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Introduction: Because only a small portion of NSCLC (non-small-cell lung cancer)

patients benefit from molecular targeted therapy or immunotherapy and do not develop

therapeutic resistance, continued research on new targets is warranted. Serotonin has recently

emerged as a growth factor for tumor cells, and its receptors may be potential therapeutic

targets. The mechanism related to the behavior of the 5-HT7 receptor in NSCLC remains

unknown.

Methods: Both gene expression analysis and immunohistochemical analysis were conducted to

evaluate 5-HT7 receptor expression in NSCLC tissues. The correlation between 5-HT7 receptor

expression and clinicopathological features was also examined. Cell proliferation was measured

using a CCK8 (Cell Counting Kit-8) assay and colony formation, migration and invasion were

evaluated by the Transwell assay. siRNA transfection and stimulation with the selective agonist

LP211 were used to identify the involvement of molecules in proliferation, migration and

invasion. Quantitative real-time chain reaction (qRT-PCR) and Western blotting were used to

quantifiymRNA and protein levels, respectively. Pathway inhibitors facilitated the exploration of

possible signaling pathways regulated by the 5-HT7 receptor in migration and invasion.

Results: The 5-HT7 receptor was overexpressed in NSCLC tumor tissues compared with

adjacent normal lung tissues. High 5-HT7 receptor expression levels were correlated with

lymph node metastasis (P=0.007) and advanced TNM stage (P=0.000) in NSCLC patients.

The 5-HT7 receptor positively regulated cell proliferation, migration and invasion in NSCLC

cells. The stimulatory effect of the 5-HT7 receptor on A549 cell migration and invasion may

occur through the P38 pathway. In H1299 cells, the 5-HT7 receptor might positively regulate

Src to promote cell migration and invasion.

Conclusion: Our findings suggest that the 5-HT7 receptor, which mediates NSCLC pro-

gression, may be a potential therapeutic target.
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Introduction
The GLOBOCAN (Global Cancer Observatory http://gco.iarc.fr/) 2018 estimates of

cancer incidence and mortality produced by the International Agency for Research

on Cancer across 20 world regions showed that lung cancer was the most com-

monly diagnosed cancer (11.6% of the total cases) and the leading cause of cancer-

related death (18.4% of the total cancer-related deaths) in both sexes combined.1

A large proportion of lung cancer patients have a group of histological subtypes

collectively known as NSCLC (non-small-cell lung cancer),2 of which lung adeno-

carcinoma (LUAD) and lung squamous cell carcinoma (LUSC) are the most

common subtypes.3 Along with the development of immune-checkpoint inhibitors
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(ICIs) and targeted therapy, NSCLC treatment prospects

have notably progressed.3–6 However, only a small portion

of patients benefit from molecular targeted therapy or

immunotherapy and do not develop therapeutic

resistance.7,8 Therefore, to extend the clinical benefit to

more patients, continued research on new targets or novel

combination therapies is warranted.

The 5-HT7 receptor (HTR7), one of the most recently

identified serotonin receptors, belongs to a family of

G-protein coupled receptors9. Since it was discovered in

1993, there has been extensive research into its role in the

central nervous system.10 In addition to its well-

established role in cognition,11 circadian rhythms12 and

depression,13 its involvement in various cancers has also

been reported.14–18 Although the 5-HT7 receptor has been

implicated in many lung-associated pathologic processes

in rats19,20 and guinea-pigs,21,22 research on the 5-HT7

receptor in human lungs is limited.23

In our study, an exploration of mRNA expression using

bioinformatics analysis and the results of immunohisto-

chemistry analysis both showed higher 5-HT7 receptor

expression levels in the tumor tissues of NSCLC than in

adjacent normal tissues, which indicates that the 5-HT7

receptor may play a role in the progression of NSCLC.

Materials and Methods
NSCLC Tissue Specimens
Formalin-fixed, paraffin-embedded lung tissue sections

(tumor with or without paired adjacent normal tissue)

were collected from NSCLC (mainly LUSC and LUAD)

patients who underwent thoracic surgery at Tongji

Hospital between January 2016 and June 2019. No

patients had a history of pulmonary fibrosis, chronic

obstructive pulmonary disease, or any other severe pul-

monary disease, and all enrolled patients provided written

informed consent. Approvals were obtained from the

ethics committee of Tongji Hospital, Tongji Medical

College, Huazhong University of Science and Technology.

Cell Culture
The NSCLC cell line A549 was obtained from Genechem

(Shanghai, China), and H1299 cells were obtained from

the Institute of Biochemistry and Cell Biology of the

Chinese Academy of Sciences (Shanghai, China). These

cell lines were cultured in Roswell Park Memorial

Institute-1640 medium supplemented with 10% fetal

bovine serum (FBS) in a humidified atmosphere with 5%

CO2 at 37°C.

Reagents
Antibodies against the 5-HT7 receptor (5-hydroxytrypta-

mine receptor 7), MMP9 (matrix metallopeptidase 9),

PCNA (proliferating cell nuclear antigen), and survivin

(baculoviral IAP repeat-containing protein 5) were pur-

chased from Proteintech Group, Inc. (Wuhan, Hubei,

China), while phospho-p44/42 MAPK (Erk1/2) (Thr202/

Tyr204), p44/42 MAPK (Erk1/2), phospho-SAPK/JNK

(Thr183/Tyr185), SAPK/JNK, phospho-p38 MAPK

(Thr180/Tyr182), p38 MAPK, phospho-Akt (Ser473),

Akt (pan), phospho-Src (Ser17), and Src antibodies were

purchased from Cell Signaling Technology Inc. (Beverly,

MA, USA), and the β-actin antibody was obtained from

Sungene Biotech Co, Ltd (Tianjin, China). LP211 was

purchased from MedChemExpress LLC (Monmouth

Junction, NJ, USA). BMS582949, MK2206, SP600125

and AZD0530 were obtained from Selleck Chemicals

LLC (Houston, TX, USA).

UCSC Xena
Gene profiles (gene expression RNAseq Illumina HiSeq,

log2 (x+1)-transformed RSEM-normalized data) of the 5-

HT7 receptor in tumors and correlating adjacent normal

lung tissues from male smokers in the LUSC (TCGA lung

squamous cell carcinoma, n=28) and LUAD (TCGA lung

adenocarcinoma, n=11) datasets were retrieved from the

UCSC Xena browser (https://genome-cancer.ucsc.edu/).

Additionally, we obtained 5-HT7 receptor expression data

for tumors in male smokers with NSCLC of different

pathological stages.

TCGA
The mRNA expression (raw read counts), clinical, meta- and

manifest data of the aforementioned paired tissues were

downloaded from The Cancer Genome Atlas (TCGA http://

cancergenome.nih.gov/) using the Genomic Data Commons

Data Portal (GDCData Portal https://portal.gdc.cancer.gov/).

Then, mRNA expression data were converted using the

R language (http://www.r-project.org/) and Perl software

(http://www.cpan.org). Replicate within-array probes were

replaced with the average, genes with very low counts were

filtered out, and differentially expressed genes were identi-

fied by the R package “edgeR” in Bioconductor (http://www.

bioconductor.org/). A false discovery rate (FDR) of 0.05 and

a log-fold change of 2 were considered as cutoffs for
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a significant difference. Volcano plots and heat maps were

generated by using the “gplot” package and the “TBtools”

software. GO (Gene Ontology) enrichment and KEGG

(Kyoto Encyclopedia of Genes and Genomes) pathway ana-

lyses were performed with the packages “clusterProfiler”,

“enrichplot” and “org.Hs.eg.db”.

Immunohistochemistry (IHC)
Formalin-fixed, paraffin-embedded lung tissue sections (4

μm thick) were deparaffinized and then rehydrated.

Antigen retrieval was performed at 100°C using citrate

buffer (pH 6.0). Then sections were incubated in 3%

H2O2 for 20 min to inactivate endogenous peroxidase.

The sections were then blocked in 10% bovine serum

albumin (BSA) for 20 min, and then incubated with pri-

mary antibody overnight at 4°C. After washing, the sam-

ples were incubated with HRP-conjugated secondary

antibody. Then, subsequent detection step was conducted

using 3,3ʹ-diaminobenzidine (DAB) substrate. Finally, the

sections were stained with hematoxylin, dehydrated and

placed with coverslips.

Transfection
Small interfering RNA (siRNA) targeting the 5-HT7

receptor and nontargeting negative control siRNA

(siNC) were synthesized by RiboBio (Guangzhou,

China). Lipofectamine 3000 Reagent (Invitrogen, USA)

was used to enhance cellular uptake. The media was

changed to remove the Lipofectamine 3000 after 6

h. Then, the cells were harvested for RNA isolation or

protein extraction at an appropriate time after transfec-

tion. After 48 h, the transfected cells were collected for

further experiments. The siRNA sequence was as fol-

lows: CTCTACCGCAGTGGCATTT.

Real-Time PCR
Total cellular RNAwas isolated using the RNAiso Plus Kit

(Takara, Dalian, China) according to the manufacturer’s

instructions. Then, cDNA was synthesized using

PrimeScript™ RT Master Mix (Takara, Dalian, China)

and was amplified by TB Green® Premix Ex Taq™

(Takara, Dalian, China) in an ABI PRISM Fast 7500

sequence detection system (Applied Biosystems, Foster,

CA). The level of gene expression was determined by

the ΔΔCt method. The primers used were as follows:

β-Actin: F-5ʹ-AGAAAATCTGGCACCACACCT-3ʹ,

R-5ʹ-GATAGCACAGCCTGGATAGCA-3ʹ;

5-HT7 receptor: F-5ʹ-ACTCTACCGCAGTGGCATTT

-3ʹ, R-5ʹ-TGTGTTTGGCAGCACTCTTC-3ʹ.

Western Blotting
Cellular protein was extracted using phenylmethylsulfonyl

assay (RIPA) lysis buffer with phenylmethylsulfonyl

fluoride, cocktail, and phosphorylation protease inhibitor

and centrifuged at 4°C to extract the supernatant. The

protein concentration was determined by BCA assay.

Before loading for SDS-polyacrylamide gel electrophor-

esis (SDS-PAGE), the protein homogenates were added

with loading buffer and boiled for 10 min. Then, proteins

were transferred to microporous polyvinylidene difluoride

(PVDF) membranes (Roche Diagnostics, Mannheim,

Germany) using a Bio-Rad blotting system. After block-

ing with 5% skim milk in Tris-buffered saline-Tween 20

(TBST) for 1 h at room temperature, the membranes were

incubated with the appropriate dilution of primary antibo-

dies overnight, followed by incubation with secondary

antibodies for 1 h. The western ECL substrate (Bio-Rad,

California, USA) and the ChemiDocTM-XRS+imaging

system (Bio-Rad, California, USA) were used to visualize

the bands.

Cell Proliferation Assay
The role of the 5-HT7 receptor in NSCLC cell proliferation

was demonstrated by CCK-8 assay. After transfection with

siRNA, A549 or H1299 cells were routinely trypsinized,

and the cell count was determined. A549 cells were seeded

in 96-well plates with an average of 3500 cells per well,

and H1299 cells were plated at a density of 3000 cells per

well. Each experimental group had six replicate wells.

Then, 10 μL CCK8 (Cell Counting Kit-8, Dojindo,

Japan) reagent was added into the wells and incubated

for 30 min at the indicated times. The absorbance at 450

nm was determined by an ELx800 Universal Microplate

Reader (Bio-Tek Instruments, Inc., Winooski, VT).

Colony Formation Assay
Transfected cells were seeded into 6-well plates at an

average of 400 cells per well for A549 cells and 300

cells per well for H1299 cells. The same density of cells

was plated in 6-well plates incubated with or without the

indicated concentration of LP211. Visible cell clusters

took at least 8 days to form. Following fixation with 4%

paraformaldehyde for 20 min, the cells were stained with

0.1% crystal violet for 30 min, and then the colonies were

photographed and counted.
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Migration and Invasion Assay
The migration and invasion capacities of A549 and H1299

cells were assayed using 24-well plates. In the migration

assay, 200 μL serum-free cell suspension was added into

the upper chamber, and 600 μL medium containing 10%

FBS was placed into the lower chamber. In the invasion

assay, the upper chambers were first coated with Matrigel

(BD Bioscience, MA, USA) at a dilution of 1/8 in serum-

free medium for at least 1 h in a 37°C incubator, and the

cell suspension volume in the upper chamber was 100 μL.
Once the cells migrated into the lower chamber, the

migrated or invaded cells on the lower side of the insert

membrane were fixed with 4% paraformaldehyde and

stained with crystal violet, while cells on the upper layer

of the chamber were removed with cotton swabs.

Statistical Analysis
All data are presented as the means ± standard deviation.

The significance of differences between two groups was

assessed by Student’s t-test or the χ2 test. The significance

of differences between multiple groups was assessed by

one-way analysis of variance. All statistical analyses were

performed using R3.5.1 (http://www.r-project.org/) and

SPSS 21.0 software (Chicago, IL, USA) and GraphPad

Prism 7.0 (GraphPad Software Inc, San Diego, CA,

USA). P<0.05 was considered statistically significant.

Results
5-HT7 Receptor Is Overexpressed in

NSCLC Tumor Tissues Compared with

Matched Adjacent Normal Lung Tissues
Demographic data and gene profiles (gene expression

RNAseq Illumina HiSeq, log2 (x+1)-transformed RSEM-

normalized data) of NSCLC lung tissues from TCGAwere

downloaded from the UCSC Xena browser. Data from

male smokers were explored. The mRNA expression of

the 5-HT7 receptor in 28 paired tumor and adjacent normal

lung tissues from the LUSC (TCGA lung squamous cell

carcinoma, SCC) datasets, 11 paired tumor and correlating

normal lung tissues from LUAD(TCGA lung adenocarci-

noma, ADC) datasets, samples from 309 LUSC patients

with different pathological stages, and samples from 166

LUAD patients with different pathological stages were

included in the analysis. We found that tumor tissues

expressed 5-HT7 receptor mRNA at a higher level than

normal tissues (Figure 1A). In addition the mRNA expres-

sion of the 5-HT7 receptor in SCC patients tended to be

increased in stage IV, while the data of ADC patients did

not show the same trend (Figure 1B).

To verify the higher expression of 5-HT7 receptors in

NSCLC tumors in male smokers, we stained 6 paired lung

tissues for the 5-HT7 receptor using immunohistochemistry

(Figure 1C). The expression of 5-HT7 receptor in tumor

tissues was higher than that in the paired normal lung

tissues. To avoid bias in smoking history and sex, we also

stained paired lung tissues of male nonsmokers and female

nonsmokers (Figure S1). The same results were obtained.

Further evaluation of the correlations between 5-HT7

receptor expression and clinicopathological features in

patients with NSCLC was also conducted using immuno-

histochemistry, and the expression levels of 5-HT7 recep-

tor in tumor tissues were presented as average optical

density (AOD) values. In total, 51 patients were divided

into low and high expression groups according to the

median expression value. As shown in Table 1, higher 5-

HT7 receptor expression levels were correlated with lymph

node metastasis (P=0.007) and advanced TNM stage

(P=0.000) in NSCLC patients. However, 5-HT7 receptor

expression levels were not associated with age, sex, smok-

ing status or tumor size. Taken together, our data suggest

that the 5-HT7 receptor may be involved in the progression

of NSCLC.

Exploring Gene Expression Profiles of the

Aforementioned Paired Samples Using

the TCGA Database
The raw read count data of the aforementioned paired

tissues from The Cancer Genome Atlas (TCGA) were

explored. Genes that met the criteria of an FDR<0.05

and a log-fold change of greater than or equal to 2 were

considered to be significantly differentially expressed

genes (DEGs). After the management of replicate probes

and specifically low expression level probes, we

obtained 3540 differentially expressed genes from the

SCC data, among which 1681 genes were upregulated

and 1859 genes were downregulated in tumors. The 5-

HT7 receptor gene was one of the significantly elevated

genes. Regarding the ADC data, we obtained 1642

DEGs, which contained 747 genes with elevated expres-

sion and 895 genes with reduced expression in tumors.

Although 5-HT7 receptor expression was not markedly

increased in ADC tumor samples, we found a log-fold

change of 0.7345 when we reviewed the primary data,

which means 5-HT7 receptor expression still showed an
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increasing trend. The above results were visualized using

volcano plots (Figure 2A). Both the top 50 elevated

DEGs and top 50 downregulated DEGs were represented

via heatmaps (Figure 2B).

To further understand the role of the 5-HT7 receptor

gene in these DEGs, we investigated the GO enrichment in

three categories, biological process (BP), cellular compo-

nent (CC), and molecular function (MF), based on the

DEGs. A substantial proportion of SCC DEGs were

enriched in the “biological process” term “G-protein-

coupled peptide receptor” (Figure 2C), while a significant

number of ADC DEGs were enriched in the “cellular

component” term “G-protein-coupled peptide receptor”

(Figure 2C). Obviously, the 5-HT7 receptor belongs to

the GPCR (G-protein-coupled peptide receptor) super

family9. In addition, the KEGG pathway database was

employed to detect biological pathway enrichment. The

majority of the DEGs were enriched in the “neuroactive

ligand-receptor interaction” pathway. (Figure 2D) The 5-

HT7 receptor can serve as a neurotransmitter receptor,24

which has been reported in many studies.

Overall, we found a functional significance of the 5-

HT7 receptor gene in the differences between NSCLC

from normal samples, and it is worth exploring the effect

of the 5-HT7 receptor gene in NSCLC progression.

5-HT7 Receptor Downregulation Can

Suppress NSCLC Cell Proliferation,

Decrease Colony Formation and Inhibit

Cell Migration and Invasion
To identify the role of the 5-HT7 receptor in NSCLC

progression, we used small interfering RNA to knockdown

the gene expression of 5-HT7 receptor in two NSCLC cell

lines: A549 and H1299. The knockdown efficiency was

shown via determination of mRNA levels (Figure 3A) and

protein levels (Figure 4A and D).

We conducted CCK-8 and colony formation assays to

assess the effect of 5-HT7 receptor depletion on cell pro-

liferation. As shown, 5-HT7 receptor knockdown notably

reduced the colony formation of the two NSCLC cell lines

(Figure 3B) and decreased the rate of NSCLC cell prolif-

eration (Figure 3C). We detected the effects of 5-HT7
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Figure 1 The 5-HT7 receptor is overexpressed in NSCLC tumor tissues compared with corresponding adjacent normal lung tissues. (A) The mRNA expression(RSEM

data) of the 5-HT7 receptor was higher in tumors than in the corresponding normal tissues. (B) The mRNA expression(RSEM data) of the 5-HT7 receptor in tumor tissues
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receptor knockdown on migration and invasion by the

Transwell assay. We observed a decreased number of

cells on the lower side of the upper chamber in transfected

A549 and H1299 cells (Figure 3D and E).

Changes Downstream After 5-HT7

Receptor Knockdown in NSCLC Cells
To confirm the effect of 5-HT7 receptor depletion on cell

proliferation, we chose to examine PCNA and survivin,

which are oncogenes associated with proliferation.

Knockdown of the 5-HT7 receptor caused decreased

PCNA and survivin expression compared with that seen

in NSCLC cells treated with the nontargeting negative

control (Figure 4A, B, D, E). There was a significant

downregulation of the expression of MMP9 (matrix metal-

loproteinase-9), a positive regulator of cancer cell metas-

tasis, in 5-HT7 receptor knockdown A549 and H1299 cells

(Figure 4A, B, D, E).

We next investigated the signaling molecules down-

stream of the 5-HT7 receptor involved in the aforemen-

tioned phenotypes. We examined the mTOR, Akt, Src and

MAPK family signaling pathways and discovered that the

phosphorylation of Akt, Src and P38 was notably inhibited

in A549 cells (Figure 4A and C) after transfection, but the

phosphorylation of mTOR, JNK, and ERK was not inhib-

ited. In H1299 cells, we detected that 5-HT7 receptor

deficiency markedly suppressed the phosphorylation of

JNK and Src (Figure 4D and F), but it did not suppress

the phosphorylation of mTOR, Akt, ERK and P38.

LP211, an Agonist of the 5-HT7 Receptor,

Stimulates NSCLC Cell Colony

Formation, Migration and Invasion
LP211, a selective agonist of the 5-HT7 receptor,

25–28 was

employed to activate 5-HT7 receptor downstream signal-

ing in NSCLC cells. After a 2 h incubation with LP211, at

concentrations that varied from 10 nM to 100 nM, A549

cells were harvested to detect the phosphorylation of Akt,

Src and P38 signaling pathway proteins. We observed

activation of only the Akt and P38 signaling pathways,

and the activation was not evident when the concentration

of LP211 reached 100 nM (Figure 5A). Further validation

was displayed using colony formation assays. Two

NSCLC cell lines were cultured with different concentra-

tions of LP211 until visible cell clusters formed (8 days).

The 10 nM concentration of LP211 enhanced in the for-

mation of colonies compared with the control in A549 and

H1299 cells (Figure 5B). We used 10 nM LP211 for

subsequent investigation.

After treatment with or without 10 nM LP211, NSCLC

cells were harvested at various times. LP211 stimulation

induced upregulation of MMP9, PCNA and survivin

expression in both NSCLC cell lines, and the highest

levels of MMP9 and survivin were observed at 12 h in

A549 cells (Figure 5C), while the highest expression of

MMP9, PCNA and survivin was observed at 24 h in

H1299 cells (Figure 5D). We also evaluated the phosphor-

ylation state of the signaling pathways described above.

The highest phosphorylation of P38 was obtained at 2 h,

and the highest p-Akt level was observed at 6 h in A549

cells (Figure 5C). As with H1299 cells, p-JNK and p-Src

both reached their maximum levels at 2 h (Figure 5D).

Given these findings, A549 cells were incubated with

10 nM LP211 for 12 h before testing for migration and

invasion, while H1299 cells were treated for 24 h. As

expected, LP211 notably enhanced the migration and inva-

sion capacities of the two NSCLC cell lines (Figure 5E

and F).

Table 1 Association of 5-HT7 Receptor (HTR7) Expression with

Clinicopathologic Characteristics of NSCLC

Characteristics No. of

Patients

Relative

Expression of

HTR7

P-value

Low

(25)

High

(26)

Age(years) 0.069

<60 27 10 17

≥60 24 15 9

Gender 0.886

Male 26 13 13

Female 25 12 13

Tumor size(cm) 0.488

≤3 24 13 11

>3 27 12 15

Smoking status 0.428

No 34 18 16

Yes 17 7 10

Lymph node

metastasis

0.007

Negative 36 22 14

Positive 15 3 12

TNM stage 0.000

I+II 31 22 9

III+IV 20 3 17
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The 5-HT7 Receptor Regulates Cell

Migration and Invasion Through P38 or

Src Signaling
Based on the previous results, NSCLC cells were pre-

treated with various inhibitors and then stimulated with

10 nM LP211, and the cell proteins were extracted. To

explore the pathways involved in MMP9, PCNA and

survivin expression, A549 cells and H1299 cells were

incubated with 10 nM LP211 for 12 h and 24 h, respec-

tively, following pretreatment with the corresponding inhi-

bitors. We found that the P38 inhibitor BMS582949 (5

μM, 2 h) significantly reversed the effect of LP211 on

MMP9 expression, and the Akt inhibitor MK2206 (5

μM, 1 h) suppressed the expression of survivin, in A549

cells (Figure 6A). We also validated that the Src inhibitor

AZD0530 (8 μM, 3 h) could attenuate the effcts of LP211

on MMP9, PCNA and survivin in H1299 cells, and the

JNK inhibitor SP600125 (40 μM, 1 h) partly reversed the

effect of LP211 on survivin expression. (Figure 6B).

Then we conducted Transwell assays and obtained the

same results. LP211-induced migration (Figure 6C) and

invasion (Figure 6D) were significantly suppressed by

BMS582949 in A549 cells. In H1299 cells, the enhanced

migration (Figure 6C) and invasion (Figure 6D) were

reversed by AZD0530.

Discussion
Although serotonin receptors and serotonin synthesis path-

ways are considered potential chemotherapeutic targets for

the treatment of several cancers,29 studies investigating the

5-HT7 receptor in cancer are scarce. Human glioblastoma

cell lines express functional 5-HT7 receptors,30 and treat-

ment with a 5-HT7 receptor agonist increased resistance to

apoptosis and mitosis via the ERK1/2 signaling pathway in

glioblastomas.15 When small intestinal (SI) neuroendo-

crine neoplasms (NENs) metastasize to the liver, hepato-

cytes respond to elevated 5-HT levels produced by specific

SI NENs with increased secretion of IGF-1 via the 5-HT7

receptor/Akt pathway, and the paracrine production of

IGF-1, in turn, supports tumor cell proliferation.16 In tri-

ple-negative breast cancer (TNBC), the autocrine effects

of 5-HT on MDA-MB-231 cell proliferation and invasion

were mediated through the 5-HT7 receptor.
17,18

A B C

D E

Figure 3 Effects of 5-HT7 receptor (HTR7) downregulation on NSCLC cell proliferation, colony formation, migration and invasion. (A) The mRNA levels of the 5-HT7

receptor in NSCLC cell lines showed the knockdown efficiency. (B) Effect of 5-HT7 receptor knockdown on colony formation of NSCLC cells. (C) Knockdown of the 5-

HT7 receptor substantially reduced the rate of NSCLC cell proliferation. Knockdown of the 5-HT7 receptor significantly reduced migration (D) and invasion (E) in both

A549 and H1299 cells. The scale bar represents 100μm. *P value<0.05, #P value<0.01.
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Considering the markedly high expression of 5-HT7

receptors in the lung tissues of NSCLC patients, the 5-

HT7 receptor functional significance in GO term enrich-

ment and KEGG pathway enrichment analyses of the

DEGs, and the lack of investigation of 5-HT7 receptors

in NSCLC, we carried out this study.

The present study showed that proliferation, migra-

tion and invasion were inhibited in both A549 cells and

H1299 cells when the 5-HT7 receptor expression was

downregulated. This was accompanied by a significant

decrease in the expression of PCNA, survivin and

MMP9 in two NSCLC cell lines. To further confirm

this phenomenon, we identified that the highly selective

agonist LP211 promoted proliferation, migration and

invasion in both A549 cells and H1299 cells and also

induced upregulation of the aforementioned proteins.

The results also illustrated that the 5-HT7 receptor

might be an upstream regulator of P38 and Akt and

mediates proliferation or metastasis in A549 cells by

activating these pathways. In H1299 cells, the pathways

that might be regulated by the 5-HT7 receptor to influ-

ence proliferation and metastasis were the JNK and Src

signaling pathways.

The loss of growth regulation in cancer is characterized

by proliferation and subsequent invasion. These two phe-

notypes are mutually incompatible and can be achieved

when subclones of phenotypes coexist in one tumor.31–33

This view indicates that the downstream signaling path-

ways of these disparate phenotypes may be quite different

and appear to act independently. This likely accounts for

the results that the 5-HT7 receptor might regulate the P38

pathway to influence A549 cell migration and invasion,

but might be through the Akt pathway to impact the

expression of survivin to mediate cell proliferation. In

addition, in H1299 cells, the Src signaling pathway

might be involved in the 5-HT7 receptor-mediated regula-

tion of proliferation, migration and invasion, while the

JNK pathway might also contribute to the modulation of

survivin expression.

We also observed the different downstream targets in

A549 and H1299 cells. Similar discrepancies in cell lines

have been reported in several previous studies. There

might exist one target signaling pathway involved in

both NSCLC cell lines that was not discussed in our

study,34 which would need future investigation. The dif-

ferent levels of endogenous activation of specific signaling

BA C

FED

Figure 4 Downstream changes after 5-HT7 receptor (HTR7) knockdown in NSCLC cells. (A) The WB results showed that knockdown of the 5-HT7 receptor caused

a reduction in MMP9, PCNA and survivin expression in A549 cells. The phosphorylation of Akt, Src and P38 was notably inhibited in transfected A549 cells. (B) The bar

graph represents the protein expression levels of the 5-HT7 receptor (HTR7), proliferation-related proteins (PCNA and survivin), and proteins correlating with migration or

invasion (MMP9) in transfected A549 cells. (C) The bar graph shows the phosphorylation levels of downstream pathways in transfected A549 cells. (D) The WB results

showed that knockdown of the 5-HT7 receptor caused downregulation of PCNA, survivin and MMP9 expression in H1299 cells. 5-HT7 receptor deficiency markedly

suppressed the phosphorylation of JNK and Src in H1299 cells. (E) The bar graph represents the protein expression levels of 5-HT7 receptor, MMP9, PCNA, survivin in

transfected H1299 cells. (F) The bar graph shows the phosphorylation levels of downstream pathways in transfected H1299 cells. *P value<0.05, #P value<0.01.
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pathways35 or the innate difference between cell lines35,36

might also account for the discrepancy, and further

exploration is needed.

For most GPCRs, acute exposure to high agonist con-

centrations may contribute to immediate desensitization

via phosphorylation.37,38 Furthermore, prolonged stimula-

tion with GPCR agonists may produce suppressive

effects.39,40 After a 2 h incubation with LP211, changes

in signaling activation appeared when the concentration of

LP211 reached 100 nM in A549 cells. In the results of the

colony formation assays, we demonstrated that the effects

of LP211 were not concentration-dependent. These

findings may be explained by the previously described

unique characteristics of GPCRs. Therefore, we chose 10

nM LP211 for further investigations.

Conclusion
In the current study, for the first time, we investigated the

effects of overexpression of the 5-HT7 receptor in NSCLC

lung tissues and explored the role of the 5-HT7 receptor in

NSCLC progression. Additionally, we demonstrated that

the 5-HT7 receptor mediated cell proliferation, migration

and invasion in NSCLC cells. We also conducted

a preliminary investigation of pathways that might be

Figure 5 LP211, an agonist of the 5-HT7 receptor, stimulates NSCLC cell colony formation, migration and invasion. (A) A549 cells were pretreated with different

concentrations of LP211 for 2 h, and the expression of p-Akt, Akt, p-P38 and P38 was determined by Western blotting. (B) A549 cells and H1299 cells were incubated with

LP211 at concentrations that varied from 10 nM to 100 nM. Then, colony formation capacity was measured. (C) A549 cells were treated with LP211 (10 nM) and harvested

at various times. The expression of MMP9, PCNA, survivin, p-Akt, Akt, p-P38 and P38 was analyzed by Western blotting. (D) H1299 cells were incubated with LP211 (10

nM) and harvested at various times. The expression of MMP9, PCNA, survivin, p-Src, Src, p-JNK and JNK was investigated by Western blotting. A549 and H1299 cells were

treated with LP211 (10 nM) for a period that would result in the highest levels of MMP9 (12 h and 24 h, respectively). Then, migration (E) and invasion (F) were tested by

Transwell assays. The scale bar represents 100 μm. *P value<0.05 VS. Ctr, #P value<0.01 VS. Ctr.
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involved in 5-HT7 receptor-mediated regulation of differ-

ent phenotypes in both A549 cells and H1299 cells. This

work provides insights into the involvement of the 5-HT7

receptor in NSCLC progression and suggests a target for

intervention in NSCLC metastasis. However, whether

a selective antagonist for the 5-HT7 receptor can be used

for NSCLC therapy will require future studies.
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Figure 6 The 5-HT7 receptor regulates MMP9 expression through P38 or Src signaling. (A) A549 cells pretreated with BMS582949 (5 μM, 2 h) or MK2206 (5 μM, 1 h),

were harvested to investigate the expression of MMP9, PCNA, and survivin after incubation with 10 nM LP211 for 12 h. (B) H1299 cells were pretreated with SP600125 (40

μM, 1 h) or AZD0530 (8 μM, 3 h) and harvested to investigate the expression of MMP9, PCNA, survivin after incubation with 10 nM LP211 for 24 h. (C) A549 cells and

H1299 cells were pretreated with inhibitors and then incubated with LP211 (10 nM) for a period that resulted in the highest levels of MMP9 (12 h for A549 cells and 24 h for

H1299 cells); cell migration ability was tested by the Transwell assay. (D) A549 cells and H1299 cells were pretreated with inhibitors, and then incubated with LP211 (10 nM)

for a period that resulted in the highest levels of MMP9 (12 h for A549 cells and 24 h for H1299 cells); cells invasion ability was tested by Transwell assay. The scale bar

represents 100μm. *P value<0.05, #P value<0.01.
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