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Background: Lung adenocarcinoma (LUAD) is the most predomintnt lung cancer subtype with increasing morbidity and mortality. Previous studies have shown that aquaporin (AQP) family genes were correlated with tumor progression and metastasis in several kinds of malignancies. However, their biological behaviors and prognostic values in LUAD have not been comprehensively elucidated.
Methods: RNA sequencing and real-time reverse transcription PCR (RT-PCR) were used to assess AQP1/3/4/5 gene expressions in LUAD patients using GEPIA and UALCAN databases. And then Kaplan–Meier analysis, cBioPortal, Metascape, GeneMANIA, TISIDB, and TIMER were utilized to determine the prognostic value, mutation frequency, and immune cell infiltration of AQP family members in LUAD.
Results: We found that AQP3 expression was significantly elevated and AQP1 expression was markedly reduced in LUAD patients, whereas the expression levels of AQP4 and AQP5 exhibited no significant changes. The Kaplan–Meier survival analysis indicated that the higher expressions of AQP1/4/5 were related to longer overall survival (OS). Of interest, AQP3 was significantly correlated with the clinical tumor stage and lower AQP3 expression showed favorable prognosis in stage I LUAD patients, which indicated that AQP3 may be a potential prognostic biomarker for patients. Through functional enrichment analysis, the functions of these four AQPs genes were mainly involved in the passive transport by aquaporins, water homeostasis, and protein tetramerization. Moreover, AQP1/3/4/5 expression was strongly associated with tumor-infiltrating lymphocytes (TILs) in LUAD.
Conclusion: AQP3 can be used as a prognosis and survival biomarker for stage I LUAD. These findings may provide novel insights into developing molecular targeted therapies in LUAD.
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INTRODUCTION
Lung cancer is known to be the primary cause of cancer deaths worldwide (Sung et al., 2021). Lung adenocarcinoma (LUAD), as one kind of non–small-cell lung cancer (NSCLC), is the most common histological type of lung cancer, with an increasing morbidity and mortality over the last few decades (Liu et al., 2014). A previous study has revealed that LUAD patients have a poor outcome in clinical practice with only 15% of 5-year survival rate (Chen et al., 2016). Therefore, to improve the prognosis of LUAD patients, it is critical to identify LUAD-associated genes and their potential mechanisms during the progression of disease.
Aquaporins (AQPs) are a family of water channels proteins which selectively mediate water transport across membranes in specific cell types in different organs and tissues (Verkman, 2012; Li and Wang, 2017). To date, 14 classes of AQPs have been identified (AQP0 to AQP12B) in mammals, and most of them have been well-characterized (Ishibashi et al., 2009; Finn et al., 2014). However, only four classes of the AQP members (AQP1, AQP3, AQP4, and AQP 5) have been identified to be expressed in lung tissues (Liu et al., 2005; Yadav et al., 2020). In previous studies, the four AQP family members were found to be widely distributed in multiple lung cell types including alveolar epithelia, which were related to microvasculature endothelia, airway epithelia, and submucosal glands (Borok and Verkman, 2002; Verkman, 2007). Moreover, these four AQP genes have been found to be expressed in NSCLC tissues and be closely related to tumor progression, invasion, and metastasis (Warth et al., 2011; Xia et al., 2014; Yadav et al., 2020). For instance, the expression of AQP3 was reported to be upregulated in NSCLC and knockdown of its expression could suppress tumor growth and prolong survival of patients (Xia et al., 2014). AQP4 was reported to be poorly expressed in LUAD, and its overexpression could suppress cell invasion and migration of LUAD (Wu et al., 2021). However, the underlying mechanism by which the four AQP family members are activated or depressed and their association with clinicopathologic features and prognosis remains unclear.
As generally known, the study of biological mechanisms based on bioinformatics analysis is one of the most important methods in cancer research. Therefore, on the basis of the analyses of thousands of gene differential expressions (DEs) or variations in copy numbers (CNVs) published online, we analyzed the expressions and mutations of AQP family members in patients with LUAD in details to determine the expression levels, underlying biological functions, and distinct prognostic values of the four AQP family members in LUAD patients.
MATERIALS AND METHODS
Ethics Statement
This study was approved by the Academic Committee of the Second Affiliated Hospital of Fujian Medical University, and it was performed according to the principles expressed in the Declaration of Helsinki. The study received ethics approval, and all patients gave written informed consent. Additionally, the public datasets used in this study were retrieved from the published literature.
GEPIA Data Analysis
Gene expression profiling interactive analysis (GEPIA, http://gepia.cancer-pku.cn/) is a newly developed online analytical tool, which is based on the sequencing database containing of 9,736 tumors and 8,587 normal samples from The Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx) programs. It provides key interactive and customizable functions including tumor/normal expression profiling and differential expression analysis according to cancer types or pathological stages, patient survival analysis, similar gene detection, correlation analysis, and dimensionality reduction analysis (Tang et al., 2017).
UALCAN Data Analysis
UALCAN (http://ualcan.path.uab.edu) is a comprehensive web portal that facilitates in‐depth analysis of TCGA gene expression data (Chandrashekar et al., 2017). In this study, we analyzed the expression of AQP genes across normal and LUAD tissues based on different tumor stages. Statistical significance was tested using Student’s t test, with the significance accepted at p < 0.05.
RNA-Seq Data Analysis
Total RNA was extracted from 10 paired stage I LUAD tissues and paracancerous tissues using the RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s protocol. Then ribosomal RNA (rRNA) was removed using the RiboZero rRNA removal kit. The rRNA-depleted RNA was fragmented and reverse-transcribed. mRNA sequencing libraries were prepared using the VAHTS total RNA-seq Library Prep kit for Illumina (Vazyme NR603, China) following manufacturer’s instructions. Differential expression analysis for mRNA was performed using DESeq2 R package (https://bioconductor.org/packages/release/bioc/html/DESeq2.html). Genes were considered differentially expressed and retained for further analysis with |Log2 (fold change)| (|log2FC|) ≥1 and statistical p value ≤ 0.05. The heat map was used to display the expressed pattern of AQP family members in LUAD patients.
Real-Time Reverse Transcription PCR
The total RNA of 28 paired stage I LUAD (13 men and 15 women; mean age, 64.61 ± 8.83 years) and adjacent normal tissues was obtained using TRIzol as per the established protocol. The Takara PrimeScript™ RT reagent kit (Takara, Japan) was utilized to synthetize cDNA from 1,000 ng RNA. TB Green Mixture (Takara Bio, Japan) was used to conduct RT-PCR using QuantStudio™ 5 Real-Time PCR Systems (Applied Biosystems). Every sample was assessed in triplicate. GAPDH served as control.
The relative gene expression obtained from this normalization was evaluated using 2−△△CT methods. Sequencing data were provided in Supplementary Table S1.
Immunohistochemical Staining
IHC staining of LUAD tissues was performed in 5-μm sections. Paraffin-embedded sections were dewaxed and rehydrated in a series of alcohol to PBS. Endogenous peroxidase was then inactivated with 3% hydrogen peroxide at room temperature for 20 min. Then the slides were soaked in 0.1 mol/L citrate buffer (pH 6.0) and placed in an autoclave at 121°C for 3 min for antigen retrieval. After washing with PBS (pH 7.4) for 3 times, the sections were blocked with 1% BSA diluted in PBS at 37°C for 30 min, followed by incubation with primary antibody against AQP1 (1:100; Bioss, China) and AQP3 (1:200; Bioss, China) overnight at 4°C. Then the sections were incubated with the HRP-conjugated goat anti-mouse/rabbit antibody at room temperature for 1 h, followed by staining with the DAB until the appearance of brown color. Finally, the sections were counterstained with hematoxylin and mounted.
Kaplan–Meier Survival Analysis
Kaplan–Meier analysis of four AQPs in LUAD tissues on overall survival (OS), first progression survival (FP), and post-progression survival (PPS) was performed using the online platform Kaplan–Meier plotter (https://kmplot.com/analysis/). Besides, we further displayed the OS among different tumor stages of LUAD patients using Kaplan–Meier curves and performed the log-rank (LR) test.
cBioPortal Data Analysis
The cBioPortal (http://cbioportal.org) is a comprehensive web-based database that could visualize and analyze multidimensional genomic data of multiple kinds of tumors (Gao et al., 2013). Mutation frequencies, copy number variation (CNV), and the summary of the gene types in LUAD tissues were evaluated according to the online instructions of cBioPortal. The relationship between patients’ prognosis and gene mutation was analyzed using the tool of cBioPortal based on TCGA database, with a p-value < 0.05 regarded as significant.
GeneMANIA Analysis
GeneMANIA (http://genemania.org/) is an online database, a predictive server for analyzing physical interactions, co-expression, and information strength of target genes. Using this database, we analyzed the correlations between AQP superfamily molecules and their interactive genes.
Metascape Analysis
Metascape is a comprehensive tool for gene annotation and enrichment analysis. In the current study, we evaluated the functions of the four AQP and their co-expression genes. The threshold value was set as 0.01, and the enrichment factor of >1.5 and a minimum count of 3 were considered important. (Zhou et al., 2019).
Immune Infiltration Analysis
To explore the specific associations of AQP family genes with immune cells, we utilized the TIMER database for analysis (https://cistrome.shinyapps.io/timer/), which is a database designed for analyzing immune cell infiltrates in multiple cancers. In this study, we analyzed AQP expression levels in LUAD, and their associations with tumor purity and infiltrating immune cells including CD4+T cells, CD8+T cells, B cells, neutrophils, macrophages, and dendritic cells. Furthermore, we employed the TISIDB database (http://cis.hku.hk/TISIDB/) for evaluating whether AQP genes was related to immune infiltration therapy and subtypes in LUAD patients.
RESULTS
Expression Patterns of AQP Family Members in LUAD Patients
The GEPIA database was applied to investigate the expression differences of AQP genes between tumor and normal tissues in LUAD patients at the mRNA level (tumor cases = 483, normal cases = 347). According to the GEPIA database, AQP1, AQP3, AQP4, and AQP9 were significantly expressed in LUAD tissues compared to normal lung tissues (p < 0.05), but some genes including AQP0, AQP5, AQP6, AQP7, AQP8, AQP10, and AQP11 were not differentially expressed between tumor and normal tissues. In addition, we found that AQP2, AQP12A, and AQP12B were not expressed either in cancerous or in normal lung tissues (Figure 1).
[image: Figure 1]FIGURE 1 | mRNA expression of AQPs family members in LUAD via GEPIA database. Red box, tumor samples; gray box, normal samples; T, tumor; N, normal (*p < 0.05).
Previous studies have reported that four AQP family members (AQP1, AQP 3, AQP 4, and AQP 5) were expressed in lung tissues (Warth et al., 2011; Verkman, 2012; Wittekindt and Dietl, 2019); therefore, we further explored the expression levels of these genes with different tumor stages for LUAD patients using UALCAN databases. Interestingly, all these four genes were found to be aberrantly expressed in stage I LUAD patients when compared with normal tissues. As shown in Figure 2A, AQP3 was significantly increased (p < 0.001), while the expressions of AQP1, AQP4, and AQP5 were markedly decreased in patients with stage I LUAD (p < 0.001).
[image: Figure 2]FIGURE 2 | Gene expression of AQPs family members in LUAD patients. (A) AQP expression in LUAD patients at different clinical stages according to UALCAN. (B) Heat maps of AQP expression profiles identified in pulmonary normal and cancer tissues. (C) The mRNA expression of AQPs in LUAD tissues compared with adjacent normal tissues by RT-PCR (n = 28). (D) The protein expressions of AQP1 and AQP3 in stage I LUAD tissues compared with adjacent normal tissues via IHC (n = 9). (****p < 0.0001).
To further validate the expression of these four AQP family molecules in stage I LUAD, we conducted RNA sequencing analysis in 10 pairs of stage I LUAD and paracancer tissues. The heat map clearly showed an AQP-related cluster (Figure 2B), which exhibited a higher AQP3 expression and lower AQP1 expression than matched normal tissues (p < 0.001). Furthermore, total RNA was extracted from 28 paired stage I LUAD tissues to further validate the results of RNA sequencing and UALCAN databases by RT-PCR. The results indicated that AQP3 expression was significantly increased and the expression of AQP1 was markedly decreased in LUAD tissues compared with corresponding paracancerous tissues (p < 0.05) (Figure 2C). However, the expressions of AQP4 and AQP5 were not significantly different between paired tissues. Additionally, we further performed IHC staining to determine protein expression of differential AQP1 and AQP3. The results also suggested that AQP3 was highly expressed and AQP1 was poorly expressed in stage I LUAD tissues compared with paracancerous tissues (Figure 2D).
The Prognostic Values of Four AQP Family Members in LUAD Patients
To identify the effects of AQP genes on the progression and prognosis of LUAD, the differential expression levels of these four AQP genes were associated with LUAD patients using Kaplan–Meier plotter. The Kaplan–Meier survival curve analysis revealed that higher expression levels of AQP1/4/5 were related to longer OS. Conversely, the overexpression level of AQP3 indicated a poorer OS in all LUAD patients. Beyond that, the high level of AQP5 showed a positive effect on FP. And we found that AQP1/3/4/5 expression levels had no significant correlation with PPS (Figure 3A). Next, we further analyzed the association of the expression of the four AQPs with prognosis in different tumor stages. We found that AQP1/3/4/5 expression levels showed significant statistical differences in OS among all patients with stage I LUAD. By contrast, there was no statistical significance of AQP1/3/4/5 expression linked with OS among patients with stage II and stage III LUAD (Figure 3B).
[image: Figure 3]FIGURE 3 | Prognostic analysis of AQP family members in LUAD patients. (A) Kaplan–Meier analysis of prognostic effect of AQPs with OS, FP, and PPS values in LUAD patients. (B) Prognostic analysis of clinicopathologic factors for OS in AQPs. OS, overall survival; FP, first progression survival; PPS, post-progression survival.
The Alteration Frequency of Four AQP Family Genes in LUAD Patients
And then we evaluated the frequency of genetic alterations of four AQP genes in LUAD patients using the cBioPortal database. As shown in Figure 4A, more than 15% of LUAD patients exhibited obvious alterations in the four AQP genes, including mutation, amplification, deep deletion, mRNA high expression, and multiple alterations. Besides, the genetic alterations of AQP1, AQP3, AQP4, and AQP5 among LUAD patients account for 2.4, 1, 2.2, and 0.8%, respectively (Figure 4B). Furthermore, the association between the alterations of AQP gene expression and LUAD prognosis was performed using the cBioPortal database. The results indicated that alterations of four AQP genes in LUAD patients were not significantly associated with OS (Figure 4C, p = 0.257) or DFS (Figure 4D, p = 0.470).
[image: Figure 4]FIGURE 4 | Mutation frequency of AQP family members in LUAD patients with cBioPortal. (A) Mutation frequency in AQP family members. (B) Mutation frequency in the AQP1, AQP3, AQP4, and AQP5 genes. (C,D) Survival analysis associated with AQP gene alterations was performed with the Kaplan–Meier plot.
Co-Expression Network and Functional Enrichment Analysis of Four AQP Family Genes in LUAD Patients
In order to investigate potential mechanisms of the four AQP family genes in LUAD, the gene–gene interaction network between AQP genes and their functionally related genes was established using GeneMANIA. The results demonstrated that 20 genes, including TRAPPC8, PLD2, GK, TP53, AQP12A, AQP11, AQP12B, RP11-407P15.2, FP325317.1, RP5-877J2.1, MIP, AQP8, SEC61A1, AQP10, AQP9, ATF1, AQP6, TRPV4, AQP2, and AQP7, were mainly associated with regulatory functions of aberrantly expressed four AQP family members in LUAD patients (Figure 5A).
[image: Figure 5]FIGURE 5 | Interaction network and functional enrichment analysis of four AQP family genes in LUAD patients. (A) Co-expression network of AQP genes based on GeneMANIA. (B) Metascape analysis of top eight functional categories enriched in the AQPs. (C) Associations between these top eight clusters enrichment terms displayed as a network analyzed by Metascape.
Next, we used Metascape for gene ontology (GO), Kyoto Encyclopedia of Genes and Genome (KEGG), and protein–protein interaction (PPI) enrichment analyses. The data revealed the eight most enriched terms, including passive transport by aquaporins, water homeostasis, protein tetramerization, multicellular organismal water homeostasis, carbon dioxide transport, bile secretion, kidney development, and small GTPase-mediated signal transduction (Figure 5B). We also constructed a network of enriched terms colored by p-values (Figure 5C).
Relationship Between Four AQP Genes and Immune Cell Infiltration in LUAD
We first analyzed the correlation between abundance of tumor-infiltrating lymphocytes (TILs) and expression of four AQP molecules using TISIDB database. Interestingly, we found that the expression levels of AQP3/4/5 were obviously increased inflammation of the LUAD immune subtype (Figure 6A, p < 0.001).
[image: Figure 6]FIGURE 6 | Correlations between immune infiltration and AQPs in LUAD. (A) TISIDB was conducted to assess the relationship between expression of four AQPs and tumor-infiltrating lymphocytes. (B) Relationship between AQP expression and immune infiltration level generated from TIMER.
Next, we further evaluated the association between AQP gene expression and LUAD molecular subtypes using TIMER. Our results showed that high AQP1/4 expression and low AQP3 expression were strongly related to high infiltrating abundances of macrophages, neutrophils, and dendritic cells in LUAD, while AQP5 expression was not significantly correlated with infiltration abundances of these lymphocytes. Additionally, we found that high AQP1/5 expression was notably associated with high infiltrating abundances of B cells and CD4+ cells (Figure 6B).
DISCUSSION
AQP family members are primarily involved in transepithelial and transcellular water flow, transport of fluid, and cell migration (Ribatti et al., 2014; Li and Wang, 2017). To date, fourteen AQP members have been identified in specific cell types in various organs and tissues; however, only AQP1/3/4/5 genes are reported to be expressed in lung tissues (Folkesson et al., 1994; Yadav et al., 2020). Additionally, several studies found that these four AQP genes were abnormally expressed in lung cancer and exerted important roles in tumor growth and cancer metastasis (Zhang et al., 2010; Warth et al., 2011), whereas more details and associations between AQPs and LUAD were not fully described. Thus, it was essential to comprehensively explore the expressions, prognostic value, and immune cell infiltration of these four AQP family genes in LUAD patients.
AQP1, which is expressed in the endothelium of the pulmonary capillary, artery, and vein (Nielsen et al., 1993), is a plasma membrane channel involved in transepithelial water transport (Verkman, 2005). Previous studies have demonstrated that AQP1 was overexpressed in lung cancer in vitro and in vivo, and upregulation of AQP1 was related to worse prognosis (Yun et al., 2016; Dajani et al., 2018; Stamboni et al., 2020). However, our study concluded contrary results. According to the GEPIA and UALCAN databases, the AQP1 expression level was significantly decreased in all LUAD patients, including stage I LUAD patients. Furthermore, the results of RNA sequencing and RT-PCR also showed a downregulated AQP1 expression in stage I LUAD. Survival curve analysis indicated that the overexpression of AQP1 was related to a better prognosis. These discrepant results may arise for several reasons, including differences in sample size, statistical methodologies, and database used. Interestingly, we found that high AQP1 expression was strongly associated with high infiltrating abundances of macrophages in LUAD. A previous study showed that functional AQP1 could exert its action in supporting M1 macrophage movement to infected regions, while repressing orientation toward the M2 phenotype (Tyteca et al., 2015). Similarly, another study supported that AQP1 suppressed M2 polarization under normal conditions, promoted M2 polarization after stimulation of LPS, and alleviated acute kidney injury by PI3K-induced macrophage M2 polarization (Liu et al., 2020a). We therefore speculated that AQP1 may also have a potentially important role for macrophages in LUAD. This speculation however requires further validation.
Unlike AQP1, AQP3 mainly expressed in basal epithelial cells, including large airway and the nasopharynx (Yadav et al., 2020). AQP3 was found to be overexpressed in lung cancer and played a critical role in tumor angiogenesis, progression, and metastasis (Xia et al., 2014; Hou et al., 2016). Wang et al. reported that AQP3 was elevated in NSCLC tissues and cells compared with the control group and partially reversed the inhibitory effects of miR‐874 on cell growth and mobility in A549 cells (Wang et al., 2020). Similarly, Liu et al. also found that AQP3 can inhibit the differentiation and apoptosis and further affect tumor progression of lung cancer stem cells by regulating the Wnt/GSK-3β/β-catenin pathway (Liu et al., 2020b). However, the associations between AQP3 expression and characteristics, prognosis, and immune-infiltrating level of LUAD patients have not been fully elucidated. In our study, we found that AQP3 was obviously upregulated in LUAD patients compared to the normal tissues in GEPIA and UALCAN databases. On further analysis of stage I LUAD patients by RNA sequencing and RT-PCR, we observed similar results. Moreover, high expression of AQP3 was significantly related to disease progression and poor prognosis in patients with LUAD. In the subgroup analysis of different tumor stages, we found that only stage I LUAD patients showed a shorter OS in the high–AQP3 expression group, which suggested that AQP3 may exert a significant role in an early stage of LUAD. Consistently, some clinical studies also suggested that the aberrant AQP3 expression may be strongly associated with tumor progression and prognosis in several malignant cancers, including hepatocellular carcinoma (Guo et al., 2013), colorectal carcinoma (Li et al., 2013), and gastric cancer (Chen et al., 2014). Therefore, AQP3 may be considered as a potential prognostic marker in patients with stage I LUAD.
AQP4 is expressed in surface columnar cells in the upper airways (Song et al., 2017), which mainly acts as the effect on facilitating fluid transport through the small airway epithelium (Zhu et al., 2016). At present, the potential functions and mechanisms of AQP4 in LUAD patients are not yet evident. Some studies showed that AQP4 was poorly expressed in LUAD tissues and overexpressing AQP4 could inhibit the promotive role of miR-196b on cancer cell migration and invasion (Wu et al., 2021), while other studies found that AQP4 was upregulated in well-differentiated LUAD and higher mRNA and protein levels of AQP4 were associated with a better prognosis (Warth et al., 2011). To validate these contradictory results, we performed bioinformatics analysis and experiments. The results showed a lower AQP4 expression in stage I LUAD patients by UALCAN database analysis, while no significant expression difference by transcriptome sequencing and RT-PCR. Furthermore, the Kaplan–Meier survival analysis revealed that higher AQP4 expression was related to a more favorable prognosis in stage I LUAD patients, which was consistent with the results quoted earlier.
Likewise, most of the studies demonstrated that AQP5 was significantly increased and played prominent roles in proliferation, migration, and angiogenesis in NSCLC (Kumari et al., 2018; Zhang et al., 2018; Elkhider et al., 2020). However, our analysis indicated that there was no differential expression of AQP5 mRNA levels in LUAD patients by bioinformatics analysis and RT-PCR, which was inconsistent with the results of previous studies (Zhang et al., 2018; Elkhider et al., 2020). In addition, we found that a high level of AQP5 showed a positive effect on OS and FP in all LUAD patients, while some researchers reported that AQP5 expression in lung cancer tissues was related to a poor prognosis (Song et al., 2015). Thus, as for these contradictory findings, further large sample size, multicentric studies and comprehensive statistical evaluation are needed to confirm.
The present study revealed the expression patterns, distinct prognostic values, and immune cell infiltration of these four AQP family genes in LUAD patients. Since our research relied on public databases and was based on bioinformatics analyses, there are some limitations. First, some results and conclusions lack experimental validation and prospectively clinical cohort validation. Second, the differences of statistical methodologies, database used, and potential sample heterogeneity may bias the outcomes. Further validation based on a larger sample size and comprehensive data analysis are required.
CONCLUSION
In summary, we systematically analyzed gene expression, disease prognosis, and immune microenvironment of four AQP family members in LUAD patients. Our analysis showed that the expression level of AQP3 was significantly increased and the expression of AQP1 was markedly decreased, while the expression levels of AQP4 and AQP5 were not obviously expressed in LUAD tissues. AQP3 was found to be significantly related to the clinical tumor stage, and lower AQP3 expression indicated a better prognosis in stage I LUAD patients. These findings suggested that AQP3 could be an underlying prognosis predictor for the survival of stage I LUAD patients. Moreover, functional enrichment analysis indicated that differentially expressed AQPs is mainly involved in the passive transport, water homeostasis, and the infiltration of diverse immune cells. Thus, these findings could be a promising start for the discovery of novel potential prognosis predictors and the development of a novel target for the treatment of LUAD.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Academic Committee of the Second Affiliated Hospital of Fujian Medical University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.
AUTHOR CONTRIBUTIONS
GL, LL, and LC contributed to the design of the project, conducted all experiments and prepared the figures and the manuscript. ZG and HL contributed to the collection and assembly of data. YUX and WC made the statistics and figures. CH, JF and QL contributed to data analysis. YZ and YIX participated at all levels and supervised the work and edited the manuscript. All authors interpreted the results, and contributed to writing the article. All authors approved the final version for submission.
FUNDING
The work was supported by Fujian Provincial Health Fund for Young and Middle-Aged People (2019-ZQNB-7) and Quanzhou major science and technology projects (2018-QDZX-9).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2021.736367/full#supplementary-material
REFERENCES
 Borok, Z., and Verkman, A. S. (2002). Lung Edema Clearance: 20 Years of Progress: Invited Review: Role of Aquaporin Water Channels in Fluid Transport in Lung and Airways. J. Appl. Physiol. (1985) 93, 2199–2206. doi:10.1152/japplphysiol.01171.2001
 Chandrashekar, D. S., Bashel, B., Balasubramanya, S. A. H., Creighton, C. J., Ponce-Rodriguez, I., Chakravarthi, B. V. S. K., et al. (2017). UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia 19, 649–658. doi:10.1016/j.neo.2017.05.002 
 Chen, J., Wang, T., Zhou, Y.-C., Gao, F., Zhang, Z.-H., Xu, H., et al. (2014). Aquaporin 3 Promotes Epithelial-Mesenchymal Transition in Gastric Cancer. J. Exp. Clin. Cancer Res. 33, 38. doi:10.1186/1756-9966-33-38
 Chen, W., Zheng, R., Baade, P. D., Zhang, S., Zeng, H., Bray, F., et al. (2016). Cancer Statistics in China, 2015. CA Cancer J. Clin. 66, 115–132. doi:10.3322/caac.21338
 Dajani, S., Saripalli, A., and Sharma-Walia, N. (2018). Water Transport Proteins-Aquaporins (AQPs) in Cancer Biology. Oncotarget 9, 36392–36405. doi:10.18632/oncotarget.26351 
 Elkhider, A., Wang, B., Ouyang, X., Al-Azab, M., Walana, W., Sun, X., et al. (2020). Aquaporin 5 Promotes Tumor Migration and Angiogenesis in Non-small Cell Lung Cancer Cell Line H1299. Oncol. Lett. 19, 1665–1672. doi:10.3892/ol.2020.11251 
 Finn, R. N., Chauvigné, F., Hlidberg, J. B., Cutler, C. P., and Cerdà, J. (2014). The Lineage-specific Evolution of Aquaporin Gene Clusters Facilitated Tetrapod Terrestrial Adaptation. PloS One 9, e113686. doi:10.1371/journal.pone.0113686 
 Folkesson, H. G., Matthay, M. A., Hasegawa, H., Kheradmand, F., and Verkman, A. S. (1994). Transcellular Water Transport in Lung Alveolar Epithelium through Mercury-Sensitive Water Channels. Proc. Natl. Acad. Sci. 91, 4970–4974. doi:10.1073/pnas.91.11.4970 
 Gao, J., Aksoy, B. A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S. O., et al. (2013). Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 6, pl1. doi:10.1126/scisignal.2004088 
 Guo, X., Sun, T., Yang, M., Li, Z., Li, Z., and Gao, Y. (2013). Prognostic Value of Combined Aquaporin 3 and Aquaporin 5 Overexpression in Hepatocellular Carcinoma. Biomed. Res. Int. 2013, 206525. doi:10.1155/2013/206525 
 Hou, S.-Y., Li, Y.-P., Wang, J.-H., Yang, S.-L., Wang, Y., Wang, Y., et al. (2016). Aquaporin-3 Inhibition Reduces the Growth of NSCLC Cells Induced by Hypoxia. Cell Physiol. Biochem. 38, 129–140. doi:10.1159/000438615 
 Ishibashi, K., Hara, S., and Kondo, S. (2009). Aquaporin Water Channels in Mammals. Clin. Exp. Nephrol. 13, 107–117. doi:10.1007/s10157-008-0118-6 
 Kumari, S. S., Varadaraj, M., Menon, A. G., and Varadaraj, K. (2018). Aquaporin 5 Promotes Corneal Wound Healing. Exp. Eye Res. 172, 152–158. doi:10.1016/j.exer.2018.04.005 
 Li, A., Lu, D., Zhang, Y., Li, J., Fang, Y., Li, F., et al. (2013). Critical Role of Aquaporin-3 in Epidermal Growth Factor-Induced Migration of Colorectal Carcinoma Cells and its Clinical Significance. Oncol. Rep. 29, 535–540. doi:10.3892/or.2012.2144 
 Li, C., and Wang, W. (2017). Molecular Biology of Aquaporins. Adv. Exp. Med. Biol. 969, 1–34. doi:10.1007/978-94-024-1057-0_1 
 Liu, C., Liu, L., Zhang, Y., and Jing, H. (2020). Molecular Mechanism of Aquapontin (AQP3) in Regulating Differentiation and Apoptosis of Lung Cancer Stem Cells through Wnt/GSK-3β/β-Catenin Pathway. J. BUON 25, 828–834. 
 Liu, C., Li, B., Tang, K., Dong, X., Xue, L., Su, G., et al. (2020). Aquaporin 1 Alleviates Acute Kidney Injury via PI3K-Mediated Macrophage M2 Polarization. Inflamm. Res. 69, 509–521. doi:10.1007/s00011-020-01334-0 
 Liu, H. H., Zhang, R., and Bodvarsson, G. S. (2005). An Active Region Model for Capturing Fractal Flow Patterns in Unsaturated Soils: Model Development. J. Contam. Hydrol. 80, 18–30. doi:10.1016/j.jconhyd.2005.07.002
 Liu, J., Li, X.-Y., Zhao, Y.-Q., Liu, R.-Q., Zhang, J.-B., Ma, J., et al. (2014). Genotype-phenotype Correlation in Chinese Patients with Pulmonary Mixed Type Adenocarcinoma: Relationship between Histologic Subtypes, TITF-1/SP-A Expressions and EGFR Mutations. Pathol. Res. Pract. 210, 176–181. doi:10.1016/j.prp.2013.11.013 
 Nielsen, S., Smith, B. L., Christensen, E. I., and Agre, P. (1993). Distribution of the Aquaporin CHIP in Secretory and Resorptive Epithelia and Capillary Endothelia. Proc. Natl. Acad. Sci. 90, 7275–7279. doi:10.1073/pnas.90.15.7275 
 Ribatti, D., Ranieri, G., Annese, T., and Nico, B. (2014). Aquaporins in Cancer. Biochim. Biophys. Acta Gen. Subjects 1840, 1550–1553. doi:10.1016/j.bbagen.2013.09.025
 Song, T., Yang, H., Ho, J. C. M., Tang, S. C. W., Sze, S. C. W., Lao, L., et al. (2015). Expression of Aquaporin 5 in Primary Carcinoma and Lymph Node Metastatic Carcinoma of Non-small Cell Lung Cancer. Oncol. Lett. 9, 2799–2804. doi:10.3892/ol.2015.3108 
 Song, Y., Wang, L., Wang, J., and Bai, C. (2017). Aquaporins in Respiratory System. Adv. Exp. Med. Biol. 969, 115–122. doi:10.1007/978-94-024-1057-0_7 
 Stamboni, M. B., Gomes, Á. N. M., Souza, M. M., Oliveira, K. K., Arruda, C. F. J., de Paula, F., et al. (2020). Aquaporin 1, 3, and 5 Patterns in Salivary Gland Mucoepidermoid Carcinoma: Expression in Surgical Specimens and an In Vitro Pilot Study. Int. J. Mol. Sci. 21, 1287. doi:10.3390/ijms21041287 
 Sung, H., Ferlay, J., Siegel, R., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 71, 209. doi:10.3322/caac.21660
 Tang, Z., Li, C., Kang, B., Gao, G., Li, C., and Zhang, Z. (2017). GEPIA: a Web Server for Cancer and normal Gene Expression Profiling and Interactive Analyses. Nucleic Acids Res. 45, W98–W102. doi:10.1093/nar/gkx247 
 Tyteca, D., Nishino, T., Debaix, H., Van Der Smissen, P., N'Kuli, F., Hoffmann, D., et al. (2015). Regulation of Macrophage Motility by the Water Channel Aquaporin-1: Crucial Role of M0/M2 Phenotype Switch. PloS One 10, e0117398. doi:10.1371/journal.pone.0117398 
 Verkman, A. S. (2012). Aquaporins in Clinical Medicine. Annu. Rev. Med. 63, 303–316. doi:10.1146/annurev-med-043010-193843 
 Verkman, A. S. (2005). More Than Just Water Channels: Unexpected Cellular Roles of Aquaporins. J. Cel. Sci. 118, 3225–3232. doi:10.1242/jcs.02519
 Verkman, A. S. (2007). Role of Aquaporins in Lung Liquid Physiology. Respir. Physiol. Neurobiol. 159, 324–330. doi:10.1016/j.resp.2007.02.012 
 Wang, S., Wu, Y., Yang, S., Liu, X., Lu, Y., Liu, F., et al. (2020). miR ‐874 Directly Targets AQP3 to Inhibit Cell Proliferation, Mobility and EMT in Non‐small Cell Lung Cancer. Thorac. Cancer 11, 1550–1558. doi:10.1111/1759-7714.13428 
 Warth, A., Muley, T., Meister, M., Herpel, E., Pathil, A., Hoffmann, H., et al. (2011). Loss of Aquaporin-4 Expression and Putative Function in Non-small Cell Lung Cancer. BMC Cancer 11, 161. doi:10.1186/1471-2407-11-161 
 Wittekindt, O. H., and Dietl, P. (2019). Aquaporins in the Lung. Pflugers Arch. Eur. J. Physiol. 471, 519–532. doi:10.1007/s00424-018-2232-y
 Wu, X., Wu, G., Zhang, H., Peng, X., Huang, B., Huang, M., et al. (2021). MiR-196b Promotes the Invasion and Migration of Lung Adenocarcinoma Cells by Targeting AQP4. Techn. Cancer Res. Treat. 20, 1533033820985868. doi:10.1177/1533033820985868
 Xia, H., Ma, Y.-F., Yu, C.-H., Li, Y.-J., Tang, J., Li, J.-B., et al. (2014). Aquaporin 3 Knockdown Suppresses Tumour Growth and Angiogenesis in Experimental Non-small Cell Lung Cancer. Exp. Physiol. 99, 974–984. doi:10.1113/expphysiol.2014.078527 
 Yadav, E., Yadav, N., Hus, A., and Yadav, J. S. (2020). Aquaporins in Lung Health and Disease: Emerging Roles, Regulation, and Clinical Implications. Respir. Med. 174, 106193. doi:10.1016/j.rmed.2020.106193 
 Yun, S., Sun, P.-L., Jin, Y., Kim, H., Park, E., Park, S. Y., et al. (2016). Aquaporin 1 Is an Independent Marker of Poor Prognosis in Lung Adenocarcinoma. J. Pathol. Transl. Med. 50, 251–257. doi:10.4132/jptm.2016.03.30 
 Zhang, L., Lu, J., Zhou, H., Du, Z., and Zhang, G. (2018). Silencing of Aquaporin 5 Inhibits the Growth of A549 Lung Cancer Cells In Vitro and In Vivo. Int. J. Oncol. 52, 1643–1650. doi:10.3892/ijo.2018.4326
 Zhang, Z., Chen, Z., Song, Y., Zhang, P., Hu, J., and Bai, C. (2010). Expression of Aquaporin 5 Increases Proliferation and Metastasis Potential of Lung Cancer. J. Pathol. 221, 210–220. doi:10.1002/path.2702
 Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O., et al. (2019). Metascape Provides a Biologist-Oriented Resource for the Analysis of Systems-Level Datasets. Nat. Commun. 10, 1523. doi:10.1038/s41467-019-09234-6 
 Zhu, C., Chen, Z., and Jiang, Z. (2016). Expression, Distribution and Role of Aquaporin Water Channels in Human and Animal Stomach and Intestines. Int. J. Mol. Sci. 17, 1399. doi:10.3390/ijms17091399 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Lin, Chen, Lin, Lin, Guo, Xu, Hu, Fu, Lin, Chen, Zeng and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-08-736367-g005.gif
| e,
=i 000300 o o e sl racton





OPS/images/fmolb-08-736367-g006.gif
[AARE FOF e






OPS/images/fmolb-08-736367-g003.gif





OPS/images/fmolb-08-736367-g004.gif
e
i D e L
wlll e o RS T
£ B
B R I e O e
D S ——
et ——————"
o
=+ B






OPS/xhtml/nav.xhtml
Contents

		Cover

		Comprehensive Analysis of Aquaporin Superfamily in Lung Adenocarcinoma		Introduction

		Materials and Methods		Ethics Statement

		GEPIA Data Analysis

		UALCAN Data Analysis

		RNA-Seq Data Analysis

		Real-Time Reverse Transcription PCR

		Immunohistochemical Staining

		Kaplan–Meier Survival Analysis

		cBioPortal Data Analysis

		GeneMANIA Analysis

		Metascape Analysis

		Immune Infiltration Analysis





		Results		Expression Patterns of AQP Family Members in LUAD Patients

		The Prognostic Values of Four AQP Family Members in LUAD Patients

		The Alteration Frequency of Four AQP Family Genes in LUAD Patients

		Co-Expression Network and Functional Enrichment Analysis of Four AQP Family Genes in LUAD Patients

		Relationship Between Four AQP Genes and Immune Cell Infiltration in LUAD





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
frontiers
In Molecular Biosciences

Comprehensive Analysis of
Aquaporin Superfamily in Lung
Adenocarcinoma





OPS/images/fmolb-08-736367-g001.gif





OPS/images/fmolb-08-736367-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers o
in Molecular Biosciences





