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Background: Long non-coding RNA FOXD?2 antisense RNA 1 (FOXD2-AS1) has been reported in many malignancies. However,
the molecular mechanism of many actions is not clarified. This study was conducted to investigate the function of FOXD2-AS1 in lung
adenocarcinoma and its molecular mechanism.

Methods: Bioinformatics and in vitro analysis including RT-qPCR, CFU, CCKS8, Transwell, Cell Apoptosis and Cell Cycle Assay
were used for the analysis of gene expression and related effects.

Results: It revealed increased expression of IncRNA FOXD2-AS1 in lung adenocarcinoma cell lines (A549 cells), and abundant
expression of IncRNA FOXD2-AS1 was also observed in the acquired lung adenocarcinoma tissues. In vitro results showed that
knockdown of IncRNA FOXD2-AS1 in A549 cells weakened cell proliferation, invasion and increased apoptosis. At the same time,
we found that reducing the expression of IncRNA FOXD2-AS1 caused cell cycle arrest in the G1/S phase. Differential gene analysis of
lung adenocarcinoma and adjacent normal tissues showed that the cell cycle and its related process regulation were significantly
enriched. Gene Set Enrichment Analysis (GSEA) analysis showed that miR-206, miR-143, 1L6-JAK-STAT3 signalling pathway,
STAT3, E2F targets, EZH2, P53 signalling pathway and E2F3 targets interacting with IncRNA FOXD2-AS1 were also enriched.
Conclusion: This study demonstrates the role and mechanism of the IncRNA FOXD2-AS1 in lung adenocarcinoma and provides
a better understanding for the treatment of lung adenocarcinoma, which indicates that interfering with IncRNA FOXD2-AS1
expression may be a novel strategy.
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Introduction

Non-small cell lung cancer (NSCLC) is the most common type of lung cancer.' In recent years, the development of
surgery, chemotherapy, radiotherapy and targeted therapy has made certain progress in the treatment of NSCLC.*’
However, early-stage NSCLC, especially lung adenocarcinoma with ground-glass nodules, is often difficult to detect
because it has no obvious symptoms.>* Therefore, most lung adenocarcinoma patients are in the middle and late stages
when they are diagnosed and have lost the best chance of surgery.’

LncRNA-FOXD2-AS1 was first reported in esophageal squamous cell carcinoma in 2015, and it was later confirmed
to have carcinoid gene function in studies of liver cancer, gastric cancer, breast cancer and other diseases.®” FOXD2-
AST1 promotes the occurrence and development of hepatocellular carcinoma by acting as a competitive endogenous RNA
of miR-206. The expression level of Annexin A2 (ANXA2) in hepatocellular carcinoma is positively correlated with
FOXD2-AS1, and miR-206 inhibits tumor development by downregulating the expression of ANXA2.'® However, the
research on FOXD2-AS1 on lung cancer is less unknown, there is no widely recognized on the biological function and
mechanism of FOXD2-AS1 in lung adenocarcinoma.
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In this study, we intends to obtain the expression profiling data of lung adenocarcinoma and adjacent normal tissues
from the GEO database. To further explore the relationship between LncRNA FOXD2-AS1 and key gene expression
levels, and to further verify through in vitro experiments, to provide ideas and theoretical basis for in-depth research on
the molecular mechanism of lung adenocarcinoma.

Materials and Methods

Data Acquisition and Processing

Gene expression profiling data numbered GSE168466 and GSE19804 were obtained from the Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo) online database of the National Center for Biotechnology Information (NCBI).
The data is based on the GPL23126 and GPL570 chip analysis platform, respectively. A total of 218 cases of data were
collected, including 109 cases of non-small cell lung adenocarcinoma and 109 cases of corresponding paracancerous

tissues. We then combine these data and re-analyze the data with R (version 4.2.0). The false positive rate was controlled
by setting a P-value, and the false discovery rate (FDR) was calculated using the default Benjamini-Hochberg method.

Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO) and Reactome were used as bioinformatic
tool that provides the comprehensive information on the gene function of individual genomic products based on the lung
adenocarcinoma and corresponding paracancerous tissues. False discovery rate (FDR) was used to adjust the P-value.
Genes with |log fold change (FC)| > = 1 and adjusted P < 0.05 were considered to be differentially expressed genes
(DEGs). KEGG, GO and Reactome functional enrichment analyses were conducted using the R clusterProfiler package.
Fisher’s test was used to identify the significant GO terms, KEGG pathways and Reactome terms, and P value <0.05 was
considered statistically significant.

Gene Set Enrichment Analysis (GSEA)

GSEA is a promising and widely used software package, which derives gene sets to determine the different biological
functions of the whole genes. The potential contribution of the whole altered genes in the lung adenocarcinoma was
explored by the GSEA software (version 4.1.0). The GSEA software was downloaded from http://www.gsea-msigdb.org/

gsea/index.jsp and was used to identify the potential function of the hub genes. FDR P <0.05 was used as the criterion for
significant enrichment.

Clinical Sample Collection

The current study was approved by the Ethics Committee of The General Hospital of Xinjiang Military Region and
conducted strictly in accordance with the Declaration of Helsinki. Signed informed consents were obtained from all
participants prior to specimen collection, and the patient did not receive any treatment before collecting samples. A total
of 6 patients with lung adenocarcinoma admitted at The General Hospital of Xinjiang Military Region were included in
the current study. Initially, lung adenocarcinoma and adjacent tissue samples were collected from the subjects and
immediately stored in a refrigerator at —80°C for subsequent experimentation.

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

The RNA in the 12 tissue samples was extracted with TRIzol reagent following the instruction of the manufacturer. The
cDNA was synthesized using the Reverse Transcription System Kit (Applied Biosystems, USA) and 50 ng/uL of total RNA
in a final volume of 20 uL were used and 260/280 ratio is between 1.9 and 2.1. And following reaction system was prepared:
25 puL PCR Master Mix, cDNA, ddH,O, Applied Biosystem 7500 Real-Time PCR system Perform the reaction on the top,
optimize the primer and template concentration. All statistics were analyzed based on 2 **“" method. The primers were
synthesized by Sangon (Shanghai, China) and the sequence is as follows: Actin-F, CTCCTGAGCGCAAGTACTCT,;
Actin-R, TACTCCTGCTTGCTGATCCAC; FOXD2-AS1-F, TGGACCTAGCTGCAGCTCCA; FOXD2-AS1-R, AGTT

GAAGGTGCACACACTG.
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Cell Culture and Transfection

The lung adenocarcinomic cell line A549 which is categorized as a lung adenocarcinoma was purchased from the
American Type Culture Collection (ATCC) and cultured in DMEM containing 10% fetal bovine serum in a humidified
incubator at 37°C with 5% CO2 in air. LncRNA FOXD2-AS1 overexpression plasmid (FOXD2-AS1), sh-FOXD2-AS1
and their negative controls were designed and synthesized by Sangon (Shanghai, China). Cells were transfected with
indicated plasmids using Lipofectamine 2000, while cell density reached about 80%.

Colony-Forming Unit (CFU) Assay

The effects of overexpression LncRNA FOXD2-AS1 and sh-FOXD2-AS1 on the colony-forming ability of A549 cells
were detected by CFU assay. Briefly, A549 cells were plated into six-well plates at a density of 1000 cells/well and
incubated in a humidified CO2 incubator. After 12 days, wells were washed with PBS and fixed by using 4%
paraformaldehyde (PFA). After crystal violet treatment, the dye was cleaned from the wells, and photos were taken
with a luminometer device and colonies were counted. Colony formation rate = the colony formation number/the

inoculated cell number x 100%. The experiment was implemented three repeated times.

CCK-8 Assay
Use the CCK-8 kit according to the manufacturer’s instructions. After incubate treated A549 cells for 24 h in 96-well
plates. Add 10 puL of CCKS solution to each well and then incubate for 2 h at 37 °C. Read the value at 450 nm with
a microplate reader.

Transwell Assay

After cell transfection, 2 x 10> A549 cells were incubated for 24 h and resuspended in DMEM with 5% fetal bovine
serum. Medium including 10% FBS was used to stimulate cell invasion. After 24 h, cells on the membrane surface were
fixed with 4% paraformaldehyde for 15 min. 0.1% crystal violet solution was used to stain the invasion cells.

Cell Apoptosis Detection
Cell apoptotic ability was assayed by Annexin V-fluorescein isothiocyanate (FITC) cell apoptosis detection kit (Beyotime
Biotechnology, Shanghai, China). The collected cells were suspended in 300 pL binding buffer and then incubated with
5 uL Annexin V-FITC solution at 4°C for 30 min. Afterward, 5 uL propidium iodide (PI) was used for further incubation
for 5min. Lastly, cell apoptosis was examined and analyzed with BD FACSCanto II equipped with BD FACSDiva
software (Becton-Dickinson, USA).

Cell Cycle Analysis

According to the instructions of Cell Cycle Detection Kit, overexpression LncRNA FOXD2-AS1 and si-FOXD2-AS1
were collected into the centrifuge tube. After that, the cells were fixed with precooled 70% ethanol and stained with
RNase A and propidium iodide (PI) for 30 min. Then, cell cycle distribution was analyzed using flow cytometry with
CellQuest software.

Statistical Analysis

All experiments were performed in triplicate or more times, and all independent experiments were set for 3 times to take
the average value. Data were presented as mean + standard deviation, and statistical analysis was performed using
GraphPad Prism 9.2.0 software. Student’s #-test or ANOVA followed by Tukey post-hoc test was used to compare
differences. P < 0.05 was considered statistically significant.
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Results

Identification of DEGs and the Expression of LncRNA FOXD2-ASI

We performed a reanalysis of the GSE19804 dataset. With P<0.05, [logFC[>1 as the screening criteria, a total of 363
differentially expressed genes were obtained. Compared with lung adenocarcinoma and adjacent normal tissues, 173
genes were highly expressed and 190 genes were low expressed in lung adenocarcinoma (Figure 1A). Further, we found
that the top 5 differentially up-regulated genes are SCGB1A1, ADH1B, CPB2, ZBTB16 and GSTAI, and the top 5
differentially down-regulated genes are COL11A1, MUCS5B, HS6ST2, MMP1 and HS6ST2 (Figure 1B and C). These
genes are all related to the regulation of cell proliferation and invasion.

To investigate LncRNA FOXD2-AS1 functions, we first detected the expression of LncRNA FOXD2-ASI1 in
lung adenocarcinomic cells by qRT-PCR. We found that LncRNA FOXD2-AS1 was up-regulated in lung adeno-
carcinoma (Figure 1D). As we known, there are many previous studies which detect the IncRNAs in lung
adenocarcinoma by IncRNA microarray or others. According to microarray data (GSE168466) analysis, we found
that LncRNA FOXD2-AS1 expression was increased in lung adenocarcinoma compared to adjacent normal tissues
(Figure 1E). At the same time, LncRNA FOXD2-AS1 expression of NSCLC cases in TCGA database were
analyzed. The results showed that LncRNA FOXD2-AS1 was highly expressed in 502 cases of Lung square cell
cancer and 533 cases of Lung acinoma (Figure S1). The above results revealed that LncRNA FOXD2-AS1 was up-
regulated in lung adenocarcinoma.
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Figure | DEGs and LncRNA FOXD2-AS| between lung adenocarcinoma and adjacent normal tissues. (A) The number of DEGs; (B) Top 5 up-regulation genes; (C) Top 5
down-regulation genes. (D) qRT-PCR was utilized to detect LncRNA FOXD2-AS| in NSCLC. (E) The expression of LncRNA FOXD2-AS| in lung adenocarcinoma from
GEO datasets (GSE178466). **p<0.001.
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Downregulating LncRNA FOXD2-ASI Inhibits the Proliferation and Invasion of in

Lung Adenocarcinomic Cells

To characterize the function of LncRNA FOXD2-AS1, we firstly constructed three lentiviral vectors with LncRNA FOXD2-
AS1 knocked down and overexpressed. Three stable transformants of A549 cell lines were obtained by down-regulation and
overexpression of LncRNA FOXD2-AS1, which were identified by qPCR (Figure 2A). The proliferation of A549 cells with
LncRNA FOXD2-AS1 and sh-FOXD2-AS1-3 was tested by Colony-forming unit (CFU) assay and CCK8 assay, and the CFU
results showed that knocking down LncRNA FOXD2-AS1 could significantly inhibit colony-forming, however, overexpress
of LncRNA FOXD2-AS1 promote the colony-forming of A549 cells (Figure 2B and C). CCK-8 results also showed that
knocking down LncRNA FOXD2-AS1 could significantly inhibit the proliferation rate and overexpression of LncRNA
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Figure 2 Downregulating LncRNA FOXD2-AS| inhibits proliferation and invasion of A549 cells. (A) qRT-PCR detected the efficiency of downregulation and overexpression
of IncRNA FOXD2-ASI| in A549 cells. (B) The representative picture of colony-forming unit assay. (C) Results of colony-forming unit assay quantification. (D) The
proliferation of A549 cells on downregulation and overexpression of INcRNA FOXD2-AS| at 48h via CCK8. *P < 0.05, ***P < 0.00| and ****P < 0.0001. (E) The
representative picture of Transwell. (F) Results of Transwell assay quantification. ****P < 0.0001.

Abbreviation: ns, not significant.
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FOXD2-AS1 enhanced the proliferation rate of A549 cells (Figure 2D). The results indicated that knocking down LncRNA
FOXD2-ASI significantly inhibited proliferation of lung adenocarcinomic cells. Transwell experiments showed that knocking
down LncRNA FOXD2-AS1 significantly inhibited the invasion of A549 cells; however, overexpression of LncRNA
FOXD2-AS1 enhanced the invasion of A549 cells (Figure 2E and F). In summary, downregulation of LncRNA FOXD2-

ASI inhibits the proliferation and invasion of lung adenocarcinomic cells.

LncRNA FOXD2-AS| Affects the Cell Cycle Regulation in Lung Adenocarcinomic
Cells

In order to find out the specific reason of the ability of LncRNA FOXD2-ASI to inhibit cell proliferation and invasion,
we examined the effect of LncRNA FOXD2-AS1 on apoptosis and cell cycle. The apoptosis rate of A549 cells with
LncRNA FOXD2-AS1 and sh-FOXD2-AS1-3 was tested by flow cytometry, and the results showed that knocking down
LncRNA FOXD2-AS1 could significantly enhance the apoptosis of A549 cells; however, overexpression of LncRNA
FOXD2-AS1 inhibits the apoptosis of A549 cells (Figure 3A and B). We also observed that cell-cycle characterized by
G1/S arrest in A549 cells after LncRNA FOXD2-AS1 was downregulating (Figures 3C and D). However, this effect was
rescued by overexpression of LncRNA FOXD2-AS1 (Figures 3C and D). These results implied that LncRNA FOXD2-
ASI affects the cell cycle regulation in lung adenocarcinomic cells.

Enrichment Analysis Results

In order to further analyze the DEGs and to further explore the interaction of the DEGs and LncRNA FOXD2-AS1, we carried
out GO, KEGG and Reactome enrichment for the DEGs. GO enrichment results showed that DEGs were mainly enriched in
the biological process (Figure 4A). With regard to molecular function (MF), DEGs were primarily enriched in ATP-dependent
microtubule motor activity (GO:1990939), microtubule motor activity (GO:0003777), microtubule binding (GO:0008017)
and motor activity (GO:0003774) (Figure 4B). DEGs were also enriched in response to mitotic cell cycle process
(GO:1903047), mitotic cell cycle (GO:0000278), cell cycle process (GO:0022402), cell cycle (GO:0007049), chromosome
segregation (GO:0007059) and cell division (GO:0051301) in biological process (BP) (Figure 4C). It is also enriched in
response to chromosome, centromeric region (GO:0000775), chromosomal region (GO:0098687) and kinetochore
(GO:0000776) in Cellular Component (CC) (Figure 4D). KEGG analysis showed that DEGs were primarily enriched in
cell cycle (ko04110), p53 signaling pathway (ko04115) and cellular senescence (ko04218) entries (Figure 4E and G). KEGG
pathway analysis revealed that the DEGs were chiefly enriched in Cell cycle (ko04110) (Figure 4E and I). Moreover,
Reactome pathway analysis revealed that the DEGs were chiefly enriched in Cell Cycle (R-HSA-1640170), Mitotic
(R-HSA-69278) and Cell Cycle Checkpoints (R-HSA-69620) (Figure 4F and H). It can be seen from the above results that
lung adenocarcinoma has an important relationship with the regulation of cell cycle.

|dentification of the Potential Mechanism of LncRNA FOXD2-ASI in Lung
Adenocarcinoma Progression

To investigate the underlying mechanism of LncRNA FOXD2-AS1 in lung adenocarcinoma progression, we performed
GSEA. GSEA is a computational method to explore whether a specific gene set is markedly enriched in a group of gene
markers ranked by their relationship to a phenotype of interest. In the experiment, the expression profiles of samples were
divided into lung adenocarcinoma tissue group and adjacent normal tissue group, and then analyzed based on hallmark
gene sets, KEGG gene sets, GO gene sets, Reactome gene sets, miRNA target gene sets, transcription factor target gene
sets and BioCarta gene sets. Several related gene sets, including miR206, miR143, 1L6-JAK-STAT3 signaling, STATS3,
E2F targets, EZH2, P53 signaling pathway and E2F3 targets were significantly enriched in the lung adenocarcinoma
tissue group (Figure 5). It is important that all significantly enriched gene sets have a relationship with LncRNA FOXD2-
AS1. Therefore, we can conclude that LncRNA FOXD2-AS1 is related to the proliferation and invasion of lung
adenocarcinomic cells, and the regulation of cell cycle plays an important role in this process.
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Figure 3 The effect of LncRNA FOXD2-AS| on the apoptosis rate and cell cycle of lung adenocarcinoma cell line A549. Annexin V-PI Staining (A) and flow cytometry
analysis (B) to determine the apoptotic effect of LncRNA FOXD2-AS| against lung adenocarcinoma cell line A549. In the A549 cell line, downregulation of LncRNA
FOXD2-AS| led to a significant increase in apoptosis, however, overexpression of INcRNA FOXD2-AS| led to a significant decrease in apoptosis (****P < 0.0001). (C) Cell-
cycle analyses by flow cytometry. (D) Quantitative results of cell-cycle (*P < 0.05, ****P < 0.0001).
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Figure 4 Enrichment Analysis Results. (A) The different levels of GO function analysis. (B) GO function analysis of DEGs at the levels of molecular function (MF). (C) GO
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Discussion
Cell proliferation and invasion play a crucial role in maintaining normal tissue structure and function. More and more

studies have shown that LncRNA affects gene transcription through molecular signals, thereby regulating biological
functions such as cell proliferation and invasion.'" The disruption of the balance between abnormal cell proliferation and

invasion leads to tumorigenesis. In recent years, more and more studies have shown that IncRNA plays a key regulatory

role in a variety of tumors. Like protein targets, IncRNA can also serve as an oncogene. '
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Figure 5 Potential relationship of LncRNA FOXD2-AS| in lung adenocarcinomic cell proliferation and invasion. GSEA enrichment analysis was performed on the DEGs. In
terms of miRNA target gene sets, result was significantly enriched in miR-206 and miR-143. In terms of hallmark gene sets, result was significantly enriched in IL6-JAK-STAT3
signaling, E2F targets and STAT3. In terms of transcription factor targets gene sets, result was significantly enriched in E2F3. In terms of KEGG gene sets, result was
significantly enriched in P53 signaling pathway.

As amember of the IncRNA family, LncRNA FOXD2-AS1 was highly expressed in colorectal cancer, liver cancer, gastric
cancer, breast cancer, gallbladder cancer and other malignant tumor tissues.’ In gastric cancer, abnormally high expression of
FOXD2-AS1 is significantly correlated with tumor size and pathological stage, suggesting that patients have a poor prognosis.
Yang et al found that high expression of FOXD2-AS1 can promote the proliferation of colorectal cancer cells. After interfering
with the expression of FOXD2-AS1, the activity of intracellular EMT and Notch signaling pathways is reduced."* In this
study, through GEO database and lung adenocarcinoma samples, we found that LncRNA FOXD2-AS1 expression was
increased in lung adenocarcinoma. At the same time, functional enrichment of DEGs has shown that cell cycle-related
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pathways including the process of mitotic cell cycle, chromosome segregation, cell division and nuclear division are all related
to the process of lung adenocarcinoma. Through GSEA, we found that miR-206, miR-143, Stat3, EZH2, p53 and E2F3 were
significantly enriched. However, some research has shown that LncRNA FOXD2-AS1 up regulate Annexin A2 (ANXA2)
expression in part by “sponging” miR-206 and as an oncogene in hepatocellular carcinoma.'® LncRNA FOXD2-
ASI inhibits the expression of miR-143, then inhibits the resistance of human osteosarcoma cells to cisplatin, promotes
their apoptosis and weakens their invasion and migration abilities.'* LncRNA FOXD2-AS]1 also acted as a tumor inducer in
gastric cancer through EphB3 inhibition by direct interaction with EZH2."® It also could competitively sponge miR-760 and
further upregulate the E2F3 expression to play a vital part in cholangiocarcinoma.'® We also noticed that ZBTB16 is highly
expressed in lung adenocarcinoma (Figure 1). However, downregulation of ZBTB16 activated the phosphatidylinositol
3-kinase/protein kinase B (PI3K/AKT) signaling pathway and restored the proliferation and invasiveness of gastric cancer
cells.'” Combined with the highly expressed LncRNA FOXD2-AS1, we speculate that there is mutual regulation between
LncRNA FOXD2-AS1 and ZBTB16, which affects the proliferation of lung adenocarcinoma.

Abnormal tumor cell cycle is affected by a variety of regulatory factors, including various LncRNAs. For example, in
cervical cancer cells, LncRNA ANRIL affects cell proliferation by affecting the G2/M phase.'® Furthermore, Lnc ANRIL
and/or UFC1 is an attractive target for drug development in tumor growth and aggressive proliferation of NSCLC.'? In
lung cancer, silencing IncRNAs HOXA11-AS can cause cell cycle arrest in GO/G1 or G2/M phases.?’ Cui et al found that
the expression of LncRNA H19 in NSCLC down-regulated miR-107 and promoted cell cycle progression in NSCLC.*!
We found that the number of cells in G1/S phase was significantly increased in A549 cells after knockdown of IncRNA
FOXD2-AS1. Combined with CFU assay and proliferation experiments, the proliferation ability of A549 cells after
knockdown of IncRNA FOXD2 was weakened, and the apoptosis was increased. This suggests that the mechanism by
which IncRNA FOXD2-AS1 regulates the proliferation of A549 cells may be cell cycle G1/S arrest.

Conclusion

Taken together, the results of the present work revealed the role and potential mechanism of the IncRNA FOXD2-AS1 in
lung adenocarcinoma and provided a better understanding for the treatment of lung adenocarcinoma, which indicated that
interfering with IncRNA FOXD2-AS1 expression may be a novel strategy.
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