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Abstract: MicroRNAs (miRNAs) affect cancer cell glucose metabolism by targeting mRNAs of diverse enzymes that
have been implicated in oxidative phosphorylation (OXPHOS) and glycolytic pathways. However, the mechanisms
that underlie miRNA-mediated regulation of phosphofructokinase (PFK), a key rate-limiting enzyme in glycolysis,
remain largely unknown. Here, we show that miR-128 directly targets PFK liver type (PFKL) in lung cancer cells and
regulates endogenous expression of PFKL at both the mRNA and protein levels. In line with this, overexpression of
miR-128 decreased glucose uptake and lactate production, as well as increased cellular ATP content. Interestingly,
knockdown of miR-128 was shown to promote lung cancer cell growth and colony formation. Moreover, we ob-
served that miR-128 expression inversely correlated with PFKL mRNA levels in clinic lung cancer samples and that
increased PFKL expression predicted poor overall survival in lung cancer patients. Mechanistically, we showed that
miR-128 regulates PFKL via a feedback loop that involves inhibition of the AKT signaling pathway. Together, our re-
sults suggest that miR-128 acts as a metabolic regulator in lung cancer cells that may be therapeutically exploited.
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Introduction

The shift from oxidative phosphorylation (OX-
PHOS) to glycolysis is a hallmark of cancer
cells. In contrast to normal cells, cancer cells
preferentially metabolize glucose into lactate
for energy production, despite the presence of
abundant oxygen [1, 2]. This metabolic change
is critical for cancer cell proliferation, migration
and metastasis [3]. Accumulating evidences
suggest that targeting enzymes involved in the
glycolytic pathway may open a therapeutic win-
dow to modulate cancer cell glucose metabo-
lism and suppress cancer progression [4]. In
particular, suppression of lactate dehydroge-
nase A (LDH-A) has been shown to inhibit cell
growth and enhance the levels of OXPHOS
in multiple tumor cells [5]. Moreover, Pten-/
p53-deficiency-driven tumor growth in vivo has
been shown to depend on hexokinase 2 (HK2),
an enzyme that catalyzes the first irreversible

step of glycolysis and mediates aerobic glycoly-
sis [6]. Together, these studies directly link the
metabolic enzymes that regulate aerobic with
tumorigenesis.

Phosphofructokinase (PFK) is a key rate-limit-
ing enzyme that catalyzes the phosphorylation
of fructose-6-phosphate to fructose-1,6-bispho-
sphate, which is a critical regulatory step during
the glycolytic pathway [7]. Interestingly, recent
studies indicate that glycosylation of PFK1 at
Serb529 promotes the shift from glycolysis to
pentose phosphate pathway and therefore pro-
tect cells from death. Moreover, suppression of
PFK1 expression inhibited cell proliferation and
tumorigenicity [8]. The PFKFB2 gene is a PFK
isoform that is a direct target of the androgen
receptor and has been shown to participate
in glucose-dependent lipid synthesis and mod-
ulate glucose uptake via PISK/AKT signaling
in prostate cancer [9]. These observations indi-
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cate that PFK is deeply involved in glucose
metabolism. However, the mechanisms that
underlie epigenetic regulation of PFK expres-
sion and how PFK regulates glycolysis remain
poorly understood.

MicroRNAs (miRNAs) are a class of endoge-
nous, small non-coding RNAs that function
at the post-transcriptional level by targeting
3’'untranslated regions (3’'UTR) of mRNAs [10,
11]. Many studies have linked miRNAs to basic
biological processes, such as cell proliferation
[12], glucose metabolism [13], differentiation
and apoptosis [14]. In addition, our previous
studies have implicated deregulated miRNA
expression in lung cancer cell cycle modulation
[15], drug resistance [16] and tumor metasta-
sis [17]. Recently, miRNAs have been reported
to regulate glucose metabolism by modulating
the expression of glycolytic pathway [3]. For
example, the tumor suppressive function of
miR-143 [18] has linked to its ability to down-
regulate the glucose uptake and lactate pro-
duction by inhibiting HK2 activity in CRL-5803
cells [19]. In contrast, miR-378* increased lac-
tate levels, reduced oxygen consumption and
tricarboxylicacid (TCA) cycle-associated geneex-
pression, and drove a metabolic shift from
OXPHOS to glycolysis in breast cancer cells
[13]. miR-155 has also been shown to act as
an oncogenic miRNA by up-regulating HK2 ex-
pression and driving glycolysis through activa-
tion of STAT3 in breast cancer cells [20]. These
results indicate that miRNAs may regulate gly-
colysis and TCA pathways by targeting key
enzymes involved in glucose metabolism. How-
ever, whether miRNAs play a role in regulating
PFK-driven glycolysis in cancer cells glycolysis
is largely unknown. In this study, we report that
miR-128 regulates PFKL (PFK liver type) expres-
sion and mediates a shift from glycolysis to
OXPHOS in lung cancer cells by modulating AKT
phosphorylation.

Materials and methods
Cell culture and reagents

Lung cancer cell lines (SPC-A-1, LTEP-a-2, Ab5-
49, NCI-H460 and NCI-H1299), normal lung
epithelial cell line (BEAS-2B) and human embry-
onic kidney cell line (293T) were purchased
from Chinese Academy of Sciences Cell Bank
of Type Culture Collection (CBTCCCAS). SPC-A-1
and LTEP-a-2 cell lines were cultured in RPMI-
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1640 (Invitrogen, USA) medium supplemented
with 10% FBS (ExCell Bio, China) and 2.5 g/L
glucose, 0.11 g/L sodium pyruvate. A549, NCI-
H460, NCI-H1299 and BEAS-2B cell lines were
cultured in RPMI-1640 medium with 10% FBS
only. 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen,
USA) supplemented with 10% FBS only. All of
these cells were maintained in 5% CO, at 37°C.
The AKT inhibitor GSK690693 was purchased
from Selleck Chemicals (Selleck, USA).

SIRNA experiments

Cells were transfected with Lipofectamine
2000 (Invitrogen, USA) according to the manu-
facturer’s protocol with 50 nM PFKL and AKT
siRNA (or the corresponding control siRNA).
Cells were harvested 24 hours post-transfec-
tion with si-PFKL and si-AKT to achieve maxi-
mal knockdown.

RNA extraction, reverse transcription, and
quantitative real-time PCR

RNA was extracted from cells using RNAiso
Plus (TAKARA, Japan) including RNase treat-
ment. To quantitate miR-128 levels, the Hairpin-
it™ miR gPCR quantification kit (GenePharma,
China) was used, and the corresponding gRT-
PCR reactions were carried out on an Mx3005P
system (Stratagene, USA). Reactions were per-
formed in an 8-strip tube (Axygen, USA) under
the following cycling conditions: 95°C for 3 min,
40 cycles of 95°C for 12 s, 62°C for 40 s. The
small nuclear RNA U6 was used to normalize
the expression of miR-128. To quantitate PFKL
and AKT mRNA levels, reactions were per-
formed in an 8-strip tube under the following
cycling conditions: 95°C for 3 min, 40 cycles
of 95°C for 15 s, 53°C for 30 s, and 72°C for
1 min, and a final extension at 72°C for 3 min.
Housekeeping gene (-actin was used to nor-
malize the expression of PFKL and AKT.

miRNA mimics and miRNA inhibitor transfec-
tion

Twenty-four hours post seeding, cells were
transfected using Lipofectamine 2000 with
miRNA mimics or inhibitor (or the correspond-
ing control mimics and inhibitor) (GenePharma,
China) and cells were harvested 24 hours or 48
hours post-transfection for gRT-PCR or western
blot experiment, respectively. Sequences of
RNAi are shown in Table S1.
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Plasmid construction and dual-luciferase re-
porter assays

To construct the PFKL 3'UTR reporter plasmid,
wild-type (WT) or mutated (Mut) sequences of
the human PFKL 3'UTR that were predicted to
be targeted by miR-128 were cloned into the
linearized pGL3-control vector (Biogle Biotech-
nology, China). To construct the PFKL overex-
pression plasmid, the open reading frame of
PFKL was cloned into the linearized pcDNA3
vector (Biogle Biotechnology, China). The prim-
ers used for the construction of pcDNA-PFKL
are shown in Table S2. 293T cells were seeded
in 6-well plates (1 x 10° cells/well) and incu-
bated for 24 h prior to transfection. For the
dual-luciferase assay, cells were co-transfected
with 1 pg of pGL3-PFKL-3'UTR or pGL3-PFKL-
3'UTR Mut plasmid, 0.5 pg of the pRL-SV40
control vector (Promega, USA). Firefly and
Renilla luciferase activities were measured
consecutively using a dual luciferase assay kit
(Promega, USA) 24 h after transfection.

Western blot analysis

Forty-eight hours post-transfection of miR-128
mimics or inhibitor, proteins were isolated with
lysates buffer after washed three times with 1
x PBS, and then quantified using the Bradford
procedure (Bio-Rad, USA). Approximately 50
pg of total protein were loaded onto a 12%
SDS-PAGE gel and subsequently transferr-
ed onto a nitrocellulose transfer membrane
(Whatman, Germany). Membranes were incu-
bated in blocking buffer (Li-COR, USA) for 1
hour at room temperature and then incubated
with the primary antibodies (anti-PFKL 1:1000;
anti-AKT 1:1000; anti-pAKT (CST, USA) 1:2000;
anti-GAPDH (Santa Cruz, USA) 1:500) overnight
at 4°C. A fluorescent goat anti-rabbit (Li-COR,
USA) secondary antibody was used at a dilution
of 1:15,000 and protein bands were detected
using the infrared imaging system (Li-COR,
USA). The level of GAPDH was used to semi-
gquantitatively analyze the protein levels.

Glucose uptake, lactate production and ATP
content assays

Cells were seeded into 96-well plates and
transfected with RNAs or pcDNA-PFKL. Twenty-
four hours post-transfection, glucose uptake
was measured according to the manufacturer’s
instructions (BioVision, USA). To measure lac-
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tate production, cells were seeded into 6-
well plates and 24 hours post-tranfection with
RNAs or pcDNA-PFKL, lactate production was
assessed using a Lactate Colorimetric Assay
Kit (BioVision, USA). To detect cellular ATP con-
tent, cells were seeded into 6-well plates
and transfected with RNAs or pcDNA-PFKL.
Intracellular ATP content was then measured
24 hours post-transfection according to the
manufacturer’s protocol (Beyotime, China).

Cell viability assay

A total of 5 x 10° cells were seeded into 96-
well plates and grown for 24, 48, 72 hour post-
transfection. Twenty microliters of 5 mg/ml
MTT was then added to each well and incubat-
ed in 5% CO, at 37°C for 4 hours. Following
incubation, the media was carefully removed
and 150 ul of DMSO was added to each well to
dissolve the formazan produced from MTT by
the viable cells. Absorbance at 490 nm was
read using an automatic microplate reader
(Labsystems, Finland).

Colony formation assay

Following genetic or chemical perturbation,
NCI-H460 and NCI-H1299 cells were collected
as a single cells suspension in medium and
500 cells were seeded into 6-well plates and
cultured in 5% CO, at 37°C for 10d, with media
replaced on the fifth day. Colonies were washed
with 1xPBS for three times, fixed with 4% para-
formaldehyde for 5 min and stained for 30 s
with 0.1% crystal violet. The colony formation
assay was repeated in three independent ex-
periments with duplicate wells.

Specimen collection

Tumor tissue and matching normal tissue were
collected from 20 patients who underwent sur-
gical resection of lung cancer at the Affiliated
Hospital of Ningbo University School of Medi-
cine. For all collected samples, patients had
not received prior adjuvant chemotherapy. This
study was approved by the Medical Ethical
Committee at Ningbo University, and all partici-
pants were given written informed consent.

Kaplan-Meier analysis

The relationship between PFKL mRNA level and
lung cancer patient was analyzed using 1926
lung samples that are available on the public
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databases (KM plotter, 2015 version, http://
kmplot.com/analysis/index.php?p=service&ca-
ncer=lung) [4].

Statistical analysis

Statistical analyses were assessed using Gra-
phPad Prism Software 6.0 (GraphPad, USA). All
of the experiments were repeated in triplicate
and the experimental data were expressed
as the mean + SD. For comparison analysis,
Student’s t test was used. The p value < 0.05
was considered statistically significant.

Results
PFKL 3'UTR is a direct target of miR-128

To search for potential candidate miRNAs
that target PFKL, the following computer-
based databases were searched: TargetScan
6.2 (http://www.targetscan.org), microRNA.org
(http://www.microrna.org/) and PicTar (http://
pictar.mdc-berlin.de/). PFKL 3'UTR was con-
served among species (Figure 1A) and was pre-
dicted to be specifically complementary with
miR-128 (Figure 1B). To validate whether PFKL
3'UTR is the direct target of miR-128, the wild
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miR-128  3' uuucucuGGCCAAGUGACACu 5'

PFKL  5'ccuggecCUGCCUCACUGUGa 3'

PFKL3'UTR gcectgect CACTGT Gace

PFKL 3’ UTR MUt gCCCthCt ——————————— acc

Figure 1. PFKL is a direct target of miR-128. A. Depicted
are conserved sequences in the 3'UTR of PFKL that are
predicted to be targeted by miR-128 (boxed). B. The pre-
dicted binding sites of miR-128 in the PFKL 3’UTR that
are complementary to miR-128. C. Sequences of the
wild-type (WT,; top) and the mutant-type (Mut; bottom)
of PFKL 3'UTR that were used for the luciferase reporter
constructs. D. miR-128 inhibits the WT but not the Mut
PFKL 3'UTR reporter. The symbol * denotes statistically
significant differences with ***p < 0.001.

type (WT) or mutant type (Mut) sequences
of PFKL 3'UTR (Figure 1C) were cloned down-
stream of the firefly luciferase reporter gene
(pGL3-control). The WT or Mut reporter plas-
mids were co-transfected with miR-128 mimics
(miR-128), control mimics (ctrl-mi) or the con-
trol plasmid (pRL-SV40), and then a dual lucifer-
ase reporter assay was performed. A marked
decrease in luciferase activity was detected
when the miR-128 was co-transfected with the
WT and the control plasmid (Figure 1D, left, p <
0.001). In contrast, no visible difference in
luciferase activity was observed between ctrl-
mi and miR-128 that was co-transfected with
the Mut and the control plasmid (Figure 1D,
right). These results indicate that miR-128
directly targets the 3'UTR of PFKL.

MiR-128 negatively regulates PFKL expression
in lung cancer cells

To screen for proper cell lines to use in subse-
quent experiments, we first tested the basal
expression of miR-128 and PFKL in five lung
cancer cell lines and in the normal lung epithe-
lial cell, BEAS-2B. We found that PFKL mRNA
was highly expressed in NCI-H460 cells and
miR-128 was highly expressed in NCI-H1299

Am J Cancer Res 2016;6(2):473-485
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Figure 2. miR-128 targets endogenous PFKL and downregulates its expression in lung cancer cells. A and C. Exog-
enous overexpression of PFKL prevents miR-128-mediated repression of PFKL mRNA levels in NCI-H460 and NCI-
H1299 cells, respectively. PFKL mRNA level was measured by gRT-PCR and B-actin was used as a control. B and D.
Exogenous overexpression of PFKL prevents miR-128-mediated repression of PFKL protein expression in NCI-H460
and NCI-H1299 cells, respectively. PFKL protein expression was measured by western blot and GAPDH was used as
a loading control. Lane 1-5: blank, miR-128, miR-128+pcDNA-PFKL, miR-128-in and miR-128-in+PFKL-siRNA. The
symbol * shows statistically significant differences with *p < 0.05, **p < 0.01 and ***p < 0.001.

cells compared to normal cells (Eigure S1A,
S1B). Based on the above evidence that PFKL
is a direct target of miR-128, we further investi-
gated whether miR-128 regulates endogenous
PFKL expression in NCI-H460 and NCI-H1299
cells. Using gRT-PCR and western blot analy-
ses, we showed that miR-128 overexpression
in NCI-H460 and NCI-H1299 cells significantly
decreased PFKL expression at mRNA and pro-
tein levels compared to control treatments (p <
0.01, Figure 2A-D, and Figure S2A, S2B). In
addition, downregulation of miR-128 via treat-
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ment with a miR-128 inhibitor (MmiR-128-in) in
both NCI-H460 and NCI-H1299 cells led to a
significant increase of endogenous PFKL mRNA
and protein levels (p < 0.01; Figure 2A-D, and
Figure S2C, S2D). Together, these results indi-
cate that miR-128 negatively regulates PFKL
expression in lung cancer cells.

To characterize the effects of PFKL on mature
miR-128 expression, siRNA-mediated knock-
down was used to inhibit PFKL mRNA and pro-
tein levels in NCI-H460 and NCI-H1299 cells

Am J Cancer Res 2016;6(2):473-485
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Figure 3. miR-128 induces a metabolic alteration shift in lung cancer cells. A. A decrease in glucose uptake post-
transfection with miR-128 mimics in NCI-H460 cells. B. A decrease in lactate production post-transfection with
miR-128 mimics in NCI-H460 cells. C. An increase in cellular ATP content post-transfection with miR-128 mimics
in NCI-H460 cells. D. An increase in glucose uptake post-transfection with miR-128 inhibitor in NCI-H1299 cells.
E. An increase in lactate production post-transfection with miR-128 inhibitor in NCI-H1299 cells F. A decrease in
cellular ATP content post-transfection with miR-128 inhibitor in NCI-H1299 cells. G. A decrease in glucose uptake
post-transfection with PFKL siRNA in NCI-H460 cells. H. A decrease in lactate production post-transfection with
PFKL siRNA in NCI-H460 cells. I. An increase in cellular ATP content post-transfection with PFKL siRNA in NCI-H460
cells. J. An increase in glucose uptake post-transfection with pcDNA-PFKL in NCI-H1299 cells. K. An increase in
lactate production post-transfection with pcDNA-PFKL in NCI-H1299 cells. L. A decrease in cellular ATP content post-
transfection with pcDNA-PFKL in NCI-H1299 cells. The symbol * denotes statistically significant differences with *p
< 0.05, **p < 0.01 and ***p < 0.001.

compared to the control siRNA (ctrl-siRNA) tein (p < 0.001) levels compared to the empty
(p < 0.001; Figure S2E, S2F). Moreover, PFKL vector (pcDNA) (Figure S2G, S2H). Strikingly,
overexpression could notably increase PFKL the suppression of PFKL mRNA and protein
expression both on mRNA (p < 0.05) and pro- level caused by miR-128 were rescued when
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Figure 4. Overexpression of miR-128 or downregulation of PFKL inhibits lung cancer cell growth and colony forma-
tion in vitro. A-D. NCI-H460 cells were treated with miR-128 mimics or PFKL siRNA, and NCI-H1299 cells were
treated with miR-128 inhibitors or pcDNA-PFKL, and MTT assay was performed to measure the cell growth at 24,
48, 72 and 96 h post-transfection. E-H. Representative results of colony formation capacity in lung cancer cells.
Cells were treated as described above. The symbol * shows statistically significant differences with *p < 0.05, **p

< 0.01 and ***p < 0.001.

pcDNA-PFKL was co-transfected with miR-128
(Figure 2A-D). Taken together, the data demon-
strate that miR-128 negatively regulates endog-
enous PFKL expression by targeting its 3'UTR.

MiR-128 induces a metabolic shift from gly-
colysis to OXPHQOS in lung cancer cells

Considering the critical role of PFKL in cancer
glucose metabolism, we assessed whether
miR-128 induced change in glucose consump-
tion and drove a shift in energy metabolic pro-
gramming from glycolysis to OXPHOS in cancer
cells. In line with this, transfection of miR-128
mimics and PFKL siRNA in NCI-H460 cells led
to an upregulation of miR-128 expression and
decreased glucose uptake (Figure 3A), and lac-
tate production (Figure 3B), as well as con-
comitant and increase in cellular ATP content
(Figure 3C). Consistent with this, PFKL knock-
down by siRNA also significantly decreased
glucose uptake (Figure 3G) and lactate produc-
tion (Figure 3H), and increased cellular ATP
content (Figure 3l). In contrast, miR-128 over-
expression led to an increase in glucose uptake
(Figure 3D) and lactate production (Figure 3E),
and a reduction in cellular ATP content (Figure
3F) in NCI-H1299 cells. Similarly, PFKL overex-
pression induced an increase in glucose up-
take (Figure 3J) and lactate production (Figure
3K), and reduced cellular ATP content (Figure
3L) in NCI-H1299 cells. Together, these gain-
of-function and loss-of-function experiments
demonstrate that miR-128 regulates the glu-
cose metabolism in human lung cancer cells.
Specifically, our data suggests that miR-128
may mediate a metabolic shift from glycolysis
to OXPHOS.

MiR-128 modulates cancer cell growth and
colony formation by regulating PFKL expres-
sion

To elucidate the effect of miR-128 on lung
cancer cell growth and proliferation, the 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and colony formation assays
were performed. As shown in Figure 4A, miR-
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128 overexpression markedly suppressed NCI-
H460 cell growth, and colony formation capac-
ity (Figure 4E). On the contrary, miR-128 knock-
down promoted cancer cell growth (Figure 4B)
and colony formation (Figure 4F). Moreover,
siRNA-mediated knockdown of PFKL inhibited
cancer cell growth (Figure 4C) and colony for-
mation (Figure 4G). In line with these results,
overexpression of PFKL in NCI-H1299 cells pro-
moted cancer cell growth (Figure 4D) and colo-
ny formation (Figure 4H). These results indicate
that ectopic expression of miR-128 and PFKL
are involved in cancer cell growth and colony
formation and suggest that miR-128 may exert
tumor suppressive function in lung cancer cells
by regulating PFKL-mediated cell growth.

MiR-128 expression is inversely correlated
with PFKL mRNA level in lung cancer patients

To confirm the role of the miR-128-PFKL axis
in human lung cancer patients, we examin-
ed PFKL mRNA level and miR-128 expression
by gRT-PCR in 20 matched lung cancer sam-
ples and adjacent non-cancerous tissues. Im-
portantly, levels of PFKL mRNA were shown to
be significantly higher in lung cancer tissues
compared to non-cancerous samples (Figure
5A), while levels of miR-128 were lower in lung
cancer samples compared to non-cancerous
tissues (Figure 5B). Using Pearson’s correlation
analysis, we determined that miR-128 expres-
sion was inversely correlated with PFKL mRNA
levels (Figure 5C). Moreover, patients with high-
er PFKL expression were shown to exhibit poor
overall survival (Figure 5D). Together, these
results strongly indicate that high-expression of
PFKL is significantly correlated with down-regu-
lation of miR-128 and predicts lower survival in
lung cancer patients.

MiR-128 regulates PFKL through AKT phos-
phorylation

Given that AKT signaling is known to stimulate
a glycolytic switch in cancer cells [21, 22], we
asked whether miR-128 regulates glycolysis
via phosphorylation of AKT. Using western blot

Am J Cancer Res 2016;6(2):473-485
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Figure 5. PFKL and miR-128 expression correlate in clinical samples. A, B. PFKL mRNA level and relative miR-128
expression were analyzed in cancer samples compared normal samples. C. The correlation between PFKL mRNA
level and miR-128 expression was calculated in cancer samples. Data were subjected to Pearson correlation analy-
sis. D. Kaplan-Meier analysis of the correlation between PFKL expression and overall survival of 1926 lung cancer
patients. The symbol * denotes statistically significant differences with ***p < 0.001.

analysis, we showed that overexpression of
miR-128 inhibited AKT phosphorylation, but not
total AKT levels in lung cancer cells (Figure 6A).
Interestingly, suppression of miR-128 had no
detectable effect on levels of phosphorylated
or total AKT protein (Figure 6A). Next, we deter-
mined whether negative feedback signaling
from AKT effects miR-128 and PFKL expression
by treating cells with the specific AKT inhibitor
GSK690693. As shown in Figure 6B, 6C, inhibi-
tion of AKT phosphorylation in NCI-H460 cells
led to an increase in miR-128 expression and
decrease in PFKL mRNA levels. Conversely,
dysregulation of both miR-128 and PFKL had
no effect on AKT expression at the mRNA level
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(Figure S3). Collectively, these results highlight
a feedback loop between miR-128 and AKT sig-
naling, and suggest that miR-128 may regulate
glycolysis by targeting PFKL 3’'UTR and inhibit-
ing AKT phosphorylation in lung cancer (Figure
6D).

Discussion

It is well established that cancer cells largely
depend on glycolysis to meet their energy
demands, however, the molecular mechanism
that drive metabolic shifts in caner cells are
poorly understood. Here, we present data dem-
onstrating that miR-128 plays a pivotal role in
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miR-128 regulates metabolic pathways to drive the Warburg effect in cancer cells. The symbol * shows statistically

significant differences with **p < 0.01 and ***p < 0.001.

lung cancer cell glycolysis. In particular, we
showed that miR-128 mediates a metabolic
shift from glycolysis to OXPHOS by targeting
PFKL and inhibiting AKT phosphorylation in
lung cancer cells. Additionally, both miR-128
knockdown and PFKL overexpression promote
lung cancer cell growth, colony formation, and
decrease cellular ATP content. These findings
suggest that miR-128 plays an essential role in
regulating cancer cell glucose metabolism, cell
growth and proliferation.

In an effort to limit cancer progression,
attempts have been made over the past decade
to therapeutically target glucose metabolism
[23]. The Lin28/let-7 axis is a highly conserved
pathway across mammals that can regulate
diverse progression including cell fate and
metabolism [24]. A recent study illustrates that
the Lin28/let-7 axis regulates cancer progres-
sion and aerobic glycolysis via 3’-phosphoinosit-
ide-dependent kinase 1 (PDK1) in Hep3B cells
[25]. In addition to its role in hepatocellular
carcinoma cells, PDK1 has also been shown
to regulate metabolic transition in glioblasto-
ma multiforme. RNA-mediated attenuation of
PDK1 and epidermal growth factor receptor
(EGFR) has been shown to shift cellular metab-
olism from Warburg effect to OXPHOS, and sub-
sequently suppress glioblastoma multiforme
cell growth and proliferation [26]. These results
show that targeting key enzymes (or compo-
nents) that are involved in the Warburg effect
may represent a useful strategy for cancer
therapy.

Over the past decade, many studies have
focused on non-coding RNAs (ncRNAs) that
have been implicated in the Warburg effect. A
recent study has suggested that miR-122,
which is secreted by cancer cells, regulates glu-
cose metabolism by downregulating pyruvate
kinase, inhibiting glucose uptake in neighbor-
ing normal cells and reprogramming glucose
consumption to adapt to cancer progression in
the premetastatic microenvironment [27]. Long
non-coding RNAs (IncRNAs) have also been
reported to participate in cancer cell glycolysis.
PCGEML1 is a prostate-specific IncRNA that is
induced by androgen and has been found over-
expressed in prostate cancer [28]. PCGEM1
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promotes glycolysis by regulating the expres-
sion of enzymes that are involved in multiple
glucose metabolic processes. As an additional
mechanism, PCGEM1 controls glucose metab-
olism via transcriptional regulation, specifically
by binding to oncogenic c-Myc, which is a criti-
cal effector of PCGEM1 [29]. Together, these
studies demonstrate that targeting ncRNAs
that regulate glucose metabolism may provide
an effective therapeutic method to inhibit can-
cer progression.

In the present study, we show that miR-128
regulates PFKL in lung cancer cells by targeting
one of three key metabolic enzymes and inhib-
iting AKT phosphorylation. We describe a novel
miR-128-PFKL-AKT axis in lung cancer cells
that mediates a switch in glucose consump-
tion, lactate production and ATP generation,
and drives cell proliferation and anchorage-
independent growth. We show that miR-128 is
inversely correlated with PFKL mRNA in lung
cancer tissues and that high-expression of
PFKL, induced by miR-128 downregulation, pre-
dicts poor overall patient survival. These find-
ings suggest that miR-128 may act as tumor
suppressor in lung cancer by regulating cancer
cell glycolysis. Collectively, the multiple effects
of miR-128 on the cancer cells demonstrate
that miR-128 could be a powerful target for
anti-cancer therapy.
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Table S1. Sequences of RNAI used for cell transfection

Name Sequence

ctrl-mimics Sense: 5’-UUC UCC GAA CGU GUC ACG UTT-3’
Anti-sense: 5-ACG UGA CAC GUU CGG AGA ATT-3’

has-miR-128 mimics Sense: 5’-UCA CAG UGA ACC GGU CUC UUU-3’
Anti-sense: 5’-AGA GAC CGG UUC ACU GUG AUU-3’

ctrl-inhibitor 5’-CAG UAC UUU UGU GUA GUA CAA-3’

has-miR-128 inhibitor ~ 5’-AAA GAG ACC GGU UCA CUG UGA-3’

ctrl-siRNA Sense: 5’-UUC UCC GAA CGU GUC ACG UTT-3’
Anti-sense: 5’-ACG UGA CAC GUU CGG AGA ATT-3’

PFKL-siRNA Sense: 5’-GCA UCG UCA UGU GUG UCA UTT-3’
Anti-sense: 5’-AUG ACA CAC AUG ACG AUG CTT-3’

AKT-siRNA Sense: 5’-GAC GGG CAC AUU AAG AUC ATT-3’

Anti-sense: 5’-UGA UCU UAA UGU GCC CGU CTT-3’

Table S2. Primer sequences used for PCR and gRT-PCR and general-
PCR

Name/Primer Forward primer Reverse primer

PFKL CATCAGCAACAACGTCCCTG GGCCAGGTAGCCACAGTAAC

AKT CACTTTCGGCAAGGTGATCC ATGACAAAGCAGAGGCGGTC

B-actin ACAGGCATCGTGATGGATTCT CAGCAGTGGTGGTGAAGTTAT

PFKL 3'UTR-WT TCAGCAGTCGAAGAGCCCTGG TTAGCGTGTGAAGAGCTCAC
GCTGTTGTGTCTGGA AGTGAGGCAGGGCCA

PFKL 3'UTR-Mut TCAGCAGTCGAAGAGCCCTG TTAGCGTGTGAAGAGCTAGG
GGCTGTTGTGTCTGGA CAGGGCCAGGGGCA

PFKL-ORF TCAGCAGTCGAAGAGCATGA TTAGCGTGTGAAGAGCTCAG

GAAGCATGTGTAACCA AAGCCCTTGTCCATGC




PFKL/miR-128 links glycolysis

p=d
m
-
o
1

154 .

-
(=]
1

(normalized to U6)
o
12

PFKL mRNA level
(normalized to B-actin)
miR-128 expression

-
;
-1
{1
A
i
1

&) o Gl N :
o > »
¥oo® & ¥ o X
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Figure S2. miR-128 regulates PFKL at mRNA and protein levels. A-D. H460 and H1299 cells were transfected with
miR-128 and miR-128-in, respectively. The level of PFKL was measured by qRT-PCR and Western blot. E-H. H460
and H1299 cells were transfected with PFKL siRNA and pcDNA-PFKL, respectively. The level of PFKL was measured
by gRT-PCR and Western blot. Results are presented as mean + SEM, n = 3. Student t test was used for evaluation
of statistical significance in A-H.The symbol * indicates statistically significant differences with *p < 0.05, **p <
0.01 and ***p < 0.001.
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Figure S3. miR-128 has no significant effect on AKT mRNA level. A and B. H460 and H1299 cells were transfected
with miR-128 and miR-128-in, respectively. The mRNA level of AKT was confirmed by qRT-PCR. C and D. H460 and
H1299 cells were transfected with PFKL siRNA and pcDNA-PFKL, respectively. And then gRT-PCR was used to mea-
sure the expression of AKT mRNA level. Data are from three independent experiments and results are represented
as mean + SEM. Student t test was used for evaluation of statistical significance in A-D.



