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Melittin inactivates YAP/HIF-1α pathway via up-regulation of LATS2 to
inhibit hypoxia-induced proliferation, glycolysis and angiogenesis in NSCLC
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� Melittin inhibits hypoxia-induced proliferation, glycolysis and angiogenesis in non-small cell lung cancer.
� The activation of YAP/HIF-1α pathway promotes non-small cell lung cancer.
� Melittin inactivates the YAP/HIF-1α pathway by up-regulating LATS2 expression.
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A B S T R A C T

Background: NSCLC is one of the most common causes of death. The hypoxia microenvironment contributes to
cancer progression. The purpose was to explore the effects and mechanism of melittin on NSCLC cells in the hyp-
oxic microenvironment.
Methods: NSCLC cell lines (A549 and H1299) were cultured in normoxia or hypoxia conditions with or without
melittin treatment. The viability of the cells was detected via MTT assay and the proliferation ability was evaluated
by EdU assay. QRT-PCR was performed to evaluate GLUT1, LDHA, HK2, VEGF and LATS2 mRNA levels. Glucose
transport was assessed by the 2-NBDG uptake assay. The angiogenesis was determined by the tubule formation
assay. The protein expressions of GLUT1, LDHA, HK2, VEGF, LATS2, YAP, p-YAP and HIF-1α were detected via
western blotting assay. The tumor formation assay was conducted to examine the roles of melittin and LATS2 in vivo.
Results: Melittin inhibited hypoxia-induced cell viability, proliferation, glycolysis and angiogenesis as well as suppressed
YAP binding to HIF-1α in NSCLC. Melittin inactivated the YAP/HIF-1α pathway via up-regulation of LATS2, ultimately
inhibiting cancer progression of NSCLC. Moreover, melittin suppressed tumor growth via up-regulation of LATS2 in vivo.
Conclusion:Melittin inactivated the YAP/HIF-1α pathway via up-regulation of LATS2 to contribute to the develop-
ment of NSCLC. Therefore, melittin is expected to become a potential prognostic drug for the therapy of NSCLC.
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Introduction

Lung cancer is common in both men and women, and it has the
highest mortality rate all over the world.1 According to the metastatic
ability, lung cancer is divided into small cell lung carcinoma (SCLC)
and non-small cell lung carcinoma (NSCLC). Among all lung cancer
patients, most are NSCLC (85 %).2 Therefore, finding out more effec-
tive drugs and determining the mechanism are important goals. The
development of the tumor includes ten characteristics, abnormal
energy supply and continuous angiogenesis are two of them3 which
play important roles in tumor progression, including tumor growth,
invasion and metastasis.4 Hypoxia is commonly detected in the tumor
microenvironment. By anaerobic glycolysis, the tumor metabolizes
glucose to lactic acid and survives in an anoxic environment. Hypoxia
leads to reduced oxidation of mitochondrial substrates and increased
glycolysis.5 This has also been demonstrated in NSCLC.6 What’s
more, hypoxia is also a major stimulator of angiogenesis.7,8 Hypoxia-
Inducible Factor (HIF)-1α, controls homeostatic response to hypoxia
via activation of gene transcription.9 Consequently, cells lacking HIF-
1α fail to upregulate glycolytic enzymes and lactic acid production
under hypoxia.10 HIF-1α targeted genes, Glucose Transporter
(GLUT1), Hexokinase II (HK2), Lactate Dehydrogenase A (LDHA), are
critical for increased glucose uptake and catabolism and are strongly
implicated in tumorigenesis.11-13 Furthermore, the HIF-1α targets the
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promoter of the Vascular Endothelial Growth Factor (VEGF) to trigger
its expression and the subsequent angiogenesis.6

Melittin is extracted from honeybee venom.14 It is a medicine that
has been widely used in the treatment of a variety of diseases, such as
anti-tumor,14 anti-inflammation15 and anti-microbial property.16

Researchers have found that melittin induces NSCLC apoptosis and
decreases invasion and migration abilities via inhibition of miR-183.17

However, the effects of melittin on glycolysis and angiogenesis in NSCLC
have not been fully elucidated.

Here we set up the in-vitro hypoxia NSCLC cell model to explore the
effects of melittin on glycolysis and angiogenesis and investigate the
molecular mechanism of melittin NSCLC.

Materials and methods

Cell culture

The NSCLC cell lines (A549 and H1299) and Human Endothelial
Cells (HUVEC) were obtained from ATCC (USA). These cells were cul-
tured in DMEM/F12 medium (Gibco, USA) supplemented with 10 %
FBS, 100 U/mL p/s. All cells were incubated with 5 % CO2. For the hyp-
oxia treatment, the cells were then attached to the dishes in normoxia
condition for 12h. The dishes were sent to hypoxia conditions (1 % O2,
5 % CO2, and 94 % N2; Lishen, China). After being incubated for 24h,
the cells were collected.

Cell transfection

The si-LATS2 and the Negative Controls (si-NC) were assembled from
Genepharma (Shanghai, China). When the confluence reached 80 %, the
Lipofectamine 3000 (Invitrogen, USA) was chosen to perform transfec-
tions. After 24h transfection, cells were harvested.

MTT assay

Cell viability is defined as a vital indicator to detect the proliferation of
cells. The viability of A549 and H1299 cells was detected by MTT assay.
Cells were seeded onto 96 well-plated and allowed to attach. Media were
then discarded and replaced with a new medium containing 2 μg/mL
melittin and cultured for 24, 48 and 72 h. MTT was added to each well
for 4 h incubation. At the end of the experiment, 100 μL DMSO was
added, and the absorption was measured in the microplate at 490 nm.

EdU assay

The EdU assay was used to measure cell proliferation. The A549 and
H1299 cells were plated into 24-well plates. After being treated with
melittin for 48h, cells were washed with PBS. The proliferation of
NSCLC cells was quantified in vitro by EdU DNA Proliferation and Detec-
tion kit (RiboBio, China) and nucleis were stained with DAPI (Beyotime,
China) following the manufacturer’s protocol. Images were taken with a
fluorescence microscope (Olympus, Japan).

QRT-PCR

Total RNAs were isolated from A549 and H1299 cells using a Total
RNA Extractor Kit (Sangon, China). Then RNA was reverse transcribed
into cDNA using the cDNA Synthesis Kit (Beyotime, China). Next, qRT-
PCR was conducted using SYBR qPCR Master Mix (Beyotime, China) on a
CFX96 q-PCR system (Bio-Rad, USA). The relative expression was calcu-
lated using the 2−ΔΔCt method. The following primers were used for qRT-
PCR: HK2, forward: 5’-TACAGTCAACGTCATCTGAACTG-3’ and reverse:
5’-CGTACTTGTCGTATTCAAGATGC-3’; LDHA, forward: 5’-ATGAAG-
GACTTGGCGGATGA-3’ and reverse: 5’-ATCTCGCCCTTGAGTTTGTCTT-
3’; GLUT1, forward: 5’-ATGGATCCAGCAGCAAGAAGGCGC-3’ and
reverse: 5’-GATGCCAACGACGATTCCCAGCT-3’; VEGF, forward: 5’-
2

TGCTGTCTTGGGTGCATTGG-3’ and reverse: 5’-AGGTCTCGATTG-
GATGGCAG-3’; LATS2, forward: 5’-CAGGATGCGACCAGGAGATG-3’ and
reverse: 5’-CCGCACAATCTGCTCATTC-3’; GAPDH, forward: 5’-
GGGCTCTCTGCTCCTCCCTGT-3’ and reverse: 5’-ACGGCCAAATCCGTT-
CACACC-3. The relative expressions were normalized by GAPDH.

Western blot

The protein was extracted, and the concentrations were determined
by the BCA Protein Assay Kit (Thermo Fisher, USA). The samples were
electrophoresed with SDS-PAGE and transferred ontothe PVDF mem-
brane (Millipore, USA) and blocked with 5 % fat-free milk, followed by
overnight incubation with the primary antibodies licludinganti-GLUT1
(ab115730), anti-LDHA (ab101562), anti-HK2 (ab209847), anti-VEGF
(ab32152), anti-LATS2(ab135794), anti-p-YAP (ab52771), anti-YAP
(ab76252), anti-HIF-1α (ab51608) and anti-β-actin (ab8226) which
were bought from Abcam (USA) and at the dilution of 1:1200. After
that, the membranes were treated with an HRP-conjugated secondary
antibody (Abcam, USA). The ECL kit (Solarbio, China) was applied to
visualize the bands.

2-NBDG uptake assay

The 2-NBDG is a kind of fluorescent analog of glucose, it has been
used to assess glucose transport in various cells. After the transfected
A549 and H1299 cells were treated with melittin for 48h, the cells were
harvested, resuspended and incubated with 100 μM 2-NBDG (Sigma,
USA) for 30 min at 37. 2-NBDG levels were determined by a microscope
(Olympus, Japan).

Tubule formation assays

Matrigel (BD, USA) was added to each well of a 24-well plate and
incubated until polymerization. HUVEC cells were suspended in the
medium, and 0.1 mL of cell suspension was transferred to each well. The
plate was incubated for 12h and the number of nodes and the complete-
ness of the tubule per image was quantified.

Xenograft tumor model in vivo

All Animal Studies followed the ARRIVE guidelines. These experi-
ments were approved by the Animal Care and Ethics Committee. To
assess tumor growth, 100 μL of A549 cells (normoxia, hypoxia, hypoxia
+si-NC and hypoxia+si-LATS2) were subcutaneously injected into the
flank of nude mice (4‒5-week-old, Vital River, China). Then mice were
divided into 5 groups (6 mice per group). The hypoxia melittin group,
hypoxia+melittin+si-NC group, and hypoxia+melittin+si-LATS2
group were administered 5 mg/kg of melittin daily. Tumor growth was
monitored by caliper every 1 week; 4 weeks later, the mice were eutha-
nized, and the tumors were collected.

Statistical analysis

All data were exhibited as mean ± SD. The difference between two
groups and multiple groups were processed by Student’s t-test or one-
way ANOVA with Bonferroni post hoc analysis respectively. All experi-
ments were performed in triplicate; p < 0.05 reported a significant dif-
ference.

Results

Melittin protected against hypoxia-induced NSCLC cell proliferation

To examine the impact of hypoxia on cell proliferation and the pro-
tective effect of melittin against hypoxia-induced proliferation, MTT
assay and EdU assay were performed. As shown in Fig. 1A, the viabilities



Fig. 1. Melittin inhibited hypoxia-induced cancer progress and the YAP/HIF-1α signaling pathway. (A) The cell viabilities of A549 and H1299 cells were
detected by MTT assay. (B) Cell proliferation was monitored by EdU assay. The mRNA and protein expression levels of GLUT1, LDHA, HK2 and VEGF were determined
by (C) qRT-PCR assay and (D) western blotting assay. (E) Glycolysis was measured by the 2-NBDG uptake assay. (F) Angiogenesis was assessed by tubule formation
assay. (G) The expressions of LAST2, p-YAP, YAP and HIF-1α at protein level were detected by western blotting assay. ## p < 0.01, ### p < 0.001 compared with nor-
moxia group and ** p < 0.01, *** p < 0.001 compared with hypoxia group.
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Fig. 2. LATS2 knockdown mediated the effects of melittin on the YAP/HIF-1α pathway, cell viability and proliferation. (A) The LATS2 mRNA levels in A549
and H1299 cells were detected by qRT-PCR. (B) The expression levels of p-YAP, YAP and HIF-1α were analyzed by western blot assay. (C) The cell viabilities
of A549 and H1299 cells were investigated by MTT assay. (D) Cell proliferation was monitored by EdU assay. ### p< 0.001 compared with hypoxia group and
** p < 0.01, *** p < 0.001 compared with hypoxia+melittin+si-NC group.
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of A549 and H1299 cells were higher after hypoxia treatment for 12 h,
24 h, 48 h than the normoxia cells, and melittin reversed the trend of
cell viability under the hypoxia environment. The results of the EdU
assay also showed that melittin protected against hypoxia-induced A549
and H1299 cell proliferation (Fig. 1 B).

Melittin protected against hypoxia-induced NSCLC cell glycolysis and
angiogenesis

GLUT1, LDHA and HK2 are key enzymes and catalyze many pivotal
steps in glycolysis. VEGF is a crucial regulator of angiogenesis and is usu-
ally overexpressed in NSCLC.18,19 As shown in Fig. 1C‒D, qRT-PCR and
western blot analysis showed that hypoxia treatment increased the
4

expressions of GLUT1, LDHA, HK2 and VEGF at mRNA and protein lev-
els compared with normoxia treated A549 and H1299 cells. Further-
more, melittin could partially abrogate hypoxia-induced up-regulation
of GLUT1, LDHA, HK2 and VEGF. As expected, the results of 2-NBDG
uptake and tubule formation assays strongly supported that melittin par-
tially abrogated hypoxia-induced glycolysis and angiogenesis in NSCLC
cells (Fig. 1E‒F).

Melittin suppressed hypoxia-induced YAP binding to HIF-1α in NSCLC cells

The Hippo signaling pathway is tumor-suppressive. YAP is a tran-
scriptional activator crucial for promoting glycolysis in hepatocellular
carcinoma cells.20 We proposed a possibility that the Hippo signaling
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pathway participated in melittin protective roles against hypoxia-
induced cancer progression of NSCLC. As shown in Fig. 1G, under hyp-
oxia stimuli in A549 and H1299 cells, the protein expressions of LATS2
and p-YAP were decreased. The Hippo signaling pathway was inacti-
vated, which promoted YAP binds to HIF-1α. After treatment with melit-
tin, both the LATS2 and p-YAP were increased, while YAP and HIF-1α
were decreased compared to hypoxia induced cells. The above results
suggested that melittin regulate HIF-1α expression through the inactiva-
tion of YAP, which protected against hypoxia-induced cancer progres-
sion of NSCLC cells.

Melittin inactivated hypoxia-induced YAP/HIF-1α signaling pathway via up-
regulation of LATS2

To investigate the role of LATS2, the endogenous LATS2 was
knocked down. The result of Fig. 2A indicated that the LATS2 expression
was decreased in A549 and H1299 cells transfected with si-LATS2. Next,
the cells were exposed in the hypoxia condition and divided into hyp-
oxia, hypoxia+melittin, hypoxia+melittin+si-NC, and hypoxia+melit-
tin+si-LATS2 groups. Western blot assay manifested that the expression
of p-YAP was suppressed whereas YAP and HIF-1α were promoted with
the knockdown of LATS2 compared with the hypoxia+melittin group
(Fig. 2B). The above results suggested that melittin activate the
Fig. 3. LATS2 knockdown mediated the effects of melittin on glycolysis and ang
VEGF were assessed by (A) qRT-PCR assay and (B) western blot assay. (C) Glycolysi
tubule formation assay. ### p < 0.001 compared with hypoxia group and *** p < 0.00
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expression of LATS2 to inactivate YAP/HIF-1α pathway, ultimately
inhibiting cancer progression.

LATS2 knockdown mediated the effects of melittin on hypoxia-induced cell
proliferation

To confirm whether LATS2 knockdown promotes cell proliferation,
we measured cell viability by MTT assay. As shown in Fig. 2C, the inhibi-
tory cell viability of A549 and H1299 cells caused by melittin was res-
cued by LATS2 knockdown. The trend of cell proliferation measured by
EdU assay was consistent with the above results (Fig. 2D).

LATS2 knockdown mediated the effects of melittin on hypoxia-induced
glycolysis and angiogenesis

We further investigated glycolysis and angiogenesis. The results
showed that the mRNA and protein expression levels of GLUT1, LDHA,
HK2 and VEGF were augmented in the hypoxia+melittin+si-LATS2
group relative to the hypoxia+melittin group (Fig. 3A and B). The
results of the 2-NBDG uptake assay and tubule formation assay also pre-
sented that LATS2 knockdown could reverse the impacts of melittin on
the glycolysis and angiogenesis of NSCLC cells (Fig. 3C and D). The data
of Figs. 2 and 3 testified that melittin inactivated the YAP/HIF-1α
iogenesis. The mRNA and protein expression levels of GLUT1, LDHA, HK2 and
s was determined by 2-NBDG uptake assay. (D) Angiogenesis was measured by
1 compared with hypoxia+melittin+si-NC group.
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pathway via up-regulation of LATS2 to inhibit hypoxia-induced cell pro-
liferation, glycolysis and angiogenesis in NSCLC cells.

Melittin impeded hypoxia-induced tumor growth, glycolysis and angiogenesis
in vivo

To ascertain the role of melittin in vivo, the following assay in nude
mice was performed. The result of Fig. 4A elucidated that tumor volume
in the normoxia group was notably smaller relative to that in the hyp-
oxia group, the hypoxia+melittin group was bigger than the hypoxia
group, and LATS2 knockdown promoted tumor volume. Furthermore,
melittin decreased tumor growth and tumor weight when compared
with the hypoxia group, LATS2 knockdown could reverse the impacts of
melittin (Fig. 4B and C). Additionally, the protein levels of GLUT1,
LDHA, HK2 and VEGF in tumor tissues declined with melittin treatment
compared with the hypoxia group, and the levels of these proteins were
remarkably increased in the hypoxia+melittin+si-LATS2 group com-
pared to that in the hypoxia+melittin group (Fig. 4D). These data testi-
fied that melittin inhibited hypoxia-induced tumor growth, glycolysis
and angiogenesis by up-regulation of LATS2 in vivo.

Discussion

NSCLC is the major type of lung cancer. Hypoxia commonly exists in
tumors, and cancer cells can survive and even proliferate in a hypoxic
environment. Researchers reported that hypoxia in NSCLC is an impor-
tant factor in survival and proliferation.21 These results were also con-
Fig. 4. LATS2 knockdown mediated the effects of melittin in vivo. (A) Tumor vol
the excised tumors at the endpoint. (D) The levels of GLUT1, LDHA, HK2 and VEGF in
moxia group, &&& p < 0.001 compared with hypoxia group and *** p < 0.001 compar
pared with the indicated group.
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firmed in this paper. It was found in qRT-PCR, western blot, tubule
formation assays and 2-NBDG uptake assay that the hypoxia environ-
ment promoted the proliferation, glycolysis and angiogenesis of NSCLC
cell lines. What’s more, the activation of the Hippo signaling pathway
has been confirmed to be involved in the inhibitory roles of melittin on
hypoxia-induced cell proliferation, glycolysis and angiogenesis.

Hippo is an evolutionarily conserved pathway in normal cells. The
abnormal regulation of the Hippo signaling pathway can lead to the
occurrence of tumors. As an important signaling kinase of the Hippo
pathway, LATS2 enhanced the phosphorylation of YAP, which resulted
in the inactivation of YAP downstream signaling by inhibiting the trans-
location of YAP into the nucleus.22,23 However, once the Hippo pathway
is inactivated, YAP will transfer into the nucleus and interact with the
Transcriptional Enhancer Associate Domain (TEAD). The YAP-TEAD
complex will drive the expression of target genes, thus promoting cell
proliferation, EMT and promoting the development of tumors.24,25 In
addition, the hypoxia environment can inactivate the Hippo signaling
pathway in hepatoma cells, promote the translocation of YAP and bind
to HIF-1α in the nucleus, and maintain the stability of HIF-1α protein to
accelerate glycolysis.20 In this study, the hypoxia-induced elevated YAP
and HIF-1α were reversed by melittin. What’s more, melittin suppressed
hypoxia-induced A549 and H1299 cell proliferation, glycolysis and
angiogenesis by blocking the YAP/HIF-1α pathway. Moreover, melittin
suppressed hypoxia-induced tumor growth in vivo. Mammalian LATS
kinases were initially identified as putative tumor suppressors in a Dro-
sophila screen for regulators of organ size.26,27 Subsequently, studies
revealed that LATS2 is a tumor suppressor gene that controls cell prolif-
ume was calculated every 7 days. (B) Photograph and (C) the average weights of
tumor tissues were detected by western blot. ### p < 0.001 compared with nor-
ed with hypoxia+melittin+si-NC group; *** p < 0.001; ns, no significance com-
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eration, cell death, and cell migration.28,29 In this paper, we found that
melittin decreased cell proliferation, glycolysis and angiogenesis via up-
regulation of LATS2, which promoted the effects of melittin on NCSLC.
It was also worth noting that LATS2 knockdown completely blocked the
effect of melittin in vitro and in vivo.

Taken together, melittin protects against hypoxia-induced NSCLC
cell proliferation, glycolysis, and angiogenesis through inactiving YAP/
HIF-1α pathway via up-regulation of LATS2. This discovery provided a
novel theoretical basis for implying that melittin might become a poten-
tial natural agent against NSCLC.
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