
© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2023;15(3):1018-1035 | https://dx.doi.org/10.21037/jtd-22-1027

Original Article
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Background: The process of lucubrating into lung adenocarcinoma (LUAD) is of profound clinical and 
practical significance in improving the prognosis of LUAD patients. Multiple biomarkers are reportedly 
involved in the proliferation or metastasis of adenocarcinoma. However, whether the ADCY9 gene influences 
the development of LUAD remains unknown. Therefore, we aimed to elucidate the relationship between the 
expression of ADCY9 and the proliferation and migration of LUAD.
Methods: The ADCY9 gene was filtered via a survival analysis of LUAD acquired from the Gene 
Expression Omnibus (GEO). Then, we conducted a validation analysis and ADCY9-microRNA, microRNA-
lncRNA, and ADCY9-lncRNA targeting relationship analysis through the data obtained from The Cancer 
Genome Atlas (TCGA) dataset. The survival curve, correlation, and prognostic analysis were implemented 
through bioinformatics methods. Both protein and mRNA expression levels of LUAD cell lines and LUAD 
patient samples (80 pairs) were detected using western blot assays and quantitative real-time polymerase 
chain reaction (qRT-PCR). An immunohistochemistry assay was performed to display the correlation 
between the expression level of the ADCY9 gene and prognosis in LUAD patients (2012–2013; n=115). 
Overexpression of cell lines SPCA1 and A549 were used for a series of cell function assays.
Results: Compared with the expression level in adjacent normal tissues, ADCY9 expression was 
downregulated in LUAD tissues. Based on the result of the survival curve analysis, high expression of ADCY9 
may lead to a better prognosis and may be seen as an independent predictor for LUAD patients. High 
expression of ADCY9-related microRNA hsa-miR-7-5p may lead to a worse prognosis, and high expression 
of hsa-miR-7-5p-related lncRNAs may lead to the opposite effects. Overexpression of ADCY9 restrained the 
proliferation, invasion, and migration abilities of SPCA1, A549 cells.
Conclusions: Results indicate that the ADCY9 gene acts as a tumor suppressor to restrain the proliferation, 
migration, and invasion in LUAD and can lead to a better survival or prognosis in LUAD patients.
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Introduction

Based on Global Cancer Statistics 2020, lung cancer still had 
the second highest diagnosed incidence among all cancer 
types and still has the highest cancer-related mortality rate all 
over the world, with an estimated 2 million new cases and 1.8 
million deaths per year (1,2). In multiple pathological types 
of lung cancer cases, non-small cell lung cancer (NSCLC), 
particularly lung adenocarcinoma (LUAD), accounts for 
the largest proportion of pathological types, resulting 
in nearly 1.35 million deaths worldwide each year (3).  
To improve the accuracy of early diagnosis and treatment 
efficacy in LUAD, high-throughput sequencing, enhanced 
CT scans, and biomarker molecular targeted therapy are 
widely used (4). It was reported that TP53 missense but 
not-nonsense mutants are sensitive to immune checkpoint 
inhibitors therapy like nivolumab (antiPD-L1) plus 
ipilimumab (antiCTLA-4) (5). Novel targeted agents, such 
as the covalent KRAS G12C inhibitors, may allow a tailored 
treatment for LUAD patients with KRAS mutations (6).  
Further, evidence from the public database showed that 
distinct combinations of STK11, EGFR, and TP53 
mutations were major determinants of the tumor immune 
profile (TIP) and highly correlated with the immune therapy 
consequences (7). Reports also showed that LaminB1, a 
member of the intermediate filaments supergene family, 
could be a biomarker for a worse prognosis in LUAD (8). 
Further, CTSL2, a lysosomal cysteine protease, is considered 
to be a biomarker of tumor metastasis in LUAD patients (9). 
Even though great progress has been made in developing new 
molecular biomarkers and therapeutic targets, only 15.6% 
of all patients with lung cancer are alive 5 years or more 
after the diagnosis (10). Hence, identifying a new biomarker 
is of great significance to guide clinicians in improving the 

diagnosis and prognosis of LUAD.
ADCY9 is a member of the cyclase gene family located 

on chromosome 16p13.3 (11). ADCY9 is primarily 
expressed in lung, thyroid (12), large-B cell (13), and 24 
kinds of other tissues. As a “membrane-bound” enzyme, 
activation of adenylyl cyclase type 9 hydrolyzes ATP, 
leading to the intracellular production of cyclic AMP (cAMP, 
adenosine-3', 5'-monophosphate), which plays a critical 
role in regulating GPCR signal pathway transduction as a 
second messenger (14). Research validated that the ADCY9 
gene was identified as a potential gene related to the 
development of certain diseases. For instance, stroke (15)  
and malaria (16) were reported to be concerned with 
ADCY9 genetic polymorphisms. Loss of the ADCY9 gene 
is associated with the imbalance in the immune regulatory 
response, leading to immune-mediated diseases, such as 
allergic disorders and asthma (17). Silence of ADCY9 
contributes to the reduction in aortic atherosclerosis in the 
absence of CETP (cholesteryl ester transfer protein) (18,19). 
However, research on the ADCY9 gene in lung cancer is not 
sufficient. Therefore, we aimed to examine the relationship 
between ADCY9, expression level, and clinicopathological 
features in LUAD via Gene Expression Omnibus (GEO), 
The Cancer Genome Atlas (TCGA) lung cancer database, 
and cellular function assays.

In this research, to explore the specific function of ADCY9 
expression, we analyzed the prognostic value in LUAD 
patients. We then estimated its expression level in cell lines 
and detected its biological functions by altering its expression 
in vitro through SPCA1 and A549 cell lines. Our findings may 
be helpful in predicting the prognosis of patients with LUAD 
and in directing clinical chemotherapy and immunotherapy 
in the future, which may contribute to early diagnosis and 
increase the overall survival (OS) of patients with LUAD. We 
present the following article in accordance with the MDAR 
reporting checklist (available at https://jtd.amegroups.com/
article/view/10.21037/jtd-22-1027/rc).

Methods

Acquisition of data sources and preconditioning

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The gene 
expression quantification profile, miRNA expression profile, 
and clinical files of LUAD were obtained from GEO and 
TCGA dataset. ADCY9 gene was selected via the survival 
analysis filter performed on the GEO database GSE42127 
containing 154 LUAD tissues and 23 normal lung tissues 
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and further validated through data acquired from TCGA 
database containing 497 LUAD tissues and 54 normal lung 
tissues. ADCY9-related microRNA-targeted LncRNA was 
downloaded from the ENCORI database (Encyclopedia of 
RNA Interactomes). Samples that lacked clinical data and 
survival data less than or equal to zero were removed from 
this research.

Clinical features and prognostic analysis of ADCY9 in 
LUAD

The survival analysis curve was drafted from data acquired 
from GEO and TCGA databases using the Kaplan-
Meier (K-M) method to compare the survival time with 
the ADCY9 expression level of LUAD patients, along 
with “survival” and “survminer” packages in R. ADCY9 
expression level in different clinical feature groups like age, 
gender, and stage was realized using the “ggpubr” package 
in R software. Receiver operating characteristic (ROC) 
curve analysis is a comprehensive index reflecting the 
continuous variables of sensitivity and specificity; the larger 
the area under the curve, the better the diagnostic accuracy. 
R software packages ‘survival’, ‘survminer’, and ‘timeROC’ 
were used to realize the ROC image (20).

Co-expression analysis of ADCY9 and its related miRNA 
and lncRNA

To further explore the downstream mechanism of ADCY9, 
the Wilcox test and the R software packages “limma”, 
“ggpubr”, “ggextra”, and “reshape2” were adopted to 
find ADCY9 combining miRNAs based on the threshold 
of corFilter =0.2 and P value filter =0.01. The miRNA-
lncRNA and lncRNA-ADCY9 targeting relationship was 
realized through the same packages above based on the 
threshold of corFilter =0.2 and P value filter =0.001. The 
correlation between the immune cell biomarkers level and 
ADCY9 was calculated by R software packages “limma”, 
“ggpubr”, “ggextra”, and “reshaped”. The relationship 
between ADCY9 expression level and immune cells was 
evaluated using the TIMER2.0 database online web tools, 
which were used to analyze the variance in the copy number 
of the ADCY9 gene and the immune cells recruiting level.

Functional enrichment analysis

Gene Ontology (GO), including biological process, molecular 
function, and cell composition combined with the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database, was 
to explore the distribution of genes in specific pathways (21).  
B iocManager  packages  ‘org .Hs .eg .db ’ ,  ‘DOSE’ , 
‘clusterProfiler’, and ‘enrichplot’ were used to carry out GO 
and KEGG analyses, followed by the step of visualization 
through ‘colorspace’, ‘stringi’, and ‘ggplot2’ packages in 
R software. To research the potential biological pathways 
among ADCY9 low-expressed and high-expressed patients in 
the progression of LUAD, multiple gene enrichment analysis 
was carried out through gene set enrichment analysis (GSEA) 
coupled with the ggplot package in R (22).

Univariate and multivariate Cox analysis

According to the data from GEO and TCGA databases, 
univariate and multivariate Cox regression analysis was 
conducted to explore which was the most relevant clinical 
factor in the survival of LUAD patients through the 
“survival” package in R (23,24). Age, gender, stage, T, N, M 
classification, and ADCY9 expression were also contained 
in this model. 

Pan-cancer analysis

Pan-cancer analysis, including alteration frequency and 
expression level in other cancer types along with protein 
expression level of ADCY9 in LUAD and OS of ADCY9 in 
LUAD, were analyzed using the web tools of TIMER and 
the CPTAC database.

Cell culture and in vitro overexpression

The human LUAD cell lines A549, HCC827, and H23 
were purchased from the Shanghai Cell Bank of the Chinese 
Academy of Medical Sciences (CAMS). Normal human 
pulmonary epithelial cell lines BEAS-2B and H1299 were 
purchased from the American Type Culture Collection 
(ATCC, USA). SPCA1 was purchased from Nanjing Keygen 
Biotech Co., Ltd. (KG092, China). Reports suggested 
that SPCA1 cell lines were contaminated by the Hela cell 
line. However, the SPCA1 cell line supplied by Keygen 
Biotech was provided with an STR cell identification 
report that validated that their cell line was free from cross-
contamination with other human cell lines. All the cell lines 
were cultured in the medium, which consisted of RPMI-
1640 (11875093, Gibco, Thermo Fisher, USA), 10% fetal 
bovine serum (10099141C, Gibco), 0.1 mg/mL streptomycin 
(10378016, Gibco) and 100 U/mL penicillin (10378016, 
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Gibco), and was maintained under 37 ℃ at 5% CO2 
atmosphere.

The ADCY9 coding sequence was cloned into pcDNA3.1 
(RIBOBIO, China) to construct the ADCY9 overexpression 
vector, and the empty vector was used as a negative control. 
Lipofectamine3000 Transfection Reagent was purchased 
from (L3000008, Thermo Fisher). The Lipofectamine3000 
kit (L300000, Thermo Fisher) was used to perform 
transfection in accordance with the operating instructions 
in different LUAD cell lines. The transient transfection 
efficiency was tested 48 h later via quantitative real-time 
polymerase chain reaction (qRT-PCR). The SPCA1 and 
A549 cell lines were selected to carry on stable transfection. 
The stably transfected cell lines (SPCA1 and A549) were 
filtered by G418 (1:10,000) and the efficiency of stable 
transfection was evaluated using qRT-PCR and western blot.

RNA extraction and qRT-PCR 

Both cell lines and tissues (80 pairs) were treated with 
Trizol reagent (10296028, Thermo). The process of reverse 
transcription into cDNA was done using the method of 
the RT Reagent kit (18091200, Thermo) according to 
the manufacturer’s protocol. The mRNA expression level 
was estimated using a ChamQ Universal SYBR qPCR 
Master Mix (Vazyme Biotech Co., Ltd., China). GADPH 
was taken as an internal reference. Primers adopted 
are listed below: ADCY-9 forward: 5'-TAAGATGCA
GCAGATCGAAGAAGTCAG-3'; ADCY-9 reverse: 
5'-AGATCGTTCAGGAGACCCACCAG-3'; GAPDH 
forward: 5'-GTCTCCTCTGACTTCAACAGCG-3'  
GAPDH reverse: 5'-ACCACCCTGTTGCTGTAGCCAA-3'.

The procedures of qRT-PCR were 95 ℃ for 5 min, and 
the subsequent step is 40 cycles at 95 ℃ for 15 seconds, 60 
℃ for 30 seconds, and 72 ℃ for 30 seconds. The assay was 
tested 3 times, and the comparative quantification cycle (Cq) 
method (2−ΔΔCq) was used to estimate the relative expression 
level of the ADCY9 gene.

Western blot assays

RIPA lysis buffer (P0013C, Beyotime, China) containing 
1% phosphatase and protease inhibitors (PMSF) was used 
to lyse all the cell lines and the overexpressed SPCA1 and 
A549 cell lines. We applied 10% sodium dodecyl sulfate-
polyacrylamide for the lower gel and 4% sodium dodecyl 
sulfate-polyacrylamide for the upper gel to separate the 
protein samples electrophoresis then transferred this to 

the PVDF membrane (Whatman; Sigma-Aldrich, USA) 
under the current of 300 mA for 150 min. We used 5% 
skimmed milk to block the nitrocellulose membranes for 
2 h at room temperature, followed by the step of specific 
antibody incubation overnight at 4 ℃. The specific 
antibodies immunoblotting with the PVDF membrane 
were anti-ADCY9 (1:1,000, AP50059, Abcepta, USA) and 
anti-GAPDH (1:10,000, 10494-1-AP, Proteintech, USA). 
Afterward, the PVDF membranes were washed in the 
Tris-buffered saline buffer (1XTBST) 3 times for 10 min 
and treated with 1:10,000 horseradish peroxidase (HRP) 
conjugated secondary antibody (1:1,000, SA00004-2, 
Proteintech) for 2 h at room temperature. The subsequent 
step was washing the PVDF membrane 3 times for 5 min, 
and an ECL (Electro-Chemi-Luminescence) kit mixture at 
the proportion of 1:1 was used to visualize the bands on the 
odyssey imaging system. The relative expression quantity of 
proteins was the specific value of the target protein relative 
to the internal reference protein. The experiment was 
carried out 3 times to guarantee the reproducibility of the 
result.

Immunochemistry

Formalin was used to treat tumor tissue sections (4 μm 
thick), followed by bedding the sections in paraffin. 
Xylene anhydrous ethanol was used to remove paraffin 
while catalase was blocked by 3% hydrogen peroxide. The 
sections were incubated with ADCY9 antibodies (1:1,000, 
ab191423, Abcam, UK) for 24 h at 4 ℃, then sections were 
incubated with secondary antibodies (1:1,000, SA00004-
2, Proteintech) for 2 h at 37 ℃. The nuclei were stained 
with hematoxylin (H8070, Solarbio, China) after DAB kit 
(K5007, DAKO, Denmark) staining. Image J was used to 
calculate the integrated density of the DAB staining positive 
area to estimate the expression of ADCY9.

Flow cytometry assays of cell cycle distribution

The cellular cycle experiment was performed according 
to the protocol of the manufacturer’s DNA Content 
Quantitation Assay (Cell Cycle, CA1510, Solarbio). We 
washed the SPCA1 and A549 vector and SPCA1, A549 
overexpressed cell lines with PBS once, collected it and 
centrifuged it at 1,500 rpm for 5 min, then used a cell 
counter to adjust the cell concentration to 1×106/mL,  
and took 1 mL of single-cell line suspension. After the 
single-cell suspension was centrifuged, we removed the 
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supernatant, added 500 μL of 70% pre-cooled ethanol to the 
cells, and fixed it for 2 h to overnight, stored at 4 ℃, before 
washing off the fixative with phosphate buffered saline (PBS) 
before staining. If necessary, the cell suspension was filtered 
once with a cell sieve. A total of 100 µL of RNaseA solution 
was added to the cell precipitation, which resuspended the 
cells. Then, this solution was bathed in water at 37 ℃ for 
30 min. We added 400 µL of propidium iodide (PI) staining 
solution and mixed well, incubated the solution at 4 ℃ for  
30 min in the dark, tested the flow cytometer, and recorded 
the red fluorescence at the excitation wavelength of 488 
nm. The experiment was carried out 3 times to ensure the 
reproducibility of the result.

Flow cytometry of cellular apoptosis

Cellular apoptosis assay was performed in accordance 
with the protocol of the manufacturer’s Annexin V-FITC 
Apoptosis Detection Kit (Cell Apoptosis, CA1020-50T, 
Solarbio). The SPCA1 and A549 vector and SPCA1, A549 
overexpression cell lines were collected and then centrifuged 
at approximately 1,000 rpm for 5 min to precipitate the cells. 
After removing the supernatant, we added 50 μL of culture 
medium to avoid aspiration of cells. About 1 mL of 4 ℃ 
pre-cooled PBS was added, resuspending the cells, then the 
solution was centrifuged again to precipitate the cells and 
remove the supernatant. The binding buffer was diluted to a 
1:9 ratio with deionized water (2 mL 10× binding buffer + 18 
mL deionized water), then the cells were resuspended with 
1× binding buffer, and the concentration was adjusted to 
1–5×106/mL. Before adding 5 μL Annexin V/FITC, 100 μL 
cell suspension was taken into a 5 mL flow tube, followed by 
the step of mixing well and incubating at room temperature 
for 5 min in the dark, adding 5 μL PI solution and 400 μL 
PBS, performed on the flow cytometry or fluorescence 
microscopy immediately and performed 3 times to makes 
sure the repeatability of an experimental outcome.

Measurements of cell proliferation assays

The SPCA1, A549 and SPCA1, A549 overexpression cell 
lines were digested by trypsin (25200072, Thermo Fisher), 
followed by suspending the cell lines. Both the SPCA1, A549 
cell line and the SPCA1, A549 overexpression cell lines were 
seeded in 96-well cell plates at the density of 2000 each well 
and separately cultivated for 30 wells, with 6 wells a line 
and 5 rows in total. After culturing for 24 h, each row was 
treated with 10 μL CCK-8 reagent and maintained at 37 ℃ 

for another 2 h. Under the absorption light of 450 nm, the 
optical density (OD) value was recorded by the microplate 
reader. The same procedures were repeated for 6 days. We 
repeated the same procedure 3 times.

Monoclonal formation assays

Trypsin (25200072, Thermo Fisher) was used to digest 
the SPCA1, A549 and SPCA1, A549 overexpression cells 
to prepare for the resuspension. After calculated by the 
cell counter, at the density of 500 cells per well, cell lines 
were cultivated into the six-well plated and each well was 
developed by 1.5 mL medium which is made up of 10% 
bovine serum and 90% RPMI1640 (11875093, Gibco, 
Thermo Fisher) at 37 ℃ with 5% CO2 for 2 weeks. The 
process was not terminated until the colony of cell lines 
could be visualized. The next step was immobilizing the 
cells with 4% paraformaldehyde for 24 h, followed by 
staining with 0.1% crystal violet for 30 min. The assay 
was repeated 3 times before calculating the number of cell 
groups by ImageJ.

Transwell chamber assays of cell migration and invasion 

The SPCA1, A549 and SPCA1, A549 overexpression cell 
lines were harvested via trypsin (25200072, Thermo Fisher) 
and resuspended. Cells were added into the upper chamber 
at the density of 5×105 per chamber. Thereafter, the medium 
RPMI1640 was added into the upper chamber at the volume 
of 500 μL, while 20% bovine serum medium was added 
into the lower chamber at the same volume. Both cell lines 
migrated or invaded for 48 h. After transfection for 48 h, 
the remaining cells in the upper chamber were wiped off by 
cotton swabs. Thereafter, the cells on the bottom chambers 
were immobilized with 4% paraformaldehyde for 2 h and 
stained with 0.4% crystal violet for 30 min. The assay was 
repeated 3 times, and the number of the transfected cells was 
visually observed in 9 random areas under the bright field of 
a microscope and estimated via image J.

Statistical analysis

Two group comparisons were carried out via Welch’s t-test. 
The K-M survival curve was generated by median gene 
separation or a combination of gene expression (patients 
with ADCY9 and ADCY9 expression in the top 50% and 
ADCY9 and ADCY9 expression in the lowest 50%) and 
OS time was used to generate a K-M survival curve for 
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survival comparison. Correlation assessment was generated 
by Pearson’s correlation test and the Wilcox test. P values 
<0.05 were considered statistically significant.

Results

Correlation of ADCY9 expression level and prognosis in 
LUAD patients

To explore whether the expression of ADCY9 is linked with 
the OS of LUAD patients, first, we used bioinformatics 
approaches to analyze the survival of LUAD patients 
from the GEO and TCGA dataset. The median ADCY9 

expression level was adopted as the value to classify the 
patients into the ADCY9 high expression group and the 
ADCY9 low expression group. Then, we conducted the 
K-M method to compare the OS of the 2 groups. As shown 
in Figure 1A (P<0.001) and Figure 1B (P=0.017), among 
the 2 groups, the OS was significantly higher in the group 
in which ADCY9 was more highly expressed and the pan-
cancer analysis of ADCY9 expression was displayed in 
Figure 1C (LUAD = 515; Normal = 59). The survival curve 
of ADCY9 in other types of cancers such as renal clear cell 
carcinoma (RCCC), lung squamous cell carcinoma (LUSC), 
bladder cancer (BCA) and brain lower grade glioma (LGG) 
were exhibited in Figure 1D and alteration of frequency was 

Figure 1 A Kaplan-Meier curve for overall survival in LUAD from GEO database (A) and TCGA database (B). Survival curve of ADCY9 
in RCCC, LUSC, BCA and brain LGG (D). Mutations of ADCY9 in different human cancer types from the cBioportal web tools and pan-
cancer expression levels of ADCY9 in tumors between adjacent normal tissue from the TIMER database (C,E). **, P<0.01; ***, P<0.001. 
LUAD, lung adenocarcinoma; GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas Genomes; RCCC, renal clear cell 
carcinoma; LUSC, lung squamous cell carcinoma; BCA, bladder cancer; LGG, lower grade glioma; CNA, copy number variation; GO, gene 
ontology; KEGG, Kyoto Encyclopedia of Genes.
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also shown in Figure 1E. Judging from the results of the 
LUAD tissue microarray (LUAD specimens n=115), higher 
expression of ADCY9 may indicate a better prognosis of 
LUAD patients (P=0.033; Figure 2A). However, the OS 
is statistically significant with expression level of ADCY9 
in female group while the male group turns the opposite 
(Figure 2B). Meanwhile, OS is not statistically significant 
with expression level of ADCY9 in terms of age and 
smoking history (Figure 2C,2D). Meanwhile, ADCY9’s 
prognostic value needs to be further explored in LUAD. 
Therefore, univariate and multivariate Cox proportional 
hazards regression were performed to analyze the clinical 
data of LUAD patients from the GEO and TCGA database 
(Figure 3). According to the univariate Cox proportional 
hazards regression, ADCY9 (P<0.01), stage (P<0.01), and 
TMN clinical stage (P<0.05) were identified as prognostic 
factors for OS by univariate analysis. Multivariate analysis 
was also carried out to identify that ADCY9 (P=0.005; 
Figure 3B; P<0.001; Figure 3C) and clinical stage (P=0.006, 
Figure 3B ;  P=0.028, Figure 3C) may be deemed as 
independent prognostic factors for OS in patients with 
LUAD. The ROC curve demonstrates that the ADCY9 
may be a precise factor to predict the prognosis of LUAD 
(Figure 3D). 

Bioinformatics analysis of ADCY9-related genes, miRNAs 
and miRNA-related lncRNAs

Functional enrichment reveals that ADCY9 and its related 
genes were primarily enriched mitotic nuclear division 
and organelle fission pathway (Figure 3A). Correlation 
analysis, circus plot, heatmap diagram and volcano diagram 
exhibits the relevance of ADCY9 and its related genes 
while GSEA reveals the pathway that ADCY9 gene majorly 
enriched in and protein-protein interaction (PPI) network  
(Figure 4). PPI network and regarding mcodes were 
established based on ADCY9 and its related genes (Figure 5).  
Correlation analysis was used to perform PPI network of 
the ADCY9 and its related miRNAs and miRNA-related 
lncRNAs, as shown in Figure 6A, among which miRNA 
hsa-miR-7-5p was validated to have a negative correlation 
with the expression of ADCY9 (Figure 6B) and showed a 
significant distinction between normal and tumor tissues 
(Figure 6C), meanwhile, exhibiting a lower survival rate in 
miRNA hsa-miR-7-5p high expression groups (Figure 6D). 
High expression of hsa-miR-7-5p-related lncRNAs are 
positively correlated with the expression of ADCY9 while 
negatively correlated with the expression of miRNA hsa-

miR-7-5p (Figure 6E). As shown in the Figure 6F, lncRNAs 
LINC00663 (P<0.05), MIR29B2CHG (P<0.001), and 
MIR497HG (P<0.0001) had obvious differences between 
normal and tumor tissues and may have a positive effect 
on the OS of the LUAD patients (P<0.001; Figure 6G). 
The CeRNA mechanism PPI network between miRNA 
hsa-miR-7-5p and its relevant lncRNAs (Figure 6H) were 
analyzed using the bioinformatics method. 

Correlation analysis between ADCY9 gene and relevant 
immune cells infiltrating

Links between the ADCY9  gene and immune cell 
biomarkers were explored through TCGA dataset using 
R software. The results showed that high expression of 
ADCY9 may have a positive effect on the recruiting of CD4+ 
T cells, neutrophils, and dendritic cells because markers 
CEACAM8/ITGAM and HLA-DPB1/HLA-DQB1/HLA-
DRA/ HLA-DPA1/CD1C/NRP1/ITGAX are specific 
biomarkers of neutrophils and dendritic cells (Figure 7A). 
The TIMER2.0 database was used to verify the outcomes 
above and acquired the same result (Figure 7B). The copy 
number of the ADCY9 gene was analyzed through the 
TIMER2.0 database demonstrated that arm-level deletion 
of the ADCY9 gene significantly decreased in recruiting 
dendritic cells compared with the diploid/normal group, 
while an obvious decrease was not discovered in recruiting 
CD4+ T cells and neutrophils between arm-level deletion 
group and diploid/normal group (Figures 7B).

ADCY9 expression level in tumor and normal tissues

The expression level was first analyzed via data obtained 
from TCGA database. As shown in Figure 8A ,  the 
expression of ADCY9 in normal tissues (n=54) exhibited 
significantly higher levels than that in LUAD tissues (n=497; 
P<0.001) while expression of ADCY9 is not statistically 
significant among different stages of LUAD (Figures 8A). 
According to the data from GEO database, expression of 
ADCY9 is statistically significant among different gender 
groups while shows opposite conclusion in terms of age 
and stage (Figure 8B). Further, protein expression level of 
ADCY9 from CPTAC (Figure 8C; LUAD = 111; Normal 
= 11) had the same results, which showed that ADCY9 
was more highly expressed in normal tissues than tumor 
tissues (P<0.001). In addition to bioinformatic analysis, 
western blot (P<0.01; Figure 8D,8E) showed a higher 
protein expression level of ADCY9 in the normal cell lines, 
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Figure 2 Representative staining images of high ADCY9 expression slice and low ADCY9 expression slice of LUAD tissues via IHC assay (×4 
and ×20) based on LUAD tissue microarray (A) (LUAD specimens n=115) and overall survival curve of low/high ADCY9 expression group 
was analyzed by R (P=0.033). ADCY9 expression analysis and survival curve of LUAD patients based on data of clinicopathology in terms of 
age, gender and smoking history (B-D). LUAD, lung adenocarcinoma; IHC, immunohistochemistry; GEO, Gene Expression Omnibus.
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and qRT-PCR, showed a higher mRNA expression level 
of ADCY9 both in normal cell lines (P<0.001; Figure 8F) 
and in normal tissues (P<0.05; Figure 8F). These outcomes 
suggest that the ADCY9 gene is significantly more highly 
expressed in normal tissues than tumor tissues, and up-
regulation of the ADCY9 gene may be associated with a 
better prognosis of LUAD.

The expression level of the ADCY9 gene is associated with 
the proliferation and migration of LUAD

The over-expression level of ADCY9 in both SPCA1 and 
A549 cell line was validated by qRT-PCR and western blot 

assays (Figure 9A,9B). To explore the potential effect of 
ADCY9 on LUAD cell proliferative abilities, CCK-8 and 
clone formation assays were performed. Outcomes of CCK8 
indicated that the OD values of the ADCY9 overexpression 
group were meaningfully lower than the vector group in 
SPCA1, A549 cell lines from 0 to 120 h (Figure 9C,9D). From 
the clone formation assay, we observed that, in comparison 
with the vector group in SPCA1, A549 cell lines, the ADCY9 
overexpression group showed a visible decrease in colony 
number (P<0.05; Figure 9E,9F), which suggests that ADCY9 
overexpression may repress proliferation of LUAD.

On the basis of data from flow cytometry, over-expression 
of ADCY9 inhibited the cell cycle because the ADCY9 

Figure 3 Functional enrichment analysis of ADCY9 and its related genes (A). Univariate Cox regression and multivariate Cox regression 
analysis predicting the overall survival in LUAD patients from GEO and TCGA database (B,C). ROC curve analysis to evaluate diagnostic 
accuracy of ADCY9 from TCGA database (D). LUAD, lung adenocarcinoma; GEO, Gene Expression Omnibus; TCGA, The Cancer 
Genome Atlas Genomes; ROC, receiver operating characteristic; AUC, area under the ROC curve. 
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over-expression group possessed a higher percentage in the 
Synthetic period (P<0.0001; Figure 9G; P<0.01; Figure 9H).  
Further, compared to the vector group, the ADCY9 
overexpression group promoted cell apoptosis according 
to Figure 9I (P<0.001) and Figure 9J (P<0.001). As shown 
in migration and invasion assays, compared to the SPCA1, 
A549 vector group, the ADCY9 overexpression group 
displayed nearly a 2-fold decrease in terms of migration and 
invasive cell number (P<0.001 Figure 9K; P<0.01; Figure 9L;  
P<0.001; Figure 9M; P<0.01; Figure 9N). This evidence 
illustrates that ADCY9 may be a biomarker that suppresses 
the proliferation, migration, and metastasis of LUAD.

Discussion 

LUAD is still the leading cause of death among all cancer 
types (25). It accounts for almost 25% of all cancer 

mortalities (26). Moreover, as the major pathological 
subtype of lung cancer, LUAD occurs in 39% of newly 
diagnosed lung cancer cases, leading to 1.35 million 
deaths worldwide each year (2,3). In the past decade, 
advanced treatments such as PD-1 molecular therapy 
and immunotherapy, to certain degrees, have improved 
the prognosis of LUAD patients (27-29). Yet, the relative 
survival rate of lung cancer is far from ideal, and merely 
15.6% of all patients with lung cancer can live 5 years 
or more after their diagnosis (10). The mechanisms of 
tumorigenesis and metastasis still remain ambiguous  
(30-32). Society and patients have undertaken huge expenses 
to treat LUAD; therefore, we are hoping to offer a new 
biomarker to develop targeted therapies and diagnosis 
methods for LUAD in the future.

The only membrane-bound AC subtype that is not 
sensitive to adenylate cyclase activator (AC), mainly 
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composed of 9 isoforms (33,34), is an integral membrane 
protein that can convert ATP into cAMP, causing cell signal 
responses, and is an effector in the G protein coupling 
system, which is widely distributed in the cell membrane 
of mammals (35-37). Among all the subtypes of adenylate 
cyclase, ADCY9 is the only membrane-bound AC subtype 
that is not sensitive to the adenylate cyclase activator. It is 
capable of being stimulated by beta-adrenergic receptor 
activation and is insensitive to forskolin, calcium, and 
somatostatin, which contributes to the CRH, corticosteroids 
and beta-adrenergic signaling pathway cascades (34,38,39). 
Research shows that adenylyl cyclase 9 is linked to HDL 
function and may result in cardiovascular events in multiple 
pathologies (39,40). Downregulation of ADCY9 is related 
to positive effects on atherosclerosis and cardiovascular 
endothelial function and a gain in adipose tissue volume in 
the absence of CETP (18,41). Apart from cardiovascular 

disease, the ADCY9 gene is linked to Rubinstein-Taybi 
syndrome, a rare congenital, plural formative, and 
neurodevelopmental disorder (42). Previous research into 
ADCY9 also validated that its expression level is associated 
with poor prognosis in colorectal cancer, hepatocellular 
carcinoma, and glioma occurrence (43-45). Meanwhile, 
specific studies were carried out to discover the correlation 
between the ADCY9 gene and LUAD. It was reported that 
ADCY9 might be associated with the estrogen signaling 
pathway in LUAD, which may improve the prognosis of 
LUAD patients (46). Further, research exhibited that the 
Phospholipase C Signaling network, including mutated 
genes like ADCY9, ADCY2, and GNB5, may indicate the 
facilitation of lung metastasis from colon cancer (47). In 
recent years, the competing endogenous RNAs (ceRNAs) 
mechanism has become a research highlight in terms of 
tumor progression regulating. With the in-depth study 

Figure 5 PPI network (A) and mcode (B-D) of ADCY9-related genes. PPI, protein-protein interaction.
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of genomics, the regulatory relationship between miRNA 
and target genes and the ceRNA mechanism between 
miRNA, lncRNA and mRNA have become a hot topic in 
the research of tumor progression (48), especially in lung 
cancer, lncRNA JPX competitively sponging miRNA miR-
33a-5p has been validated to be related with epithelial-
mesenchymal transition (EMT) in lung cancer. However, 
research on the ADCY9 gene and its related mechanism of 
specific miRNA and lncRNA have rarely been performed. 
It was reported that ZEB1 relieved strong basal repression 
of α1 integrin (ITGA1) mRNA, which in turn upregulated 
ADCY9 by sponging miR181b (49). In addition, reports 
also show that coupled with NMUR1 and SYT1genes, the 

ADCY9 can be a target gene of 2 miRNAs (hsa-miR-490-3p 
and hsa-miR-1293) and participates in 2 circRNA–miRNA 
interactions including 2 circRNAs (hsa_circ_0008234 and 
hsa_circ_0002360) and 2 miRNAs (hsa-miR-490-3p and 
hsa-miR-1293), which may be involved in pathogenesis 
and prognosis in patients with LUAD (50). Judging from 
research concerning ADCY9 and its related miRNA or 
lncRNA, the ADCY9 gene may have the potential to 
be the biomarker or therapeutic target in LUAD. The 
bioinformatics analysis combined with data mining appears 
to be an approach to discovering potential biomarkers in 
cancer research (51,52). Currently, new bioinformatics 
analyses focus on the correlation between gene expression 
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Figure 8 ADCY9 is lower expressed in LUAD cell lines and tissues. ADCY9 expression level in terms of tissue type, age, gender and stage 
from TCGA and GEO database. (A,B). ADCY9 protein is higher expressed in normal tissue than LUAD (C) and validated by western 
blot assay (D,E). Expression level of ADCY9 in BEAS-2B, SPCA1, A549, and HCC827 cell lines shown by qRT-PCR (F). The expression 
of ADCY9 in 80 pairs of LUAD tissues and adjacent normal tissues. *, P<0.05; **, P<0.01; ****, P<0.0001. LUAD, lung adenocarcinoma;  
GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas Genomes; WB, western blot; qRT-PCR, quantitative real-time 
polymerase chain reaction.
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Figure 9 ADCY9 overexpression suppresses cell proliferation, migration, and invasion as shown by flow cytometry and proliferation assays 
of ADCY9 and ADCY9 overexpression cell lines. Differentiated expression of ADCY9 gene between SPCA1, A549 and SPCA1, A549 
overexpression cell lines shown by qRT-PCR and western blot (A,B). CCK-8 proliferation curve of SPCA1, A549 cells (C,D). Flow cytometry 
assays of cell cycle distribution (G,H). Flow cytometry of cellular apoptosis (I,J). Clone formation assay of SPCA1, A549 and SPCA1, A549 
for the ADCY9 overexpression cell lines (E,F). Cell migration of SPCA1, A549 and SPCA1, A549 overexpression cell lines (×20) (K,L). Cell 
invasion of SPCA1 and SPCA1 overexpression cell lines for 48 h (×20) (M,N). **, P<0.01; ***, P<0.001; ****, P<0.0001. OD, optical density; 
qRT-PCR, quantitative real-time polymerase chain reaction.
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patterns, representative PPIs, and the potential for clinical 
metastases to uncover novel survival-related sub network 
signatures as a function of tumor proliferative potential (53).  
Single-cell Multi-omics Gene co-Regulatory algorithm 
(SMGR) is used to detect coherent functional regulatory 
signals and target genes from the joint single-cell RNA-
sequencing (scRNA-seq), and single-cell assay for 
transposase-accessible chromatin using sequencing 
(scATAC-seq) data obtained from different samples is used 
to explore gene expression and tumor progression (54). In 
this research, via data mining from TCGA and the GEO 
database, we observed that the expression level of ADCY9 
was significantly higher in adjacent normal tissue than in 
LUAD tissue. The analysis also explored the association 
between the ADCY9 expression level with age, gender, and 
T classification. The result of the GSEA analysis suggested 
that overexpression of ADCY9 might promote basal cell 
carcinoma and phosphate metabolism while inhibiting 
oxidative phosphorylation. Validation was conducted 
through western blot, qRT-PCR, and cellular function 
experiments, the results of which exhibited both significant 
diagnostic and prognostic value in LUAD. Although the 
ADCY9-miRNA, miRNA-lncRNA, and ADCY9-lncRNA 
targeting relationship was analyzed using bioinformatics 
methods, further experiments are required to verify the 
gene-miRNA targeting relationship and the ceRNA 
mechanism.

Conclusions

The present research illustrates that ADCY9 is highly 
expressed in adjacent normal tissue and is linked with a 
better survival rate in LUAD. Moreover, this is the first time 
a report validated that the overexpression of the ADCY9 
gene is capable of affecting the invasion and proliferation 
of LUAD, indicating that ADCY9 may function as a novel 
cancer suppressor gene in the diagnosis and therapy of 
LUAD. These findings indicate that ADCY9 might be a 
potential biomarker for LUAD treatment and can provide a 
new approach for targeted therapy.
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