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Abstract

Background: Leptin is important in physiological and pathological functions in various cancers, however, the signifi-
cance and mechanisms of leptin in nasopharyngeal carcinoma remain ambiguous.

Methods: Leptin expression was analyzed by QPCR, immunohistochemistry, Western blotting, and TCGA database.
The impact of gain- or loss-of-function of leptin were determined by MTT, colony formation, wound healing, and
Transwell assays in NPC cells, and by a xenograft tumor model. Leptin-modulated glucose consumption and lactate
production were assessed by ELISA. Furthermore, leptin-regulated signaling pathways were examined by QPCR and
Western blotting assays. The immunoprecipitation assay was conducted to determine interaction between leptin and
EGFR. In addition, miR-874-3p-regulated leptin expression was evaluated using bioinformatics, QPCR, luciferase assay,
AGO2-RIP assay, and Western blotting.

Results: In this study, we found that leptin was highly expressed in the sera and tumor tissues of patients with NPC,
and elevated leptin expression was associated with advanced clinical features and poor prognosis. Functional assays
demonstrated that leptin remarkably promoted NPC cell growth, motility, and glycolysis in vitro and in vivo. Mecha-
nistically, leptin associated with EGFR, resulting in enhanced cell growth through the regulation of cell-cycle related
markers, glycolysis-related genes, and EGFR/AKT/c-Myc signaling. Moreover, leptin potentiated the invasive capacity
of NPC cells by promoting EMT. We further explored that miR-874-3p influenced leptin-mediated NPC progression.
Overexpression of miR-874-3p prevented cell growth, motility, glucose consumption, and lactate production in NPC
cells, whereas miR-874-3p inhibition had the opposite effects. AGO-RIP assays confirmed that Argonaute 2 (AGO?2),

a protein associated with miR-874-3p, regulated leptin expression in NPC cells. The rescue assays indicated that
inhibition of leptin suppressed the effects of miR-874-3p inhibitor. In clinical specimens, miR-874-3p was negatively
correlated with leptin.

Conclusions: Leptin may serve as a novel prognostic factor and potential therapeutic target for patients with NPC.
In addition, a newly discovered regulatory axis of leptin/EGFR/AKT/c-Myc can provide a novel therapeutic strategy for
NPC.

Keywords: Leptin, NPC, EGFR

Background
*Correspondence: changhan@csmu.edu.tw Nasopharyngeal carcinoma (NPC) is a malignant tumor
3 Department of Medical Research, Chung Shan Medical University Hospital, involving the head and neck areas. Unlike other head

Taichung City 40201, Taiwan
Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

and neck cancers, NPC is characterized by increased
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invasiveness and metastasis [1]. Survival outcomes are
significantly better in patients with early-stage NPC than
in those with late-stage NPC [1, 2]. Although NPC is rare
in most parts of the world, it has a high regional inci-
dence in Asia, with that in Southern China and South-
east Asia ranking among the highest in the world [2].
Generally, there are three main types of NPC according
to the World Health Organization (WHO), which include
keratinizing squamous cell carcinoma, non-keratinizing
carcinoma and undifferentiated carcinoma [3]. Epstein-
Barr virus (EBV) has been shown to be a risk factor for
NPC, especially for non-keratinizing and undifferenti-
ated carcinoma [3-5]. The earliest evidence of NPC asso-
ciated with EBV was identified in 1973 [6]. Although EBV
is detected in most patients with NPC, cases of EBV-neg-
ative NPC have also been reported [4, 7]. Other lifestyle-
associated risk factors and/or host genetic variants may
interact with EBV to play roles in the carcinogenesis of
NPC [5, 8, 9]. Obesity can occur due to unhealthy life-
style habits and has been associated with an increased
risk for various cancers, including breast, esophageal,
pancreatic, and colorectal cancers [10—13]. Interestingly,
several epidemiological studies have shown that patients
with NPC have higher BMI, implying that overweight or
obese people are tended to have a greater risk of NPC
[14-16]. However, it remains unclear whether elevated
leptin levels, which are commonly found in the obese
population [17], play a role in the carcinogenesis of NPC.

Leptin is a hormone secreted by adipocytes [17]. It
acts in an autocrine and/or paracrine manner to con-
trol and coordinate several biological and pathological
activities throughout the body by binding to the leptin
receptor [18, 19]. Accumulating evidence suggests that
leptin contributes to various aspects of tumor progres-
sion and metastasis in multiple cancers such as breast,
oral, and pancreatic cancers [20, 21]. In addition, leptin
attenuates the outcome of cancer therapies and thus pro-
motes tumor progression by inducing expression of fac-
tors such as ACTC1 and Notch [21]. The results of these
studies underline the importance of understanding the
mechanisms of leptin in tumor progression to improve
the treatment of patients with cancer. With regards to
NPC, only a limited number of studies were conducted
to determine if leptin directly plays a role in modulat-
ing tumor progression in NPC. A recent genome-wide
association study demonstrated that leptin is potentially
responsible for regulating cell growth leading to human
NPC development [22], suggesting that leptin may repre-
sent a key to understand the etiology and progression of
NPC. Thus, to understand if leptin is a key player in the
tumor progression of NPC, we conducted a clinical study
and biochemical approaches to determine if leptin levels
have a causal link to NPC.
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MicroRNAs (miRNAs or miRs), well-known regulators
in tumor progression and metastasis of various cancers
[23-25], are attractive options for NPC therapy. These
non-coding single-stranded RNAs regulate the expres-
sion of their targeted genes post-transcriptionally by
typically binding to untranslated region (3’'UTR) regions
in mRNAs [25]. In NPC, miR-138 and miR-184, suppress
tumor progression by targeting CCDN1 and Notch2,
respectively [26, 27]. In contrast, miR-214 and miR-
141-3p, which are known as oncogenic miRNAs, have
been shown to promote cell proliferation and facilitate
tumor progression of NPC [25, 28]. Recent studies have
demonstrated that miR-874-3p is an important negative
regulator of cancers such as epithelial ovarian, esophageal
squamous cell carcinoma and hepatocellular carcinoma
[29-31], indicating that miR-874-3p plays a significant
role in modulating tumor progression. However, neither
the role of miR-874-3p in NPC nor its regulatory func-
tion in leptin gene expression has been studied.

In this study, we found that patients with NPC had
higher levels of leptin in serum compared to that of
healthy groups and had elevated leptin in the tumor
compared to adjacent non-tumor tissues. Most impor-
tantly, we found that increased leptin expression in NPC
was associated with advanced cancer stages and poor
patient survival. Functional studies indicated that leptin
promoted proliferation, invasion, as well as glycolysis for
NPC progression both in vitro and in vivo. Additionally,
miR-874-3p inhibited the expression of leptin mRNA
and impaired the leptin-elicited aggressive phenotypes of
NPC. Our findings provide insights into the mechanisms
of leptin-driven carcinogenesis in NPC and the potential
of leptin as a therapeutic target for NPC.

Methods

Clinical samples

A total of 50 paired specimens of NPC from the Tis-
sue Bank of Chang Gung Memorial Hospital obtained
between June 2017 and September 2021 were included
in this study. Fresh blood samples of 20 patients with
NPC and 17 health volunteers were collected. This study
was approved by Chang Gung Memorial Hospital, and
informed consent was obtained from all participants.
The pathological stage and nodal status were obtained
from the primary pathology reports. All clinicopatho-
logical features were defined according to the classifi-
cation guideline of the American Joint Committee on
Cancer (AJCQC).

Cell culture

NPC cell lines, NPC-TW06 and NPC-TWO02 (provided by
Dr. Chin-Tarng Lin, National Taiwan University, Taiwan),
were grown in DMEM (Gibco, USA) containing 2 mM
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L-glutamine, 3.7 g/L sodium bicarbonate, MEM non-
essential amino acids, 10% FBS, and 100 U/ml penicillin
and streptomycin (Gibco, USA). All the cells were incu-
bated in a humidified atmosphere of 5% CO, at 37° C.

RNA extraction and Real-time quantitative RT-PCR

Total RNA was extracted using TRIzol following the
manufacturer’s instructions. Isolated RNA was reverse
transcribed into cDNA using the PrimeScript RT Mas-
ter Mix Kit (TAKARA). RT-PCR was performed using
SYBR Green Master Mix on the Roche Real-time PCR
system. GAPDH was used as an internal control. The
relative gene expression levels were normalized to human
GAPDH levels and calculated using the comparative Ct
(2-22€T) method. The primers of target mRNA/miRNA
and internal control for QPCR were described as fol-
lowing: leptin forward, 5-GAAGACCACATCCACACA
CG-3’; leptin reverse, 5-AGCTCAGCCAGACCCATC
TA-3’; EGFR forward, 5- ACATTAAGGAGGCCTGTC
T-3; EGFR reverse, 5- AGCAAACTTGTACCAGCT
T-3; TPI1 forward, 5-CCCAGGAAGTACACGAGA
AG-3; TPI1 reverse, 5-CAGTCACAGAGCCTCCAT
AAA-3; ALDOA forward, 5-GCAACTTTCCTCTGC
CTAGC-3; ALDOA reverse, 5-AAGCAGAGACAG
TTGAGGCT-3’; ENO1 forward, 5-GGGAATCCCACT
GTTGAGGT-3; ENOL1 reverse, 5-CGGAGCTCTAGG
GCCTCATA-3; HK1 forward, 5-GCTCTCCGATGA
AACTCTCATAG-3’; HK1 reverse, 5- GGACCTTAC
GAATGTTGGCAA-3; PFKL forward, 5-CTACGA
GGGCTATGAGGGC-3; PFKL reverse, 5- GATGAC
GCACAGGTTGGTGA-3; GAPDH forward, 5-GCA
CCGTCAAGGCTGAGAAC-3; GAPDH reverse, 5-
TGGTGAAGACGCCAGTGGA-3’; hsa-miR-874-3p for-
ward, 5- GAACTCCACTGTAGCAGAGATGGT-3’; and
hsa-miR-874-3p reverse, 5’-CATTTTTTCCACTCCTCT
TCTCTC-3’ [30].

Plasmid transfection, siRNA knockdown, and miRNA
mimic/inhibitor experiments

The expression plasmids encoding leptin (pCMV6-Flag-
Lep) or a control empty vector (pCMV6-Flag) with a
C-terminal Myc-DDK tag were purchased from Ori-
Gene Technologies. Plasmids were transiently trans-
fected into TW06 and TWO02 cells using Lipofectamine
3000 (Invitrogen, USA) according to the manufacturer’s
instructions. Two different synthetic interfering RNAs
(siRNAs) that target leptin (leptin siRNA, Sigma-Aldrich
Co., NM_000230) and has-miR-874-3p mimic / inhibi-
tor (Sigma-Aldrich Co., HMI0926 / HSTUDO0926) were
transiently transfected into TWO06 and TWO02 cells using
Lipofectamine RNAi MAX (Invitrogen, USA) accord-
ing to the manufacturer’s instructions. The siRNA
sequences of leptin were 5- GGAACUCUGGCUUCC
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AGGU-3’ and 5-CUGACUCCUCUAAGCCACU-3. The
sequences of miR-874-3p mimic and miR-874-3p inhibi-
tor were 5’- CUGCCCUGGCCCGAGGGACCGA-3’ and
5- CUGCCCUGGCCCGAGGGACCGA-3.

Immunoblot analysis

Cell samples were homogenized in a RIPA buffer
(Thermo Fisher Scientific, USA) containing protease and
phosphatase inhibitor (Merck Millipore). The protein
concentration in each sample were estimated using a Bio-
Rad protein assay (Bio-Rad Laboratories, USA). Immu-
noblotting was performed with an antibody against DDK
(FLAG tag) (1:1000, TA50011) purchased from OriGene
Technologies. Antibody against -actin (1:20,000, A5541)
was purchased from Sigma-Aldrich. Antibodies against
leptin (1:1000, ab3583), vimentin (1:4000, ab92547), and
¢-MYC (1:1000, ab32072) were purchased from Abcam.
Antibodies against p-AKT (1:2000, #9271), AKT (1:1000,
#9272), p-mTOR (1:1000, #2971), mTOR (1:2000, #2972),
p-ERK (1:3000, #9101), ERK (1:6000, #4695), p-EGFR
(1:1000, #3777), and EGFR (1:2000, #4267) were pur-
chased from Cell Signaling Technology Inc. Antibodies
against N-cadherin (1:500, sc-7939), cyclin D1 (1:500,
sc-717), cyclin E (1:500, sc-247), CDK4 (1:500, sc-23896),
and p27 (1:250, sc-528) were purchased from Santa Cruz
Biotechnology Inc. Antibodies against ZO-1 (1:1000,
A0659), ZEB1 (1:1000, A5600), Claudin-1 (1:1000,
A2196) were purchased from ABclonal Inc. Antibod-
ies against E-cadherin (1:4000, GTX124178), and p21
(1:1000, GTX62525) were purchased from GeneTex Inc.
Horseradish peroxidase-conjugated goat anti-rabbit and
goat anti-mouse antibodies (PerkinElmer Inc.) were used.
Signals were revealed using Immobilon Western Chemi-
luminescent HRP Substrate (Merck Millipore).

Immunohistochemical staining

Sections from human NPC tissues and the mice
tumors were treated with 3% H,O, for 30 min for anti-
gen retrieval. Sections were incubated with a primary
antibody specifically against leptin (1:500, GeneTex
Inc109204). Antibody against ¢-MYC (1:100, ab32072)
was purchased from Abcam Inc. Antibodies against
p-ERK (1:500, #9101), ERK (1:500, #4695), p-EGFR
(1:400, #3777), EGFR (1:500, #4267), and ki67 (1:100,
#9449) were purchased from Cell Signaling Technol-
ogy Inc. Sections were incubated overnight at 4 °C. Sec-
tions were then washed in phosphate buffered saline
with 0.5% Tween-20 (PBST), and incubated with a per-
oxidase-labeled polymer conjugated to goat anti-mouse
or anti-rabbit IgG as secondary antibody for 30 min
(Agilent Technologies, Inc., DaKo Real EnVision Detec-
tion SystemsPeroxidase/DAB, Rabbit/Mouse). The stain-
ing was visualized with 3, 3’-diaminobenzidine (DAB) as
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chromogen and slides were counterstained with hema-
toxylin (Sigma-Aldrich Co.), dehydrated, and mounted.

Cell proliferation assay

Cell viability was determined by an MTS (Promega Co.)
assay. After transfection, cells were implanted at a den-
sity of 2 x 10® cells per well in 96-well plates (Corning
Inc.) for 24, 48 and 72 h. MTS was added to each well and
incubated for 2 h. The optical density (OD) was deter-
mined with a microplate reader (Molecular Devices) at
490 nm. Each experiment was performed in triplicate.

Colony formation assay

On the first day after transfection, cells (500 cells/well)
were plated in 6-well plates, and incubated for 14 days.
Cell colonies were stained with crystal violet (Sigma-
Aldrich Co.) for 10 min at room temperature. The colony
number was counted using Image] software.

Wound healing migration assay

The cell migration assay was performed using a wound
healing assay. After transfection, cells were seeded in
ibidi Culture-Inserts (ibidi, USA) and cultured overnight.
Transfected confluent cells were changed into medium
containing 1% FBS at the start of the assay. The cell
migration status toward the gap area was photographed
(x 100) (Olympus America Inc.).

Transwell invasion assay

The invasion chamber with 8 um pore-size PC membranes
(Thermo Scientific™* Nunc™) were covered with 75 uL of
0.3 mg/mL matrigel (Corning Inc.) and then incubated at
37 °C overnight. After transfection, cells were seeded in
the upper chambers with medium containing 1% FBS and
0.6 mL medium supplemented with 20% FBS was added to
the lower chambers. The invasive ability of cells was deter-
mined at 24 h. Cells were fixed using methanol for 10 min
and stained with crystal violet (Sigma-Aldrich Co.) for
10 min at room temperature. The non-migrating cells were
scraped with cotton swabs. Images were taken using an
inverted microscope (x 200) (Olympus America Inc.).

Glucose consumption, and lactate production

The concentrations of glucose and lactate in the culture
media were measuredd by glucose colorimetric assay
and lactate colorimetric assay kits (BioVision Research
Products) respectively according to the manufacturer’s
instructions. Briefly, cells were seeded in 6-well plates
and cultured in phenol-red free DMEM for 48 h. The
cultured medium was mixed with the reaction solution.
Glucose and lactate levels were measured at 450 nm
using a microplate reader.
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ELISA

The protein levels of leptin in sera of patients with NPC
and healthy groups were assessed using human leptin
ELISA KIT (Biovision). The procedures were performed
in accordance with the manufacturer’s recommenda-
tions. A generated standard curve was generated to
allow for the assessment of leptin concentration in the
analyzed samples.

Dual-luciferase reporter assay

The 3'UTR of wild type or mutant leptin, which is pre-
dicted to harbor the miR-874-3p binding site, was con-
structed into the pmirGLO luciferase vector (Promega,
Madison, WI). Cells were co-transfected with miR-
874-3p mimic (or negative control) and the wild-type or
mutated leptin reporter by Lipofectamine 2000. After
transfection 48 h, the luciferase activities were deter-
mined by using a dual-luciferase reporter system (Pro-
mega) according to the manufacturer’s instruction. All
reporter gene assays were performed in triplicate and
repeated at least 3 times.

RNA immunoprecipitation assay

The Magna RIP kit (Millipore, USA) was used to conduct
RIP experiments according to the manufacturer’s instruc-
tions. Briefly, cells were collected and lysed in RIP buffer.
Then, antibodies against AGO?2 or IgG were added to the
extracts, and incubated with magnetic bead-antibody
complexes for 4 h at 4 °C. Thereafter, the RNA was puri-
fied, and qRT-PCR analysis was used for determining the
relative expression of miRNA-874-3p and leptin.

Co-immunoprecipitation

Cells were lysed at 4 °C in an immunoprecipitation lysis
buffer containing protease inhibitor cocktail (Roach,
USA). The proteins were incubated with antibody for
16 h at 4 °C followed by a 2 h incubation with Protein
A/G (Pierce, MA) at 4 °C. After three washes with IP
lysis buffer, protein samples were collected by boiling in
1 x SDS loading buffer and subjected to standard SDS-
PAGE and western blotting.

Xenograft studies

After generating stably transfected shNC and shLeptin
cell lines, the cells (1 x 107 shNC or shLeptin cells) were
subcutaneously injected into the dorsal flanking sites
of male NOD SCID mice (N=4 in shNC group, N=5
in shLeptin group, 4 weeks). The mice were sacrificed
using 5% isoflurane (Piramal Critical Care Inc.), and the
tumors were weighed and excised. The tumor size and
body weight were measured twice per week. Tumor vol-
umes were determined by external measurements and
calculated according to the equation, V=(W?xL)/2
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(V=volume, L=Ilength and W =width). The mice were
sacrificed after 50 days and tumor weights were meas-
ured. All procedures were approved by the guidelines
of the Institutional Animal Care and Use Committee at
Kaohsiung Chang Gung Memorial Hospital.

Statistical analysis and software

Statistical analysis was performed using GraphPad Prism
8 (GraphPad Software) on n> 3 biological replicates, and
presented as mean=+SD or mean=+SEM. Comparisons
of the groups were analyzed by Student’s t-test or one-
way ANOVA. P-values less than 0.05 were considered
significant. *Denotes a p-value less than 0.05; **denotes
a p-value less than 0.01; and ***denotes a p-value less
than 0.001.

Results

Leptin is up-regulated in human NPC tissues and correlates
with poor prognosis

To study the significance of leptin in NPC, we first
assessed its RNA level in NPC tissues from 20 patients
diagnosed with NPC. Compared to benign nasopharyn-
geal inflammatory tissues, we observed that leptin
mRNA level was dramatically upregulated in NPC tissues
(Fig. 1a). Consistently, elevated leptin mRNA was also
observed in Oncomine HNC database (Supplementary
Figure Sla-d). Accumulating evidence demonstrated that
leptin could be detected in the extracellular space, indi-
cating that it may be a biomarker in patients with NPC.
Therefore, we evaluated the serum level of leptin in our
study cohort of 20 patients with NPC and 17 healthy
controls. Results showed that the serum level of leptin in
patients with NPC was significantly higher compared to
that of healthy controls (Fig. 1b).

To explore the clinical significance of leptin in patients
with NPC, IHC was performed in 50-paired paraffin-
embedded NPC tumor tissues and adjacent non-tumor
tissues. As shown in representative IHC images, leptin
was primarily located in the cytoplasm in both adjacent
non-tumor tissues and NPC tissues. In addition, it was
highly expression in the NPC tissues than in the adjacent
non-tumor tissues. Noticeably, strong leptin expression
was positively correlated with advanced primary tumor
(T) stage and neck metastatic lymph node (N) stage in
NPC tumor tissues (Fig. 1c). Next, to explore the corre-
lation between leptin expression and clinicopathological
characteristics and the outcomes of patients with NPC,
the intensities of IHC staining in NPC tumor tissues
were divided into a high- or low- expression group. As
shown in Table 1, statistical analysis revealed that high
leptin levels were associated with T, N, and AJCC stage
(p<0.001) but not with pre-radiotherapy body mass
index (pre-RTO BMI) (Table 1). In addition, survival
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analyses revealed that high leptin expression significantly
correlated with a poor overall survival (OS) and disease-
free survival (DFS) in patients with NPC (Fig. 1d and e).
Collectively, these results demonstrated that leptin is a
prognostic hallmark for NPC.

Leptin promotes NPC cell proliferation

To explore the role of leptin in NPC, we evaluated lep-
tin expression levels in NPC cell lines. As shown in Sup-
plementary Figure Sle, leptin mRNA and protein were
extensively expressed in all NPC cell lines. Both TW06
and TWO2 cell lines were chosen for analyzing the bio-
logical functions of leptin. We explored the effects of
enhanced leptin expression by transfecting an ectopic-
expressing vector into TW06 and TWO02 cell lines. The
mRNA and protein expressions of leptin in transfected
cell lines were determined using QPCR and Western
blotting (Fig. 2a and Supplementary Figure S2a). There-
after, MTS and colony formation assays were performed,
which showed that enforced leptin significantly increased
cell proliferation capacity and colony formation ability
compared to Flag-vector alone (Fig. 2b, ¢ and Supple-
mentary Figure S2b and S2c).

To further validate the results of gain-of-function of
leptin, we transfected TWO06 and TWO02 cells with lep-
tin siRNA or negative control. The transfection efficien-
cies of these two cell lines were determined using QPCR
and Western blotting (Fig. 2d and Supplementary Fig-
ure S2d). Consistently, knockdown of leptin using shlep-
tin decreased endogenous leptin mRNA and protein
expression levels in TWO06 cells (Supplementary Fig-
ure S2e). Furthermore, sileptin-mediated knockdown in
TWO06 and TWO02 cells dramatically inhibited cell prolif-
eration and foci formation (Fig. 2e, f and Supplementary
Figure S2f and S2g). The effect of leptin on cell growth
was further validated in a xenograft model. Tumors
were found in 5/5 and 4/5 of mice injected with shlep-
tin-TWO06 and sh-NC-TWO06 cells, respectively. Tumors
derived from shLeptin-TWO06 cells were much smaller
and lighter than those in the sh-NC group. The prolif-
eration index in tumors, determined by Ki67 staining,
was attenuated with leptin knockdown (Fig. 2g-i). Taken
together, leptin plays an important role in the growth of
NPC cells.

Leptin contributes to NPC cell migration and invasion

by promoting epithelial-to-mesenchymal transition (EMT)
Our clinical data showed that leptin expression was
positively associated with metastatic features in patients
with NPC, indicating that leptin may participate in can-
cer motility. To test this hypothesis, we first examined
whether leptin expression had an impact on cell migra-
tion and invasion. Wound healing assays showed that
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Fig. 1 Leptin is overexpression in nasopharyngeal carcinoma. a The mRNA expression level of leptin was determined in 5 benign nasopharyngeal
inflammatory tissues and 20 NPC tissues. b Serum level of leptin in NPC patients and healthy controls were detected by ELISA. ¢ Leptin expression
was determined by immunohistochemistry in 50-paired paraffin-embedding NPC tissues and adjacent non-tumor tissues, representative images
of pathological tumor stage (T) and lymph node stage (N). d and e Kaplan-Meier survival analysis and log-rank tests indicate that high expression
level of leptin was associated with poor OS and DFS in NPC patients

enforced leptin expression significantly promoted cell
migration in TWO06 and TWO02 cells as compared to vec-
tor control (Fig. 3a and Supplementary Figure S3a). In
contrast, silencing leptin by two siRNAs in TWO06 and
TWO02 dramatically attenuated cell migration (Fig. 3c
and Supplementary Figure S3c). Furthermore, Transwell
assays revealed that leptin overexpression enhanced
the invasiveness of TWO06 and TWO02 cells (Fig. 3b and
Supplementary Figure S3b), whereas leptin depletion

inhibited cell movement in NPC cells (Fig. 3d and Sup-
plementary Figure S3d). These results indicated that lep-
tin might be involved in the metastasis of NPC tumors.
In cancer, EMT is associated with tumor invasion, and
metastasis. Herein, we investigated the expression pro-
files of EMT-related markers in gain- and loss-of-func-
tion of leptin by Western blotting. As shown in Fig. 3e
and Supplementary Figure S3e, compared with vector
alone, vimentin, ZEB1, and N-cadherin were upregulated
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Table 1 Clinical characteristics of the NPC patients
Characteristics N (%)/median (IQR) Leptin p-value
Low (n=28) High (n=22)
Age 50(42-60) 54.5(45.3-61.0) 53.5(41.8-60.3) 0.615
Gender
Female 13(26.0%) 9(32.1%) 4(18.2%) 0.264
Male 37(74.0%) 19(67.9%) 18(81.8%)
AJCC stage
| 8(16.0%) 8(28.6%) 0(0.0%) <0.001*
Il 11(22.0%) 10(35.7%) 1(4.5%)
Il 7(14.0%) 6(21.4%) 1(4.5%)
[\ 24(48.0%) 4(14.3%) 20(90.9%)
Tstage
1 14(28.0%) 13(46.4%) 1(4.5%) <0.001*
2 17(34.0%) 13(46.4%) 4(18.2%)
3 1(2.0%) 0(0.0%) 1(4.5%)
4 18(36.0%) 2(7.1%) 16(72.7%)
N stage
0 19(38.0%) 17(60.7%) 2(9.1%) <0.001*
1 12(24.0%) 3(10.7%) 9(40.9%)
2 14(28.0%) 7(25.0%) 7(31.8%)
3 5(10.0%) 1(3.6%) 4(18.2%)
M stage
0 25(78.1%) 13(81.3%) 12(75.0%) 1.000
1 7(21.9%) 3(18.8%) 4(25.0%)
T stage
1&2 31(62.0%) 26(92.9%) 5(22.7%) <0.001*
34 19(38.0%) 2(7.1%) 17(77.3%)
N stage
0 19(38.0%) 17(60.7%) 2(9.1%) <0.001*
1&2&3 31(62.0%) 11(39.3%) 20(90.9%)
AJCC stage
[ &1 19(38.0%) 18(64.3%) 1(4.5%) <0.001*
&IV 31(62.0%) 10(35.7%) 21(95.5%)
Pre-RTO BMI 24.46(21.59-26.93) 24.17(19.97-27.06) 23.59(21.04-26.49) 0.749

Abbreviations: NPC nasopharyngeal carcinoma, Pre-RTO BMI pre-radiotherapy body mass index

*: p<0.05

and E-cadherin, ZO-1 and Claudin-1 were downregu-
lated by leptin-overexpression in both TW06 and TWO02.
Conversely, leptin depletion displayed a reversed trend
in the expression of EMT markers. Taken together, these
data demonstrated that leptin triggers the EMT process
in NPC cells to promote cell motility.

Metabolic profiling is altered with leptin expression in NPC
Metabolic reprogramming is considered a hallmark
of cancer and contributes to cancer progression [32].
Cancer cells prefer aerobic glycolysis to provide suffi-
cient energy for cell growth. In this regard, we evaluated

whether the observed proliferative effect of leptin
occurred in association with glycolytic activity. The data
showed that overexpression of leptin led to increased
glucose consumption and lactate production in the cul-
ture medium of NPC cells (Fig. 4a and b). Conversely,
leptin knockdown decreased glucose consumption and
lactate production (Fig. 4a and b).

We next investigated if glycolysis-related genes were
regulated by leptin. We systematically analyzed the cor-
relation between leptin and multiple glycolytic genes
via the GEPIA database, and the results indicated that
the mRNA level of leptin was positively correlated
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with mRNA expressions of TPI1, ALDOA, ENO1, HK1
and PFKL (Fig. 4c). Ectopic overexpression of leptin
in TW06 and TWO02 cells induced the transcript lev-
els of TPI1, ALDOA, ENO1, HK1 and PFKL. However,

inhibition of endogenous leptin in NPC cells had the
opposite effects (Fig. 4d). Altogether, leptin regulates
multiple transcripts to directly promote glycolysis in
NPC cells.
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Cell cycle-related proteins and EGFR/MAPK/c-Myc
pathways are regulated by leptin in NPC

Next, we considered the mechanism underlying the onco-
genic role of leptin. The abnormality of cell cycle is a key
mechanism for tumor development. Both cyclin D1 and
cyclin E (form G1 to S phase) play key roles in the regula-
tion of cell cycle and are important targets for cancer cell

proliferation [33]. Hence, we determined whether lep-
tin regulated both cyclin protein expressions in NPC cell
lines. We observed prominent upregulation of cyclin D1,
cyclin E and cyclin-associated protein CDK4 in TWO06
and TWO02 with leptin overexpression. However, two main
members of negative regulators of cell cycle, p21 and p27
were down regulated with leptin overexpression (Fig. 5a
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and Supplementary Figure S4a). In contrast, leptin silenc-

and TWO02 cells (Fig. 5a and Supplementary Figure S4a).

ing caused down-regulation of cyclin D1, cyclin E, and  Collectively, leptin altered cell-cycle progression to influ-

CDK4, but up-regulation of p21 and p27 in both TWO06

ence cell proliferation in NPC cells.
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A recent study reported that EGFR signaling is acti-
vated in human NPC and plays a crucial role in NPC
pathogenesis. We next assessed if EGFR signaling was
regulated by leptin in NPC. Western blotting showed
that phosphorylated EGFR, phosphorylated ERK1/2,

phosphorylated AKT, and phosphorylated mTOR, and
¢-Myc, an EGFR downstream target, were increased in
leptin-overexpressed cells, and reduced in leptin-knock-
down cells (Fig. 5b and Supplementary Figure S4b). These
results were also confirmed in xenograft tumor samples
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by IHC staining (Fig. 5¢). However, the QPCR analysis
revealed that leptin overexpression in NPC cell lines did
not influence EGFR mRNA level (Fig. 5d), indicating that
leptin may regulate EGFR level post-transcriptionally.
We then investigated if leptin and EGFR could physi-
cally interact by performing co-immunoprecipitation
experiments in TWO6 cells. Interestingly, an interaction
between endogenous leptin and endogenous EGFR was
observed in reciprocal co-immunoprecipitation assays
(Fig. 5e). In addition, we also found that the transcript
levels of glycolysis-related genes in leptin-overexpressing
TWO06 cells with c-Myc downregulation were decreased,
compared to leptin-overexpression cells transfected with
negative control (Fig. 5f). Collectively, leptin promotes
NPC progression through binding with EGFR, thereby
enhancing EGFR/MAPK/c-Myc activation.

Leptin is a direct target of miR-874-3p

miRNA expression profiling affects the function of genes
involved in tumorigenesis, proliferation, migration,
and invasion in human cancers [34]. To identify possi-
ble miRNAs that directly regulate leptin expression, we
searched miRNA databases that have putative binding
sites in the 3’'UTR of human leptin mRNA. One miRNA,
has-miR874-3p, was predicted by three bioinformatic
algorithms (miRDB, miRWalk and TargetScan) to be a
potential upstream regulator of leptin (Fig. 6a). A puta-
tive binding site between miR-874-3p and leptin mRNA
was shown in Fig. 6b. As expected, the mRNA and pro-
tein levels of leptin were decreased in TW06 and TW02
cells following the ectopic expression of miR-874-3p
and increased by the miR-874-3p inhibitor (Fig. 6¢c, d
and f). To determine whether miR-874-3p directly sup-
presses leptin expression by targeting its 3'UTR, a lucif-
erase reporter plasmid containing 3'UTR of leptin was
constructed and the plasmids containing the mutation
sequences of 3'UTR of leptin (mut) were used as negative
control. The results showed that NPC cells transfected
with miR-874-3p markedly inhibited the activity of wild
type leptin 3’'UTR but not mutant 3'UTR (Fig. 6e). RNA
immunoprecipitation (RIP) experiments were performed
based on AGO?2 enrich in targets bound to miRNAs on
the lysates of TW06 and TWO02 cells using an antibody
against AGO2. The results showed that the expression
levels of miR-874-3p and leptin were enriched in AGO2-
conjugated beads relative to IgG control group (Fig. 6g).
Furthermore, in TW06 and TWO02 cells transfected with
miR-874-3p mimic increased in the enrichment of lep-
tin transcript pulled down by AGO2, compared to nega-
tive control mimics through RIP assay (Fig. 6h). These
findings provide evidence that miR-874-3p associates
with AGO2 protein to form an RNA-induced silencing
complex (RISC) in NPC cells. Importantly, the results
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of Western blotting confirmed that EGFR signaling
molecules, regulated by leptin as shown in Fig. 5, were
decreased in the NPC cells transfected with miR-874-3p
mimic, but increased in those transfected with miR-
874-3p inhibitor (Fig. 6f). In NPC samples, the leptin
mRNA was reversely associated with miR-874-3p expres-
sion (Fig. 6i). Altogether, these results demonstrated that
leptin is a downstream target of miR-874-3p, which mod-
ulates leptin expression in NPC.

miR-874-3p inhibits the malignant properties of NPC cells
in vitro

We further estimated the effects of miR-874-3p in vari-
ous malignant properties of human NPC cell lines by
transfecting with miR-874-3p mimic or miR-874-3p
inhibitor. Introduction of miR-874-3p mimic in TWO06
and TWO2 cells significantly inhibited the proliferation
and colony formation of cells compared to negative con-
trol mimic (Fig. 7a, b and Supplementary Figure S5a and
b). Wound healing assay revealed that miR-874-3p mimic
remarkably attenuated NPC cell migration as compared
to control. However, overexpression of miR-874-3p
inhibitor in NPC cells had the opposite effects (Fig. 7c
and Supplementary Figure S5c). Transwell assays further
revealed that the enforced miR-874-3p mimic signifi-
cantly decreased the invasion capacity of NPC cells but
increased it in NPC cells transfected with miR-874-3p
inhibitor (Fig. 7d and Supplementary Figure S5d). These
results suggest that miR-874-3p functions as a tumor
suppressor in NPC.

miR-874-3p restrains NPC cell growth, motility,

and glycolytic activity by targeting leptin

We performed a series of rescue experiments by cotrans-
fecting the miR-874-3p inhibitor and sileptin to fur-
ther explore the molecular mechanisms responsible for
miR-874-3p-mediated NPC suppression. The impacts
of miR-874-3p inhibitor on promoting the proliferation,
migration, invasion, glucose consumption, and lactate
production of NPC cells were substantially inhibited in
cells transfected with sileptin (Fig. 8a to e). Overall, the
downregulation of leptin at least partially contributes to
the functional effects of miR-874-3p on NPC cells.

Discussion

In this study, we found that leptin was frequently over-
expressed in NPC and associated with poor outcomes in
patients with NPC. Functionally, leptin was expressed in
all NPC cell lines and dramatically induced the growth,
migration, invasion, and glycolysis of NPC cells. Con-
versely, silencing leptin exhibited the opposite effects.
Moreover, leptin inhibition profoundly diminished the
growth of xenografted NPC cells in vivo. The role of
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leptin in NPC was characterized as that of an oncogene.
Interestingly, we also found that miR-874-3p is involved
in leptin induced tumor progression in NPC. miR-874-3p
expression suppressed proliferation, migration, invasion,
glucose consumption and lactate production of NPC
cells. Mechanistically, we demonstrated that leptin drove

cancer development through EGEFR signaling in NPC
(Fig. 9). These finding reveal an important role of leptin
in NPC progression and that it could be a potential thera-
peutic target for NPC.

Unlike cancers such as breast and colon cancers that
have significant correlations between obesity and can-
cer risk [10, 13], studies on the correlations between
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Fig. 7 miR-874-3p suppresses the malignant properties of TWO06 cells. a and b MTS assays and colony formation assays were performed to assess
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obesity and NPC risk produced contradictory results elevated mRNA and protein expression of leptin in
[15, 16, 35-37]. In our study, although we did not nasopharyngeal tumor biopsies. Thus, leptin may play a
observe a trend toward a higher BMI in patients diag-  critical role in NPC progression.

nosed with NPC (data not shown), we found relatively The elevated expression of leptin found within naso-
high levels of circulating serum leptin and significant  pharyngeal tumors (Fig. 1), raises the intriguing question
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of the potential causes of elevated intratumoral leptin
expression. Although leptin is mainly expressed in adi-
pose tissues, it has been detected in many other tissues/
cells such as the brain, muscle, and stomach, as well as dif-
ferent types of cancer [38—42]. Despite the fact that there
have been multiple studies revealing higher levels of leptin
expression across many cancer tissues/cells [43, 44], the
mechanistic details for the causes of these higher expres-
sion levels of leptin in cancer tissues/cells have only been
addressed by a few studies [45]. By far, some of the mech-
anisms underlying the phenomenon of elevated intratu-
moral leptin expression have been investigated in breast
and colorectal cancers [46]. These studies suggest that
intratumoral leptin can be induced by hypoxic stress [46].
Thereby, it is possible that factors related to hypoxic stress
may also contribute to the elevation of leptin expres-
sion in nasoharyngeal tumors. In fact, increased levels of

factors related to hypoxic stress such as HIF-1a are often
found in patients with NPC [47].

As mentioned previously, abundant expression of lep-
tin, including its mRNA expression levels, have been
found in several types of human cancer cells, as well as
tumor biopsies [44]. Such expression is associated with
poor prognosis and/or a higher risk of metastasis in
patients with different cancers. For example, high lep-
tin levels in tumor samples were related to recurrence
of malignancy in laryngeal squamous cell carcinoma
[44]. Elevated leptin mRNA levels were detected in tis-
sue samples of patients with breast cancer [48]. Similarly,
a study of non-small cell lung cancer (NSCLC) showed
that higher leptin levels were detected in NSCLC tis-
sues when compared to normal lung tissues [49]. This
NSCLC study also further suggested that higher lep-
tin levels in NSCLC samples were a predictor of poor
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prognosis [49]. In contrast to the aforementioned studies,
negative leptin staining in breast cancer tumor samples
is reportedly related to poor cancer survival [50]. Leptin
expression levels also did not show any significant dif-
ference between the breast cancer tumor samples and
control samples [50]. In gastro-oesophageal adenocar-
cinoma, tumors that had higher leptin expression were
more chemoresistant compared to tumors with a lower
leptin staining [40]. In addition, such high tumor lep-
tin expression in gastro-oesophageal adenocarcinoma
is associated with better survival [40]. In our study, we
show that nasopharyngeal tumors are stained positively
for leptin. Importantly, tumors that were from patients
with more advanced stages of NPC (AJCC stages III /
IV, T 3/4, N 1/2/3) tended to exhibit stronger staining
of leptin. We also demonstrated that elevated intratu-
moral leptin is associated with a decreased DFS rate in
patients with NPC with an estimated five-year DFS rate
of only 27.3% (Fig. 2). To the best of our knowledge, our
data provides the first evidence of correlations between

elevated of intratumoral leptin and stages of cancer, as
well as DSS rate in patients with NPC.

Distal-organ metastasis is commonly found in patients
diagnosed with stage IV NPC and is largely responsi-
ble for the vast majority of deaths in patients with NPC.
Therefore, it is important to understand the mechanisms
of the spread of cancers cells from their primary tumors
to distant parts of the body to more efficiently combat
metastatic NPC. We showed that tumors with stronger
leptin staining were collected from patients who were
diagnosed with advanced stages III/IV of NPC. Further-
more, we also showed that leptin promotes NPC cell
invasiveness, which is considered the very first step of
metastasis. These data suggested that leptin may have a
role in distal-organ metastasis in NPC. There is strong
evidence that EMT is linked to metastasis of NPC [51].
However, it is unclear if the change of NPC cell invasive-
ness and elevated leptin in more advanced nasopharyn-
geal tumors that we observed in our experiments have
a connection with EMT. To better understand if leptin
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confers potential advantages on metastatic NPC via EMT,
we assessed the expression of EMT-related proteins.

EMT is typically known for its role in embryonic devel-
opment but is now gaining recognition for its involve-
ment in metastasis of tumors such as osteosarcoma,
breast cancer and lung cancers [52]. Given that in the
process of EMT, epithelial cancer cells disseminate as
they lose their adhesive properties and expression of
epithelial markers such as E-cadherin, ZO-1 and Clau-
din-1, while gaining mesenchymal features and expres-
sion of mesenchymal markers such as vimentin, Zeb-1,
and N-cadherin [52]. As a consequence, these dissemi-
nated cells undergo a phenotypic shift from epithelial to
mesenchymal, which facilitates their migration from the
primary tumors to distal parts of the body [52]. Accord-
ing to our results, altered levels of leptin in NPC cells
impact the expression of some proteins involved in the
EMT process. Leptin induces EMT by modulating the
expression of EMT-related markers and promotes tumor
metastasis [53, 54]. We also examined the effects of lep-
tin on pathways such as the ERK and EGFR signaling
pathways. Our data suggested that leptin is involved in
alteration of diverse molecules related to EMT, ERK, and
EGER signaling pathways.

The abnormal metabolic programming has been found
in human cancer cells. Cancer cells have higher glucose
consumption and lactate production than normal cells
[55]. Our data suggested that leptin influences the gene
expression levels of glycolytic enzymes and thus alters
glucose consumption and lactate production in NPC cells.
Many studies have showed that c-Myc activates the tran-
scription of all glycolytic genes directly through binding
the classical E-box motif [56, 57]. In the present study,
we demonstrated that the expression patterns of gly-
colytic genes were reduced in leptin overexpressing NPC
cells with c-Myc knockdown. Collectively, these finding
revealed that c-Myc plays an important role in regulation
of glucose metabolism in NPC cells that may require for
leptin. In addition, the expression patterns of these mark-
ers in response to leptin expression could possibly explain
our findings of the association between elevated intra-
tumoral expression of leptin and more advanced naso-
pharyngeal tumors and poor prognosis of NPC.

A growing body of evidence has reported that EGFR
is highly expressed in 85% NPC patients, and its expres-
sion is correlated with poor outcome [58]. In vitro and
in vivo studies have confirmed that high EGFR expres-
sion is associated with proliferation, migration, invasion
of NPC cells [59, 60]. The mechanisms of EGFR overac-
tivation in tumor development is mainly associated with
EGFR. For instance, EGFR-AS1, a IncRNA, interacts
with EGFR to promote cell growth and metastasis via
upregulating EGFR expression in renal carcinoma [61].
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SPINKS, a secreted protein, promotes metastasis of NPC
by binding to EGFR and activating EGER signaling path-
way [60]. Moreover, as shown recently, Choline kinase a
(CHKA), a catalytic enzyme for de novo biosynthesis of
phosphatidylcholine could plays an indispensable role in
the progression and metastasis of HCC through inter-
acting with EGFR and enhancing mTORC2-dependent
AKT pathway [62]. In the current study, we demon-
strated that leptin binds to EGFR and facilitate the acti-
vation of EGFR signaling in NPC. Our results explored a
novel EGFR-activating mechanism in which leptin has a
critical role in NPC development.

Small RNAs, for example, miRNAs or siRNAs have
revealed pivotal regulators of signaling pathways in
cells. They can control gene expressions by suppression
of translation or degradation of mRNAs. To degrade the
target mRNAs, miRNA or siRNAs need to be loaded into
the RNA-induced silencing complex (RISC) [63]. Argo-
naute (AGO) proteins are core components of the RISC
and, are essential for small RNA biogenesis. In addition,
AGO proteins have been found to be associated with
miRNA or siRNA and involved in RNA silencing [63-65].
Thus, AGO proteins play important roles in small RNA
biogenesis in mammalian cells. AGO family proteins are
defined by the existence of PAZ and PIWI domains and
can be broadly divided into two subgroups: the ubiqui-
tously expressed AGO clade and germline-specific PIWI
clade that binds piRNAs [66, 67]. In human, four AGO
subfamily proteins, (AGO1-AGO4) and four PIWI sub-
family protein (PIWI1-PIWI4), have been identified. All
four AGO proteins can suppress miRNA target genes;
however, AGO2 is the most important protein which has
an enzymatically competent RNaseH-like domain and
serves as an engine of the RISC to guide gene silencing
processes [68]. In the current study, we provided evi-
dence that miR-874-3p is associated with AGO2 protein
to form an RISC in NPC cells, indicating that the miRNA
pathway, in particular miR-874-3p, contributes to the
gene regulatory axis in NPC.

Both siRNAs and miRNAs are short RNA duplexes but
with distinct gene regulatory mechanisms. SiRNAs are
involved in sequence-specific post-transcriptional gene
silencing by binding to their target mRNAs, whereas,
miRNAs are involved in multiple modes of post-tran-
scriptional gene regulation by binding to their target
mRNAs mostly at the 3'UTR site [69]. Both siRNAs and
miRNAs are nonconding RNAs with great potential for
developing targeted cancer therapies. Thus, we designed
experiments to test the feasibility of targeting leptin as a
therapeutic treatment for NPC using RNA-based thera-
peutic strategies such as those including siRNA and
miRNA, in this study. Our data suggested that silenc-
ing leptin by either siRNA or miRNA reduces the gene
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expression of leptin mRNA and leads to the reduction
of NPC cell survival and proliferation. Taken together,
our results suggested that leptin is a potential therapeu-
tic target for NPC and RNA-based strategies to target
leptin are sufficient to reduce the effects of leptin on
NPC carcinogenesis.

Conclusions

In summary, we conducted a study to understand the
effects of leptin on NPC by combining a small-scale
clinical analysis, in vitro, in vivo and in silico methods.
Our small-scale clinical findings indicated that elevated
intra-tumoral leptin was associated with more advanced
tumors and poor prognosis of NPC. Our data also sug-
gested that leptin was involved in alteration of diverse
molecules related to pathways that regulate EMT and
cell proliferation. These results supported the idea that
leptin facilitates nasopharyngeal cell survival, prolifera-
tion and invasion by influencing the expression levels of
EMT-, cell proliferation- and glycolysis-related proteins,
which are key to tumor invasiveness and metastasis and
the shortened survival of patients with cancer. Similarly,
these results may also explain the findings of our clinical
research, as well as our mouse model of tumor growth,
considering the cancer-promoting effects of leptin in our
assays. Furthermore, we utilized in silico miRNA-target
prediction to identify miR-874-3p as a novel regulator
of leptin and rigorously validated this prediction experi-
mentally. Our data suggests that miR-874-3p targets
leptin mRNA to reduce cell survival and proliferation in
NPC cells. Overall, this study provides insights into how
leptin is involved in the carcinogenesis of NPC with a
focus on potential pathological effects of leptin and ther-
apeutic targeting of leptin expression, which may poten-
tially be applied in future clinical settings.
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ern blotting. (b) MTS assays was performed to assess the cell proliferation
of TWO2 cells after transfection of overexpression plasmid. (c) The foci
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numbers of TWO02-leptin transfectants were assessed. The representative
images and fold change of foci formation were shown. (d and e) The
MRNA and protein expression levels of leptin were investigated in loss-of-
function of leptin in TW02 and TWO06 cells by QPCR and Western blotting.
(fand g). The effect of siLeptin-TW02 on cell proliferation was determined
by MTS and colony formation assays. *P<0.05, **P<0.01, ***P<0.001.

Additional file 3: Supplementary Figure S3. Leptin promotes NPC cells
motility by inducing EMT. (a and ¢) Wound healing assays demonstrated
that the overexpression or knockdown of leptin modulated the migratory
ability of TWO02 cells. (b and d) Transwell assays were performed to exam-
ine the change of invasive ability of TW02 cells with leptin overexpression
or knockdown. (e) Expressions of EMT markers were detected by Western
blotting in TW02 cells with overexpression or knockdown of leptin.
*P<0.05, **P<0.01, ***P<0.001.

Additional file 4: Supplementary Figure S4. Leptin regulates the
expressions of cell cycle-related molecules and EGFR/MAPK/c-Myc path-
way in TWO2 cells. (a) Western blot indicated the expressions of cyclin D1,
cyclin £, CDK4, p21 and p27 in leptin-overexpression and leptin-depleted
TWO2 cells. (b) Western blot analysis was performed to detect the protein
levels of p-EGFR, EGFR, p-ERK1/2, ERK1/2, p-AKT, AKT, p-mTOR, mTOR and
c-Myc in leptin-overexpression and leptin-depleted TW02 cells.

Additional file 5: Supplementary Figure S5. miR-874-3p suppresses

the malignant properties of TW02 cells. (a and b) MTS assays and colony
formation assays were performed to assess the cell proliferation of TW02
cells after transfecting miR-874-3p mimics or miR-874-3p inhibitor and
their corresponding negative control. The representative images and

fold change of foci formation were shown. (c and d) The migratory and
invasive abilities of TW02 cells transfected with miR-874-3p mimics or miR-
874-3p inhibitor and their corresponding negative control were assessed
by wound healing and Transwell assays. *P<0.05, **P<0.01, ***P<0.001.
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