, FBP1 over-
expression reversed the ef-
fects on glucose metabolism
mediated by miR-21 overex-
pression in NSCLC cells. Th-
ese findings suggest that miR-
21 regulates glucose metabo-
lism by repressing FBP1 ex-
pression.

*

N

In this study, we demonstrat-

ed that miR-21 promoted glu-
cose uptake and glycolysis, increased lactate
generation, and decreases oxygen consump-
tion and OXPHOS through targeting FBP1.
Moreover, miR-21 is dramatically upregulated,
while FBP1 is significantly decreased in NSCLC
tissues. These data suggested that miR-21-
FBP1 axis might serve as a new therapy target
for NSCLC.
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