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Abstract
Objective
The regulatory role of the miR-618/JAK2/STAT3 axis in non-small cell lung cancer cells (NSCLC) was investigated with the objective of identifying a target for the precise treatment of patients with NSCLC.

Methods
Initially, differential gene expression was identified in the GEO database, followed by a comprehensive bioinformatics analysis. The tissue and cell levels of miR-618 were assessed using qRT-PCR, while the protein levels of JAK2 and STAT3 were determined through western blotting analysis. The association between miR-618 and JAK2 was scrutinized through bioinformatics analysis and dual-luciferase experiments. To evaluate cell proliferation, migration, and invasion, MTT, wound-healing, and Transwell assays were employed.

Results
The expression of miR-618 is decreased in NSCLC, and it targets the JAK2/STAT3 pathway to inhibit the proliferation, invasion, and migration of NSCLC.

Conclusion
Our study demonstrates that a novel miR-618/JAK2/STAT3 signaling axis is involved in suppressing malignancy in NSCLC and provides a promising target for NSCLC therapy.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13019-024-03160-5.
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Introduction
Lung carcinoma is one of the leading causes of global cancer mortality.Based on the information from GLOBOCAN 2018 data, approximately 2.09 million new cases and 1.76 million deaths are reported each year [1]. Lung cancer ranks among the most prevalent malignant neoplasms in China. The 2015 data published by the National Cancer Center reveal that the 5-year prevalence rate of lung cancer in China during the period of 2006 to 2011 stood at 130.2 cases per 100,000 individuals.Of these cases, the prevalence rate for men was 84.6 (1/100 000), ranking second for malignant tumors, while the rate for women was 45.6 (1/100 000), ranking fourth for malignant tumors [2]. From a histopathological perspective, the two primary categories of lung carcinoma comprise small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), with NSCLC accounting for approximately 85% of all cases based on histological analysis [3]. While the treatment methods for lung cancer have become more diverse, the survival rate of lung cancer patients is still only about 15% with late-stage disease manifestations, histological heterogeneity of the tumor subtypes, and resistance to anti-tumor drugs being the key reasons for poor prognosis [4]. Understanding the underlying mechanisms of lung cancer tumorigenesis is essential in enhancing patient diagnosis, treatment, and prognosis.
The body of research indicates that non-coding RNAs (ncRNAs) are significantly involved in the development and advancement of non-small cell lung cancer (NSCLC) [5–7]. MicroRNAs (miRNAs), comprising small ncRNAs with a length of 20–24 nucleotides, have emerged as key players in this context [8, 9]. They were first discovered in 1993 in Caenorhabditis elegans [10, 11]. Since then, miRNAs have been shown to have significant importance in the regulatory pathways of both unicellular and multicellular eukaryotes. Small RNA molecules have the ability to selectively identify and attach to matching regions found in the 3’-untranslated portions (UTRs) of target messenger RNAs. This interaction can impede translation or induce degradation of the mRNA, ultimately causing post-transcriptional gene silencing [12]. In addition, miRNAs can also activate gene expression under certain conditions either directly or indirectly [13]. The miRBase database currently contains over 2500 mature miRNAs derived from 1188 miRNA precursors.
Thousands of miRNAs have been shown to be associated with various human diseases, including malignant tumors. In 2002, a study by Calin et al. showed a relationship between miRNA dysregulation and cancer [14]. In 2004, Takamizawa et al. demonstrated a relationship between miRNA expression and lung cancer [15]. miR-519d-3p has been found to inhibit the expression of Bcl-w and hypoxia-inducing factor (HIF)-1α, reducing hypoxia-induced tumorigenesis [16], while miR-487a-3p down-regulation inhibits the progression of NSCLC by targeting Smad7 [17].
Janus kinase 2 (JAK2) serves as a non-receptor tyrosine kinase signaling molecule responsible for transducing the effects of a range of hormones and cytokines such as interferon, erythropoietin, leptin, and growth hormone [18, 19]. JAK2 plays a critical role in the regulation of cellr volume, safeguarding cells during energy utilization and proliferation, and facilitating the survival of tumor cells. The JAK/STAT pathway is an evolutionarily conserved signaling pathway, involving many basic cell functions, such as cell growth and metastasis, which can lead to the development and progression of cancer [20].
The present study conducted differential analysis utilizing the GEO online database, revealing a significant downregulation of miR-618 expression in the peripheral blood of lung cancer patients compared to healthy individuals (Accession No. GSE24709) [21]. Subsequently, we conducted an analysis utilizing the Starbase database [22], which revealed a lower expression level of miR-618 in lung cancer tissues compared to normal lung tissues. Through the use of RT-qPCR validation on tissue samples, we observed a downregulation of miR-618 in NSCLC tissue cells. Our findings indicate that miR-618 specifically targets JAK2 within tumor cells, resulting in the suppression of migration and invasion in NSCLC cells by modulating the JAK2/STAT3 pathway, thus providing new insights into the pathogenesis of NSCLC.

Materials and methods
Human tissue specimens
Tissue samples (tumor and normal adjacent tissue) were obtained from lung cancer patients at the First Affiliated Hospital of Ningbo University. The specimens were procured from surgical excision of neoplasms, with the individuals having had no prior exposure to radiotherapy, chemotherapy, or targeted therapy prior to the operative procedure. Clinical information and case data were obtained from the patients at the time of surgery. All the patients provided written informed consent, and the research methodology was sanctioned by the Medical Ethics Committee of the First Affiliated Hospital of Ningbo University. Helsinki Declaration has been followed for involving human subjects in this study.

Cell culture
The cell lines utilized in the study were procured from the Chinese Academy of Sciences Cell Bank (CASCB, China), including one human normal bronchial epithelial cell line BEAS-2B and four human lung adenocarcinoma cell lines namely NCI-H1299,LTEP-A-2,SPC-A-1 and A549.BEAS-2B cells were cultured in DMEM medium (Hyclone, USA), while all human lung cancer cell lines were cultured in RPMI-1640 medium (Hyclone, USA). The cells mentioned above were all cultured in an environment containing 10% fetal bovine serum (PAN, Germany), and all cell lines were placed in a 5% CO2, 37 °C incubator (Thermo Fisher, USA).

Total RNA extraction and RT-qPCR
Total RNA was isolated from lung cancer tissues and cell lines employing the TRIzol reagent (Invitrogen, USA).mRNA was obtained by reverse-transcription of the total RNA using a reverse-transcription kit (Toyobo, Japan), and cDNA was synthesized from miRNA using a miRNA reverse-transcription kit (GenePharma, China). RT-qPCR was performed using SYBR Green 1 (Takara, Japan). β-actin and U6 were employed as internal reference standards, with the specific primers utilized detailed in Table S1 (additional file 1).

siRNAs, miRNA mimic, miRNA inhibitor, and transfection experiments
JAK2 siRNA, the miR-618 mimic and inhibitor, and a non-targeting negative control were purchased from GenePharma (Shanghai, China). Lipofectamine 2000 (Invitrogen, Germany) was used for transfection.After a span of forty-eight hours subsequent to transfection, the cellular entities were employed for the purpose of RNA extraction and identification through RT-qPCR. The transfected sequences of the miR-618 mimics and siRNA oligonucleotides are shown in Table S2, Additional file 1.

MTT assay
The transfected cells were seeded and cultured in 96-well plates for 12 h. Twenty microliters of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) solution were added to each well, after which the plate was incubated at 37˚C for 4 h. After removing the medium and MTT solution, 150 µl of DMSO was introduced, and the absorbance was measured using a microplate reader. (Bio-Rad, Hercules, CA, USA) every hour for 0, 24, 48, 72, and 96 h.

Colony formation assay
The transfected cells were evenly allocated into individual wells of 6-well plates, with each well containing a concentration of 500 cells. The plates underwent a 12-day incubation in a cell culture incubator, and then were subjected to three washes using phosphate-buffered saline (PBS). The colonies were then fixed with 4% paraformaldehyde for a duration of 30 min, followed by staining with 150 µl of 0.1% crystal violet(Solarbio, China) per well for a period of 15 min.

Transwell assay
A Transwell chamber with its upper and lower chambers separated by a polycarbonate microporous membrane (pore size 8 μm) and coated with artificial base glue was used. Cells were harvested and resuspended to a density of 1 × 106 cells/mL. One hundred microliters of this cell suspension were added to the upper chamber, and 500 µL of DMEM complete culture medium was added to the lower chamber. The Transwell chamber was then placed in a 37 °C, 5% CO2 incubator and cultured for 8 h. The polycarbonate microporous membrane was then removed from the chamber and the base, glue and cells on its upper surface were gently wiped with a cotton swab. The cells were fixed in neutral formaldehyde for 20 min, followed by staining with hematoxylin and eosin. Finally, the cells were examined under a microscope and the cells in five randomly selected fields of view were counted.

Wound-healing experiment
The transfected cells were distributed into a 6-well plate at a density of 2 × 105 cells per well, followed by an overnight incubation at 37 °C in a 5% CO2 environment. After ensuring that the cells were adherent, 2,4-diamino-4,6-dihydroxypyrimidine (DDP) was added for treatment, after which the cells were cultured until fully confluent. A linear scratch was made on the cell monolayer with a 200 µL sterile pipette tip and photomicrographs were taken immediately. After culturing for a further 48 h, the cells were again photographed and recorded. Image J software was used to measure the migration distance of each group of cells.

Western blotting
Total protein (including total, nuclear and cytoplasmic protein) was extracted from the cells using RIPA lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1%Triton X-100, and 1 protease inhibitor cocktail tablet/10 ml, Solarbio, Beijing, China) and quantified using a BCA protein assay kit (Beyotime, China). The Western blotting procedure was executed following established protocols. The primary antibodies were anti-JAK2 (Bioss Antibodies, Woburn, MA, USA), anti-STAT3 (Bioss), anti-p-STAT3 (Bioss), and anti-β-actin (Santa Cruz Biotechnology, Dallas, TX, USA).

Bioinformatic analysis
Starbase database was used to predict the difference in the expression of miR-618 between lung cancer tissues and normal tissues.
TargetScan software was used to predict the biological targets of miR-618 (TargetScanHuman 8.0).

Statistical analysis
Statistical analysis of the data was conducted using GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA). Data were presented in the form of means ± standard deviations.The study was conducted with a minimum of three replications, with statistical significance determined at a p-value of less than 0.05. Photoshop CS6 software (Adobe Photoshop CS, Berkeley, CA, USA) was used for the statistical analysis of cell clone numbers, and quantitative analysis of the gray values of the Western blot bands was performed using Image J software.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.


Results
Expression of miR-618 in NSCLC
Firstly, through online analysis of the GEO database, we observed a significant downregulation of miR-618 in the peripheral blood of lung cancer patients (Fig. 1A). The starbase database analysis revealed a notable downregulation of miR-618 within 512 lung cancer specimens in contrast to 20 control samples (Fig. 1B). We employed qRT-PCR to assess the expression of miR-618 in 50 sets of NSCLC tumors along with their neighboring non-cancerous tissues. The levels of miR-618 were notably reduced in the cancerous tissues in contrast to the neighboring non-cancerous tissues (Fig. 1C). Subsequent studies showed that the expression of miR-618 in NSCLC cells (LTEP-A-2, SPC-A-1, NCI-H1299, and A549) was significantly reduced compared with BEAS-2B cells (Fig. 1D). NSCLC cells were assessed to investigate the impact of miR-618 on their proliferation, migration, and invasion through gain and loss of function analyses. First, we designed and synthesized a miR-618 inhibitor, and observed that it could downregulate the expression of miR-618 by 48–63% (Fig. 1E). Furthermore, we employed miR-618 mimics for inducing ectopic expression of miR-618, observing a substantial up-regulation of miR-618 by 247-879-fold (Fig. 1F).
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Fig. 1Expression of miR-618 in NSCLC. (A) Analysis conducted on the GEO database revealed a significant downregulation of miR-618 in the peripheral blood of lung cancer patients. (B) The starbase database predicts the expression level of miR-618 in 512 lung cancer tissue samples and 20 normal samples. (C) The differential expression of miR-618 was analyzed in 50 pairs of NSCLC tissues and corresponding noncancerous tissues. (D) qRT-PCR analysis of miR-618 expression in NSCLC cell lines. (E) The miR-618 expression levels were examined following the transfection of miR-NC and an miR-618 inhibitor in NCI-H1299 and LTEP-A-2 cells. (F) MiR-618 expression levels were analyzed post transfection of miR-NC and miR-618 mimics in NCI-H1299 and LTEP-A-2 cells. * P < 0.05, ** P < 0.01, *** P < 0.001



MiR-618 inhibits lung cancer cell proliferation, migration, and invasion
The results obtained from MTT and colony formation assays demonstrated that the downregulation of miR-618 significantly enhanced the growth and proliferation of LTEP-A-2 and NCI-H1299 cells. Conversely, upregulating miR-618 had the opposite impact on cell proliferation, suggesting that miR-618 suppressed the proliferation of NSCLC cells (Fig. 2A-B). Cellular scratching and invasion assays elucidated that suppression of miR-618 facilitated the migratory and invasive capacities of LTEP-A-2 and NCI-H1299 cells, whereas upregulation hindered cell migration and invasion (Fig. 2C-D).
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Fig. 2MiR-618 inhibits lung cancer cell proliferation, migration, and invasion. (A) Proliferation of NCI-H1299 and LTEP-A-2 cells after overexpression or knockdown of miRNA-618, shown by MTT assays and (B) colony-forming assays; (C) Migration of miRNA-618-overexpressing or knockdown NCI-H1299 and LTEP-A-2 cells shown by wound-healing assays; (D) Invasion of miRNA-618-overexpressing or knockdown NCI-H1299 and LTEP-A-2 cells shown by Transwell assays. * P < 0.05, ** P < 0.01, *** P < 0.001



MiR-618 targets the JAK2 3’ UTR
The experimental investigations concerning cellular functions have indicated that miR-618 possesses the capability to impede the proliferation, invasion, and migration of NSCLC cells. We suspected that miR-618 might influence the progression of NSCLC via a distinct molecular mechanism. Research indicates that miRNAs have the ability to selectively attach to and control the activity of target genes in order to influence the advancement of NSCLC. TargetScan software predicted that miR-618 binds to JAK2 (Fig. 3A). To verify this prediction, we knocked down or overexpressed miR-618 in LTEP-A-2 and NCI-H1299 cells, confirming that JAK2 was regulated by miR-618 (Fig. 3B). For further exploration of this interaction, we conducted a dual-luciferase reporter assay. The findings indicated that after co-transfection of miR-618 mimics with JAK2 wild-type, the luciferase activity was significantly reduced, while co-transformation with the JAK2 mutant sequence had no effect (Fig. 3C). We conducted qRT-PCR on 50 pairs of NSCLC tissues and their corresponding non-cancerous tissues to examine the differential expression of JAK2. We observed a reduction in the expression of JAK2 in the tumor tissues of NSCLC patients compared to normal controls (Fig. 3D). The analysis of correlation reveals a decrease in the expression of miR-618 and an increase in the expression of JAK2 within lung cancer tissues, with their expressions demonstrating a negative correlation (r=-0.3242, p = 0.0202) (Fig. 3E). Finally, Western blotting showed that JAK2 knockdown significantly reduced the expression of both JAK2 and p-STAT3 protein, while the simultaneous knockdown of JAK2 and miR-618 restored the JAK2 and p-STAT3 protein levels.We further discovered that downregulating JAK2 leads to a decrease in the expression of CCND and c-MYC proteins, yet concomitant downregulation of JAK2 and miR-618 restores the levels of CCND and c-MYC proteins (Fig. 3F).
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Fig. 3MiR-618 targets the JAK2 3’ UTR. (A) Prediction of interaction between miR-618 and the JAK2 3’ UTR the TargetScan database; (B) After overexpressing or knocking down miR-618, qPCR was used to detect expression of JAK2 in NCI-H1299 and LTEP-A-2 cells; (C) After transfection of NCI-H1299 and LTEP-A-2 cells with miR-618, the relative luciferase activity of the JAK2 3’ UTR wild-type or mutant luciferase vector was measured; (D) Differential expression analysis of JAK2 was conducted on 50 pairs of NSCLC tissues and their corresponding non-cancerous tissues. (E) Expression of miR-618 and JAK2 in lung cancer tissues was negatively correlated. (F) After overexpression or knockdown of miR-618, western blotting was used to detect expression of JAK2, STAT3, p-STAT3, CCND, and c-MYC in NCI-H1299 and LTEP-A-2 cells. * P < 0.05, ** P < 0.01, *** P < 0.001



Knockdown of JAK2 restores cell proliferation, migration, and invasion inhibited by miR-618 in NCI-H1299 and LTEP-A-2 cells
To confirm if miR-618 enhances lung cancer advancement through JAK2 regulation, we co-transfected the miR-618 inhibitor and JAK2 siRNA into LTEP-A-2 and NCI-H1299 cells. We designed MTT and clone formation assays to examine the effects of miR-618 and JAK2 on cells. The results showed that inhibiting JAK2 could inhibit cell proliferation, while inhibiting miR-618 could alleviate the inhibitory effect of JAK2 (Fig. 4A-B). Consistent with the above findings, it was found by wound-healing and transwell experiments that downregulation of miR-618 promoted cell migration and invasion that were inhibited by JAK2 knockdown (Fig. 4C-D).
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Fig. 4Knockdown of JAK2 restores cell proliferation, migration, and invasion inhibited by miR-618 in NCI-H1299 and LTEP-A-2 cells. After co-transfection of the miR-618 inhibitor and si-JAK2, (A) MTT measurement of proliferation in cells; (B) Colony formation assay measurement of proliferation in cells; (C) Wound-healing assay measurement of migration in cells; (D) Transwell assay measurement of cell invasion. * P < 0.05, ** P < 0.01, *** P < 0.001




Discussion
MiRNAs, a subtype of small non-coding RNAs, have been extensively supported in the research literature regarding their involvement in tumor progression. Specifically, miR-618 has been identified to exert regulatory influences in various types of tumors. For example, MiR-618 has been observed to induce mesenchymal to epithelial transition (MET), and it inhibited prostate cancer migration and invasion by targeting FOXP2 and inhibiting TGF-β [23], and miR-618 has been identified to target the PI3K/Akt pathway to promote cell growth in human thyroid cancer, consequently leading to decelerated cellular proliferation and cell cycle arrest [24]. In this study, we demonstrated an association between miR-618 and lung cancer. MiR-618 expression was found to be notably decreased in lung cancer tissues, indicating a potential association between this decreased expression and the onset and progression of lung cancer. We further analyzed the specific molecular action of miR-618 in lung cancer. The findings from our experimental investigation indicated a decreased expression of miR-618 in cell lines associated with lung cancer. The findings from the MTT, clone formation, wound-healing, and Transwell assays collectively indicate that miR-618 exerts inhibitory effects on the proliferation, migration, and invasion capabilities of lung cancer cells. The findings align with the documented function of miR-618 in various malignancies. Overall, it can be inferred that miR-618 functions as a tumor suppressor in lung cancer. Dual-luciferase experiments showed that miR-618 targets the JAK2 3’-UTR directly.
JAK2, being part of the JAK family of protein tyrosine kinases, fulfills various functional roles in carcinogenesis [25]. Prior research has demonstrated that JAK2 functions as an oncogene through the modulation of STAT3 phosphorylation in human hepatocellular carcinoma, as well as in lung, colorectal, pancreatic, and gastric cancer [26–28]. The JAK/STAT pathway, a signaling pathway conserved throughout evolution, plays a role in cell growth and metastasis, contributing to its association with the initiation and progression of cancer [29]. JAK is phosphorylated and activated by itself, subsequently leading to the phosphorylation of STAT3. STAT3 then forms a homodimer and translocates to the nucleus, facilitating the transcription of multiple oncogenes such as c-MYC, Bcl-1, CCND, and Bcl-xL [30].
In various types of cancers, the MYC transcriptional network is dysregulated through multiple mechanisms, contributing to the initiation and maintenance of the disease [31]. CCND exhibits a high frequency of alterations in various tumors, playing a crucial role in controlling cell cycle progression and proliferation [32, 33]. Furthermore, we conducted a investigation into the downstream targets of the JAK/STAT pathway utilizing the Western blotting. We observed that the downregulation of JAK2 expression leads to a decrease in the levels of CCND and c-MYC proteins. Conversely, upon the downregulation of miR-618 along with JAK2, there is an elevation in the levels of CCND and c-MYC proteins. The research conducted revealed that miR-618 was observed to impede the autophosphorylation process of JAK2 through the targeting of the 3’utr of JAK2. This action subsequently led to the modulation of the JAK/STAT pathway, consequently influencing the downstream expression levels of c-MYC and CCND. These findings underscore the tumor suppressor function of miR-618 in NSCLC.
Currently, a variety of JAK2 inhibitors have entered clinical trials. Therefore, it is necessary to carry out related knockout and interference studies on lung cancer cell lines, which can further elucidate the regulatory role of the JAK/STAT pathway in NSCLC. Secondly, while we have explored the role of miR-618 and the JAK/STAT pathway in lung cancer in a variety of lung cancer cell lines, animal data are lacking. The construction of animal models would allow further verification and investigation of the miR-618 regulatory mechanism, and would also indicate the potential clinical benefit of JAK2 inhibitors in mouse lung cancer models.

Conclusions
In our research, we found that miR-618 significantly inhibits the growth, mobility, and invasion of lung cancer cells by targeting the JAK/STAT signaling pathway. These findings provide fresh insights into NSCLC development and may present pioneering strategies for NSCLC treatment.
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