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Abstract: Non-small cell lung cancer (NSCLC) cells intake and consume glucose at high efficiency by aerobic glycolysis to
maintain robust cell growth and resist cell death. MicroRNAs (miRNAs) have been known to play pivotal roles in NSCLC
development partly through mediating glycolysis. However, only a few miRNAs have been experimentally confirmed as
critical regulators of glycolysis in NSCLC. TCGA datasets were analyzed to screen for differentially expressed miRNAs
between NSCLC and normal tissues. The function of miR-1294-5p was determined in NSCLC cells by cell
proliferation, glucose uptake, lactate release, and Extracellular Acidification Rate (ECAR) assays. The target of miR-
1294-5p was predicted by TargetScan and miRDB, which was further validated by flow cytometry analysis, RT-qPCR,
western blotting, a dual-luciferase reporter assay, and RNA immunoprecipitation (RIP) assay. In the present study, it
was found that miR-1294-5p was a significantly downregulated miRNA in lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC). The overexpression of miR-1294-5p inhibited glycolysis, lactate export, ECAR, and
cell proliferation in NSCLC cells. Analysis with bioinformatic tools, Western Blotting, RT-qPCR, flow cytometry
analysis, dual-luciferase reporter assay, and RIP assay showed that miR-1294-5p directly bound to complementary
sites in the 3’-Untranslated Region (UTR) of TMPRSS11B resulted in downregulation of TMPRSS11B expression. In
addition, transfection of recombinant TMPRSS11B rescued the functions of miR-1294-5p on glycolysis and
proliferation of NSCLC cells. The findings provided novel insights for understanding the regulation of glycolytic

metabolism in NSCLC.

Introduction

Globally, lung cancer is the most prevalent and lethal cancer
type, accounting for about 10% cancer burden (Barta et al,
2019). Approximately 80% of patients with lung cancer
belong to NSCLC, and the prognosis of these patients is
relatively poor, with a five-year overall survival of less than
20 (Ettinger et al, 2012; Yan et al., 2019). Despite the high
response rate to chemotherapy, most patients with NSCLC
developed resistance to chemotherapy (Kim, 2016). It is
urgent to further investigate the signaling network during
the development of NSCLC to provide novel therapeutic
approaches for patients.

miRNAs are single-stranded molecules with no protein-
coding potential (Yu et al., 2020). Mechanistically, miRNAs
interacted with miRNA response element (MRE) in 3’UTR
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of target mRNA, leading to degradation of mRNA and
downregulation of target expression (Krol et al, 2010). It
has been reported that miRNAs are involved in the
metabolic reprogramming of cancer cells by targeting
metabolism-associated genes (Subramaniam et al, 2019).
For example, miR-125a could target HK2, a key modulator
of glucose metabolism, to inhibit the metabolism of
hepatocellular carcinoma (Jin et al., 2017). miR-532-3p,
miR-98 also targeted HK2 to regulate metabolism in
different cell backgrounds (Zhou et al, 2018; Zhu et al,
2017). miR-1294-5p is a tumor-suppressive miRNA in
several cancer types such as ovarian cancer, clear cell renal
cell carcinoma, and gastric cancer (Guo et al., 2018; Pan et
al., 2019; Shi et al., 2018). The biological role of miR-1294-
5p during the development of NSCLC remains elusive.
Transmembrane serine protease TMPRSSIIB is a
member of Type-II trypsin-like serine protease (Bugge et al,
2009). TMPRSS11B was overexpressed in lung cancer and
solubilized Basigin to enhance lactate export in lung cancer
cells (Updegraff et al, 2018). Although the critical role of
TMPRSS11B in mediating glycolytic metabolism was
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revealed, the molecular mechanism underlying upregulation
of TMPRSS11B in lung cancer has not been studied yet.

The current study identified miR-1924 as a novel
downregulated miRNA in NSCLC. We aimed to investigate
the function of miR-1924 in NSCLC cells.

Materials and Methods

Patients and samples

Lung tumors and matched normal tissues were surgically
collected from 150 patients (89 males and 61 females, aged
51-72 years) with non-small cell lung cancer in Changhai
Hospital of Shang-hai from July 2017 to October 2018. None
of the patients received pre-operative treatments, including
chemotherapy, radiotherapy, and targeted therapy.
Clinicopathological factors of these patients were listed in
Table. Tumors were staged according to the 7th edition of the
Union for International Cancer Control’s (UICC) tumor, node
and metastasis (Wittekind, 2010). Written informed consent
was collected from patients, and the protocol of the study was
reviewed and approved by the Ethical Committee of Changhai
Hospital of Shang-hai (Approval No. CH02072017).

Cell culture

Human bronchial epithelial cell line BEAS-2B, LUSC cell lines
SK-MES-1, NCI-H520 were purchased from ATCC
(Manassas, VA). These cells were all cultured in DMEM
(Invitrogen, Carlsbad, CA) with 10% FBS (Thermo Fisher
Scientific, Waltham, MA). Cells were kept in an incubator
with 5% CO..

RNA immunoprecipitation assay (RIP)

Anti-Ago2 (#MA5-23515) and control IgG antibodies (#61-
6800) were used to perform immunoprecipitation assay. RIP
was performed with the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore). After that, real-time
quantitative PCR was conducted to detect TMPRSS11B mRNA
associated with RISC complex in immunoprecipitated material.

Cell transfection

miR-negative control (miR-NC), miR-1294-5p mimic, miR-
1294-5p inhibitor were synthesized by GenePharma
(Shanghai, China). To manipulate miR-1294-5p expression,
miR-1294-5p mimic or inhibitor or negative control was
transfected into cells using X-tremeGENE HP DNA
Transfection Reagent (Roche, Basel, Switzerland). The full
length of TMPRSS11B was amplified from ¢cDNA of NCI-
H520 by PCR and ligated into expression plasmid pcDNA3.
Empty vector or pcDNA3-TMPRSS11B were co-transfected
with miR-1294-5p mimic or miR-NC with X-tremeGENE
HP DNA Transfection Reagent. The transfection efficiency
was determined by RT-qPCR and western blotting at 48 h
after transfection.

Protein extraction and western blotting

TMPRSS11B antibody was a product from Novus Biologicals
(Littleton, CO, #H00132724-B01P). P-actin antibody was
purchased from Sigma Aldrich (#A4700). Horseradish
peroxidase-conjugated secondary antibodies for mouse
(#SA10001-1) and rabbit (#SA10001-2) were bought from
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Proteintech (Rosemont, IL). Protein lysates were prepared
by RIPA lysis buffer. After that, protein concentration
was determined by a BCA Protein Assay kit (Invitrogen).
Lysates were separated by the SDS-PAGE gel and
transferred to PVDF membranes. The membrane was
incubated with primary and secondary antibodies. The blots
were visualized with an ECL Western Blotting Substrate kit
(Thermo Fisher Scientific).

Flow cytometry analysis

Allophycocyanin (APC)-linked anti-mouse antibody (#A-
865) was obtained from Invitrogen. TMPRSS11B antibody
(#H00132724-B01P) was used for flow cytometry analysis.
Briefly, cells were harvested and incubated with
TMPRSS11B antibody. After washing three times, cells were
incubated with APC linked anti-mouse antibody. The cells
were then subjected to flow cytometry analysis to detect the
positive rate of TMPRSS11B. The data were analyzed by
FlowJo software.

Real-time quantitative PCR (RT-qPCR)

RNA was extracted by Trizol reagent (Invitrogen) from cells
and tissues. RNA was reverse transcribed into cDNA by an
M-MLV Frist Strand ¢cDNA Synthesis kit (Invitrogen). TB
Green Fast qPCR Mix (TaKaRa, Tokyo, Japan) was used to
perform RT-qPCR on a GeneAmp PCR System 9700
(Applied Biosystems, Foster City, CA). B-actin and U6 were
chosen as internal controls for mRNA and miRNA. The
PCR primer sequences were listed as follow: Stem-loop: 5-
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG-
AGACAA-3’; miR-1294-5p-forward: 5-TCGGCAGGTGT-
GAGGAAGGCA-3’; miR-1294-5p-reverse: 5-CTCAACTG-
GTGTCGTGGA-3’; U6-forward: 5-ATTTGCGTGTCATC-
CTTGC-3’; U6-reverse: 5-TCGCTTCGGCAGCACATAT-3;
TMPRSS1B-forward: 5-CAGAAGGAGTTAGCATGAGGA-
CT-3’; TMPRSS11B-reverse: 5-TGTTGGCTACTTGTCTCC-
CAC-3’; B-actin-forward: 5-CACCATTGGCAATGAGCGG-
TTC-3; p-actin-reverse: 5-AGGTCTTTGCGGATGTCC-
ACGT-3.

Bioinformatic analysis

Starbase V2 (http://starbase.sysu.edu.cn/) was used to analyze
the expression of miR-1294-5p in the TCGA project. We
evaluated miR-1294-5p in both TCGA-LUAD and TCGA-
LUSC. Target genes of miR-1294-5p were predicted by
miRDB (http://mirdb.org/) and TargetScan (http://www.
targetscan.org/vert_72/) software. TMPRSS11B was a
common target in the list of potential targets by the software.

Detection of lactate release and glucose uptake

Lactate Assay Kit (Sigma Aldrich, St. Louis, MO, #MAKO064)
was used to detect lactate release according to the
manufacturer’s protocol. The glucose uptake levels were
determined by Glucose Uptake Assay Kit (Abcam,
Cambridge, UK, #ab136955).

Detection of Extracellular Acidification Rate (ECAR)

ECAR was detected by an XF96 Extracellular Flux Analyzer
(Seahorse Bioscience, Santa Rosa, CA) according to the
manufacturer’s protocol. Cells were cultured without glucose
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for 2 h. After that, glucose, oligomycin, 2-DG were
sequentially injected into culture cells. Glycolysis, maximum
glycolytic capacity, and non-glycolytic capacity were
reflected by values after the addition of glucose, oligomycin,
and 2-DG, respectively.

Cell proliferation assay

The cell proliferation ability was detected by the CCK-8 kit
(Dojindo, Tokyo, Japan) according to the provided protocol.
Cells were cultured with a medium containing CCK-8
solution, and the value at OD 450 nm was detected to
manifest cell proliferation ability.

Statistical analysis

The data were calculated with GraphPad Prism 5.0. The
Student’s t-test was used to compare two groups. Three groups
were analyzed by one-way ANOVA, followed by the Tukey
test. p-value less than 0.05 was statistically significant (p < 0.05).

Results

The expression of miR-1294-5p was downregulated in NSCLC
To investigate NSCLC related miRNAs, we retrieved miRNA
expression data of LUAD and LUSC (two major subtypes of
NSCLC) with corresponding normal tissues from the TCGA
project. It was found that expression of miR-1294-5p, a
miRNA has not been studied in NSCLC yet, was decreased
in both LUAD and LUSC samples (Figs. 1A-1B). To confirm
this finding and evaluate the clinical value of miR-1294-5p,
we collected 150 pairs of NSCLC samples and adjacent
normal tissues. With RT-qPCR, we found miR-1294-5p was
decreased in most NSCLC samples (125 out of 150 cases,
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of association between miR-1294-5p and clinicopathological
factors suggested that low expression of miR-1294-5p was
associated with tumors of advanced pathological T stage
(pT3-4) compared with those of early pathological T stage
(pT1-2) (Tab. 1). Expression of miR-1294-5p was also
related to the histological type of NSCLC as low expression of
miR-1294-5p was mostly found in squamous cell carcinoma
(Tab. 1). No association was found between miR-1294-5p
expression with gender, age, pathological N stage, and
pathological M stage (Tab. 1). We next detected miR-1294-5p
expression in LUSC cell lines NCI-H520, SK-MES-1, and
BEAS-2B, a human bronchial epithelial cell line by RT-qPCR.
Consistent with observation in tissue samples, miR-1294-5p
was downregulated in these LUSC cells (Fig. 1D).

miR-1294-5p inhibited NSCLC cell proliferation and glycolytic
metabolism

To study the function of miR-1294-5p, a miR-1294-5p mimic
was transfected into NCI-H520 and SK-MES-1 cells.
Transfection of miR-1294-5p mimic increased miR-1294-5p
expression in these cells (Fig. 2A). In addition, transfection
of miR-1294-5p inhibitor decreased miR-1294-5p expression
in NCI-H520 and SK-MES-1 cells (Fig. 2B). In cell
proliferation assay, the data showed that miR-1294-5p
overexpression reduced cell proliferation of NCI-H520 and
SK-MES-1  cells while miR-1294-5p downregulation
promoted cell proliferation of these cells (Figs. 2C, 2D).
Reprogramming of glycolytic metabolism is critical for
robust cell proliferation of NSCLC cells, which is reflected
by the high capacity of glucose uptake and lactate release.
Therefore, we detected glucose and lactate levels in cells
with transfection of miR-1294-5p mimic or miR-1294-5p
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TABLE 1
miR-1294-5p expression and clinicopathological parameters
Characteristics Total miR-1294-5p high miR-1294-5p low P-value
N=75 N=75
Gender 0.1347
Male 89 49 40
Female 61 26 35
Age 0.4274
< 65 years 78 41 37
> 65 years 72 34 38
pT factor 0.0001
T1-2 96 62 34
T3-4 54 13 41
pN factor 0.0973
pNO 88 49 39
pN1-2 62 26 36
pM factor 0.1457
pMO 108 58 50
pM1 42 17 25
Histological type 0.0004
ADC 83 52 31
SCC 46 12 34
others (LCC, ASC) 21 11 10
ADC, adenocarcinoma; SCC, squamous cell carcinoma; LCC, large cell carcinoma; ASC, adenosquamous-cell
carcinoma
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FIGURE 2. miR-1294-5p regulated glycolytic metabolism and cell proliferation of NSC.

glucose uptake and released lactate levels in NCI-H520 and
SK-MES-1 cells, on the contrary, downregulation of miR-
1294-5p increased glucose uptake and lactate release
(Figs. 2E, 2F). We next examined ECAR status to reflect
glycolysis in NSCLC cells. The data manifested that miR-
1294-5p mimic inhibited glucose-mediated basal and
oligomycin-mediated ECAR in NCI-H520 and SK-MES-1
cells, while miR-1294-5p inhibitor upregulated ECAR in

these cells (Figs. 2G, 2H). The findings indicated that miR-
1294-5p was involved in cell proliferation of NSCLC cells
via regulating glycolysis.

LC cells. (A) miR-1294-5p expression was detected in
NCI-H520 and SK-MES-1 cells after transfection of miR-
NC or miR-1294-5p mimic by RT-qPCR. (B) miR-1294-5p
expression was detected in NCI-H520 and SK-MES-1 cells
after transfection of miR-NC or miR-1294-5p inhibitor by
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RT-qPCR. (C-D) Cell proliferation rate was determined in
NCI-H520 (C) and SK-MES-1 (D) cells after transfection of
miR-NC or miR-1294-5p mimic or miR-1294-5p inhibitor
by the CCK-8 assay. (E-F) Glucose uptake (E) and lactate
release (F) Levels were detected in NCI-H520 and SK-MES-
1 cells after transfection of miR-NC or miR-1294-5p mimic
or miR-1294-5p inhibitor. (G-H) ECAR was measured in
NCI-H520 (G) and SK-MES-1 (H) Cells after transfection of
miR-NC or miR-1294-5p mimic or miR-1294-5p inhibitor.
*p < 0.05 vs. miR-NG; **p < 0.01 vs. miR-NGC; **p < 0.001
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vs. miR-NC; #p < 0.05 vs. miR-NGC; ##p < 0.01 vs. miR-NG;
###p < 0.001 vs. miR-NC.

miR-1294-5p targeted TMPRSS11B in NSCLC cells

To explore the target of miR-1294-5p, we used several
bioinformatics software to predict binding sites between miR-
1294-5p and target genes. Prediction from TargetScan and
miRDB software all suggested that there was a putative
miRNA responsive element for miR-1294-5p in 3’UTR of
TMPRSS11B (Fig. 3A), a reported regulator of glycolysis in
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NSCLC. RT-qPCR showed that miR-1294-5p mimic reduced
TMPRSS11B at mRNA and protein levels (Figs. 3B, 3C).
TMPRSS11B is a membrane protein-mediated lactate export in
NSCLC cells. We therefore performed flow cytometry to detect
TMPRSS11B protein expression at the cell membrane. The
results consistently revealed that miR-1294-5p mimic greatly
reduced TMPRSS11B positive cells of NCI-H520 and SK-
MES-1 cells (Figs. 3D, 3E). To further evaluate the association
between miR-1294-5p and TMPRSS11B expression in NSCLC
samples, we used the RT-qPCR method to detect TMPRSS11B
mRNA expression in 150 pairs of NSCLC tumors and
matched normal tissues. It was found that TMPRSS11B
mRNA levels were increased in NSCLC tumors compared with
the normal tissues (Fig. 3F). Furthermore, according to the
results of the Pearson correlation analysis, the TMPRSS11B
mRNA levels were negatively associated with miR-1294-5p
expression in these tumors (r = —0.397, p < 0.001) (Fig. 3G).

miR-1294-5p directly bound to 3’'UTR of TMPRSS11B
We next constructed luciferase plasmids containing wild-type
3’UTR of TMPRSS11B and mutant 3’UTR of TMPRSS11B

A
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FIGURE 4. TMPRSS11B was directly targeted by miR-1294-5p.
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with two mutation sites at the potential binding site
(Fig. 4A). Data from luciferase assay showed that miR-1294-
5p mimic repressed luciferase activity of wild-type
TMPRSS11B 3'UTR instead of mutant form in NCI-H520
and SK-MES-1 cells (Figs. 4B, 4C). Furthermore, RIP assay
indicated that Ago2 enriched more TMPRSS11B mRNA in
NCI-H520 and SK-MES-1 cells transfected with miR-1294-
5p mimic in comparison with those transfected with miR-
NC (Figs. 4D, 4E).

TMPRSS11B rescued the effect of miR-1294-5p mimic on
NSCLC cells

TMPRSS11B sequence was inserted into an expression
plasmid. Western blotting showed that transfection of
recombinant TMPRSS11B elevated TMPRSS11B protein
expression in NCI-H520 and SK-MES-1 cells (Fig. 5A). In
cell proliferation assay, the results indicated that
TMPRSS11R overexpression attenuated the inhibitory effect
of miR-1294-5p mimic on cell proliferation of NCI-H520
and SK-MES-1 cells (Figs. 5B, 5C). Furthermore, it was
found that TMPRSS11B overexpression also reversed the
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(A) A scheme of construction of luciferase reporter plasmids containing TMPRSS11B 3’UTR wild type or mutant form. (B-C) Dual-luciferase
reporter assay was used to detect luciferase activity of TMPRSS11B 3’UTR wild type or mutant form in NCI-H520 (B) and SK-MES-1 (C) Cells
with transfection of miR-NC or miR-1294-5p mimic. (D-E) RIP assay was used to detect enrichment of TMPRSS11B mRNA in NCI-H520
(D) and SK-MES-1 (E) Cells with transfection of miR-NC or miR-1294-5p mimic with Ago2 or IgG antibody. ***p < 0.001.
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o - combination with empty vectors or
recombinant TMPRSS11B by the
0.0 T T 0.0 T T CCK-8 assay. (D-E) Glucose uptake
NCI-H520 SK-MES-1 G NCI-H520 SK-MES-1 (D) and lactate release (E) Levels
F NEEHED were detected in NCI-H520 and SK-
—— control ) —— control SKMES-1 MES-1 cells after transfection of
—o— miR-1294-5p mimic —o— miR-1294-5p mimic miR-NC or miR-1294-5p mimic in
604 —o- miR-1294-5p mimic + TMPRSS11B 50 combination with empty vectors or
- recombinant TMPRSS11B. (F-G)
£ S ECAR was measured in NCI-H520
F 197 < 30 (F) and SK-MES-1 (G) Cells after
g g transfection of miR-NC or miR-
EZO o 20- 1294-5p mimic in combination with
6: 6 empty vectors or recombinant
w w10 TMPRSS11B. **p < 0.01 vs. control;
0 0 *p < 0.001 vs. control; ##p < 0.01 vs.
0 20 40 60 80 100 0 20 40 60 80 100 miR-1294-5p mimic; ###p < 0.001 vs.
Time (mins) Time (mins) miR-1294-5p mimic.

inhibited glucose uptake and lactate release in NCI-H520 and
SK-MES-1 cells with transfection of miR-1294-5p mimic
(Figs. 5D, 5E). Moreover, miR-1294-5p mimic related
reduction of ECAR was rescued by TMPRSS11B in NCI-
H520 and SK-MES-1 cells (Figs. 5F, 5G).

Discussion

Numerous studies demonstrated that aberrant expression of
miRNAs  facilitated  reprogramming of metabolism,
proliferation, metastasis, and drug resistance of NSCLC

(Cai et al., 20205 Jin et al., 2020). miR-1294-5p is a recently
identified tumor-suppressive miRNA in several cancer types.
miR-1294-5p was a negative regulator of cell proliferation,
migration, invasion and cisplatin resistance in cancer cells of
different types, including gastric cancer, ovarian cancer and
clear cell renal cell carcinoma (Pan et al., 2019; Shi et al,
2018; Zhang et al., 2018). In osteosarcoma cells, miR-1294-5p
directly targeted PKM?2, a critical regulator of metabolism,
which resulted in inhibition of cell proliferation, migration,
invasion, cell cycle, and elevation of cell apoptosis (Yuan
et al., 2020). Most recently, Wang et al. (2020) showed that
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miR-1294-5p was a bridge between LINC00473 and ROBO1 in
LUAD. Their data indicated that miR-1294-5p was decreased
in LUAD; however, the expression of miR-1294-5p in other
subtypes of NSCLC was not mentioned (Wang et al., 2020).
Moreover, the function of miR-1294-5p in NSCLC has not
been studied yet. Here, we used TCGA data to screen
differentially expressed miRNAs in NSCLC and found miR-
1294-5p as a commonly downregulated miRNA in both
LUAD and LUSC. We experimentally verified that miR-1294-
5p was decreased in LUSC cells. Manipulating miR-1294-5p
expression suggested that miR-1294-5p suppressed cell
proliferation in LUSC cells. More importantly, our data
indicated that miR-1294-5p expression was negatively
associated with glucose uptake, lactate release, and ECAR in
LUSC cells. The results for the first time indicated that miR-
1294-5p repressed glycolytic metabolism in cancer cells.

TMPRSS11B is a Type II transmembrane serine
protease expressed at the cell surface (Miller et al., 2014).
Data from immunohistochemistry analysis showed that
TMPRSS11B  was downregulated in cervical and
esophageal cancer tissues (Miller et al., 2014). However,
in NSCLC, especially LUSC, TMPRSS11B was upregulated
and associated with lactate secretion (Updegraff et al,
2018). In LUSC cells, TMPRSS11B regulated the
solubilization of MCT4 to facilitate lactate export
(Updegraft et al, 2018). Via regulating MCT4,
TMPRSS11B promoted NSCLC cell proliferation in vitro
and in vivo (Updegraff et al., 2018). Until now, little is
known how TMPRSS11B was regulated in cancer cells.
Currently, TMPRSS11B was predicted as a target for miR-
1294-5p in several bioinformatics tools. We next analyzed
the impact of miR-1294-5p on TMPRSS11B expression in
LUSC cells. The data indicated that miR-1294-5p
repressed TMPRSS11B expression in LUSC cells. The
direct interaction between miR-1294-5p and TMPRSS11B
mRNA was proved by dual-luciferase reporter assay and
RIP assay. As miR-1294-5p has been reported as
regulators of oncogenes such as HOXA6 and FLOT1 (Kan
et al, 2020; Pan et al, 2019), the current study
manifested TMPRSS11B as a novel target of miR-1294-5p
in cancer cells.

Collectively, our study showed that downregulation of
miR-1294-5p upregulated TMPRSS11B expression to
support the glycolytic metabolism of NSCLC cells. The
novel miR-1294-5p/TMPRSS11B axis might provide insights
for the development of biomarkers for NSCLC, especially
LUSC. However, the sample size is small and may not
provide enough information on the role of miR-1294-5p in
NSCLC. In the future study, we will collect both tissues and
serum from more NSCLC patients and will make a
profound study on evaluating the expression of miR-1294-
5p with clinicopathological factors and several known
NSCLC biomarkers.
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