miR-377-5p inhibits lung cancer cell proliferation, invasion and cell cycle progression by targeting AKT1 signaling 

Running title: Effects of miR-377-5p on lung carcinoma

Abstract
Lung carcinoma is the most common type of malignant tumors globally, and its molecular mechanisms remained unclear. With the aim to investigate the effects of microRNA (miR)-377-5p on the cell development, invasion, metastasis and cycle of lung carcinoma, this study was performed. We evaluated miR-377-5p expression levels in lung cancer tissues and cell models. Cell viability, proliferation, migration, invasion abilities and cell cycle distribution were measured using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), crystal violet, transwell and flow cytometry assay. Furthermore, expression levels of protein kinase B α subunit (AKT1) and proteins related to cell cycle and epithelial mesenchymal transition (EMT) were assessed using western blot and qRT-PCR. These results suggested that miR-377-5p was down-regulated in vivo and in cell models, and miR-377-5p overexpression inhibited cell viability, proliferation, migration, invasion, and induced cell cycle arrest. In addition, as a target of miR-377-5p, AKT1 alleviated the decreases of cell viability, proliferation, migration, invasion, S phase cells, the expression of Cyclin D1, fibronectin and vimentin, as well as the increases of G0/G1 phase cells, the expression of Foxo1, p27kip1, p21Cip1 and E-cadherin when miR-377-5p overexpression. In conclusion, miR-377-5p inhibited cell development and regulated cell cycle distribution and EMT by targeting AKT1, which provided a theoretical basis for further study of lung carcinoma therapeutics.
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Introduction
Lung carcinoma is currently the most common malignancy in the world [1]. It is reported that morbidity and mortality of lung carcinoma have increased year by year, which have attracted widespread attention [1]. Advanced lung cancer is difficult to cure [2], and chemotherapy is considered as one of the main treatment methods [3]. Nowadays, the goals for lung carcinoma treatment are to reduce the symptoms, to improve the quality of life as well as to prolong life-span [3]. Therefore, it is imminent to develop novel and effective methods for lung cancer therapeutics. More importantly, the pathogenesis of lung carcinoma is complicated and has not yet been completely understood [4]. It is believed that it is associated with multiple oncogene activation and tumor suppressor gene inactivation [4].
MicroRNAs (miRNAs) are a class of non-coding single-stranded RNAs that are highly conserved in organisms [5], which have shown to be positively related to tumorigenesis [6]. In human tumors, expression levels of miRNAs were abnormal and several miRNAs were reported to be mutated [7]. miRNAs regulate cell growth, proliferation and migration by modulating the expression of tumor suppressor genes or oncogenes [8]. A large number of studies have demonstrated that miR-377 functions as a tumor suppressor gene in gastric cancer [9], ovarian cancer [10], prostate cancer [11] and non-small cell lung cancer (NSCLC) [12]. miR-377-5p is briefly mentioned in the tumor necrosis factor-receptor associated periodic syndrome (TRAPS), and its molecule mechanisms in lung cancer remained unclear [13]. 

Composed of 480 amino acids, protein kinase B (also known as AKT) functions as an intersection of multiple signaling pathways [14]. It plays a key role in cell cycle regulation, development as well as apoptosis [14, 15]. AKT could be activated upon phosphorylated phosphoinositide 3-kinase (PI3K) dependent kinase 1 and 2, and then participated in the regulation of cell growth and metabolism by activating target genes, such as mammalian target of rapamycin (mTOR), Bcl-xL/Bcl-2 associated death promoter (Bad), Bcl-2 associated X protein (Bax) and forkhead box protein O (Foxo) [16]. Interestingly, AKT1 is one of the important subtypes of AKT, which not only affects cell proliferation and apoptosis, but also regulates many tumor cell migration and invasion pathways [17]. These evidences suggested that AKT1 could be considered as a valuable therapeutic target. To date, several miRNAs have been reported to inhibit cell metastasis by targeting AKT1 in cancers 

[18, 19] ADDIN EN.CITE . However, the effects and regulation mechanisms between miR-377 and AKT1 has not been elucidated. To investigate the effects of miR-377-5p and/or AKT1 on the development, invasion and metastasis of lung carcinoma, we measured their expressions in cancer tissues. Then, we studied molecular mechanisms of miR-377-5p, AKT1 and other related target genes of miR-377-5p affecting lung carcinoma cells.

Materials and methods

Tissues collection

A total of 30 lung carcinoma samples were collected from archived tissues of the Affiliated Huaian No.1 People’s Hospital of Nanjing Medical University between March 2016 to June 2017 (19 males and 11 females, range: 49-76 years, mean age: 58.1 ± 10.8 years), and the patients’ non-tumor tissues were also taken. All patients were not treated with radiotherapy or chemotherapy before operation, and follow-up data were available. All the cases were diagnosed by two or more pathologists according to the 2015 WHO classification of lung tumors [20], including 17 cases of squamous cell carcinoma and 13 cases of adenocarcinoma. Ethical guidelines were approved by the Ethical Committee of Nanjing Medical University.
Cell culture

Human lung fibroblast cell line WI-38 (CCL-75) and human lung carcinoma cell lines A549 (CCL-185) and NCI-H596 (HTB-178) were purchased from ATCC (Manassas, USA). In addition, lung carcinoma HCC-1588 cells (CPB60097) were obtained from Cobioer Biotech Company (Nanjing, China). 
WI-38 cells were cultured in Eagle's Minimum Essential Medium (EMEM, Thermo Fisher Scientific, Waltham, USA ) with 15% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, USA) and 0.1 nmol/L non-essential amino acid (Thermo Fisher Scientific, Waltham, USA). A549 cells were cultured in F-12K Medium (Thermo Fisher Scientific, Waltham, USA) with 10% FBS. HCC-1588 and NCI-H596 cells were cultured in RPMI1640 Medium (Thermo Fisher Scientific, Waltham, USA) with 300 mg/L of L-glutamine (Solarbio, Beijing, China), 25 mM HEPES (Solarbio, Beijing, China), 25 mM NaHCO3 (Solarbio, Beijing, China) and 10% FBS.
Cell transfection

Cells were washed in 1x phosphate buffer saline (PBS, Solarbio, Beijing, China), re-suspended in 100 μl DNA-calcium chloride-BBS mixture and placed for 20 min at room temperature. miR-377-5p-mimic, miR-377-5p-inhibitor and negative control (NC)-mimc, NC-inhibitor and AKT1 were transfected into cells using Calcium Phosphate Cell Transfection Kit (Beyotime, Shanghai, China).

Cell viability and proliferation assay

Cells were cultured in 24-well plates (2000 cells/100 μl). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Cell Proliferation and Cytotoxicity Assay Kit (Beyotime, Shanghai, China) and Crystal Violet Staining Solution (Solarbio, Beijing, China) were used to assess cell viability and proliferation. 10 μl MTT solution were added into cells and then incubated for 4 hrs at 37°C. The mixture was added 100 μl Formazan solution, incubated for 4 hrs at 37°C and the absorbance was measured at 490 nm (OD490) using spectrophotometer (Thermo Fisher Scientific, Waltham, USA ). 
For proliferation assay, cells were fixed by 4% paraformaldehyde (PFA, Solarbio, Beijing, China) for 20 min, washed twice in distilled water for 2 min, stained in crystal violet solution for 25 min and then cells were observed and photographed by a microscope (Leica Microsystems, Weitzlar, Germany ).
Cell migration and invasion assay

Cells were cultured in 24-well plates, washed by 1xPBS and re-suspended in serum-free medium. Cell suspension (200 μl) was added to the upper of 8 μm transwell chamber with 0.1% bovine serum albumin (BSA, Saibao, Yancheng, China), while 500 μl medium with 10% FBS added to the lower of Transwell chamber containing fibronectin (Sigma-Aldrich, St. Louis, USA). Cells were incubated for 24 hrs at 37°C, stained by 10% crystal violet solution. And then cells observed and photographed using a microscope (Leica Microsystems, Weitzlar, Germany).
Cell cycle assay

Cells were cultured in 6-plates (1.5 × 106 cells), digested with trypsin (Sigma-Aldrich, St. Louis, USA), re-suspended in 1xPBS and fixed in pre-cooled anhydrous ethanol overnight at 4°C. Then, fixed cells were washed by 1xPBS twice, 20 μl RNase were added (Sigma-Aldrich, St. Louis, USA) for 30 min at 37°C, then stained in 20 μl Propidium Iodide (PI, Sigma-Aldrich, St. Louis, USA) for 30 min at 4°C without light and detected using a Flow Cytometer (Thermo Fisher Scientific, Waltham, USA).
Quantitative real time polymerase chain reaction (qRT-PCR)

Total RNAs of cells were extracted using RNAeasy™ RNA Isolation Kit with Spin Column (Beyotime, Shanghai, China). The concentration and purity of RNA were measured at 280 nm using spectrophotometer. RNA was reversely transcripted to cDNA using BeyoRT™ First Strand cDNA Synthesis Kit (Beyotime, Shanghai, China). All cDNA samples were equipped with PCR reaction system. The prepared PCR reaction solution was amplified using real-time fluorescent quantitative PCR (Thermo Fisher Scientific, Waltham, USA ), and the reaction conditions were set up as follow: 93°C for 1 min, 55°C for 1 min, 72°C for 1 min, a total of 40 cycles. PCR products were detected in 2% agarose gel electrophoresis. The results were analyzed using 2-ΔΔCt.
Dual-luciferase reporter assay

The potential binding targets between AKT1 and miR-377-5p was predicted by the website of bioinformatic analysis (http://starbase.sysu.edu.cn/). 
The AKT1 3'UTR wild gene sequence (AKT1 3’UTR-WT; Forward: 5’-TGGTGGCACCAGATGCAACCTCA-3’;Reverse: 5’-TGAGGTTGCATCTGGTGCCACCA-3’) and the mutant gene sequence (AKT1 3’UTR-MUT; Forward: 5’-TGGTGGCACCAGATGGTTGGAGA-3’; Reverse: 5’-TCTCCAACCATCTGGTGCCACCA-3’) were designed by Primer Premier 5.0 software, and synthesized by GenePharma Co. (Shanghai, China). Among them, the 5' and 3' ends of the target fragment were respectively added with ScaI and XhoI restriction enzyme sites. The pmirGLO vector (Promega Corporation, Madison, USA) digested with ScaI and XhoI enzymes (Fermentas Inc., Burlington, USA) were respectively ligated to AKT1 3’UTR-WT and AKT1 3’UTR-MUT for 2 hrs at 24 °C. The recombinant plasmids were transformed into competent cells.
Cells were cultured in 12-well plates. Plasmid (2.5 ng/μl) and 0.5 μl of 20 nM transfection reagents (miR-377-5p-mimic and NC-mimic) were co-incubated for 5 min at room temperature, and transfected with pmirGLO-AKT1-3’UTR-WT and pmirGLO-AKT1-3’UTR-MUT for 36 hrs. After plasmid co-transfection, cells were washed by 1xPBS and lysed in 1×Passive Lysis Buffer (PLB) solution (Promega Corporation, Madison, USA) for 30 min. The relative light units (RLU1 and RLU2) of lysate were measured using Dual Luciferase Reporter Gene Assay Kit (Beyotime, Shanghai, China).
Western blot
Cells were lysed using Cell lysis buffer for Western and IP (Beyotime, Shanghai, China). The protein samples were heated in 2×sodium dodecyl sulfate (SDS)-Polyacrylamide gel electrophoresis (PAGE) Sample Loading Buffer (Beyotime, Shanghai, China) at 100°C, sampled into SDS-PAGE gel for 100 min and transferred to polyvinylidene fluoride (PVDF) membranes (Beyotime, Shanghai, China). Then, membranes were washed by Western Wash Buffer (Beyotime, Shanghai, China) for 2 min and blocked in Blocking Buffer (Beyotime, Shanghai, China) for 1 hr. The primary antibodies of AKT1 (AF1777), Foxo1 (AF1600), p27kip1(AF1669), p21Cip1 (AF603), Cyclin D1 (AF0126), Fibronectin (AF1753), E-cadherin (AF0138) and Vimentin (AF1975) were purchased from Beyotime (Shanghai, China) and diluted at 1:1000. The blocked membranes were respectively co-incubated with primary antibodies and secondary antibody diluted horseradish peroxidase (HRP) for 1 h and washed in Western Wash Buffer for 5 min for three times. The proteins were detected using BeyoECL Plus Kit (Beyotime, Shanghai, China)
Statistical analysis

SPSS 19.0 statistical software (SPSS Inc., Chicago, USA) was used to perform statistical analysis. Students’ t-test was used for the two groups of data, and one-way Analysis of Variance (ANOVA) was used to analyze multigroup of data. In this study, p < 0.05 was considered statistically significant (*p<0.05, **p<0.01, ***p<0.005). 

Results

miR-377-5p was down-regulated in lung cancer tissues and cells

To investigate the change of miR-377-5p expression in lung cancer tissues and cells, we performed qRT-PCR. Figure 1A showed that the relative expression level of miR-377-5p in the tumor group was lower than that in normal group (***p<0.0001). Similarly, miR-377-5p expression was significantly down-regulated in human lung cancer cell lines A549, HCC-1588 and NCI-H596 (***p<0.001, Figure 1B). Therefore, we selected A549 cells for future experiments.
miR-377-5p inhibited cell proliferation, migration, invasion and cycle 

Subsequently, miR-377-5p-mimic, miR-377-5p-inhibitor and their NCs were transfected into A549 cells. The transfection efficiency was shown in Figure 2A. The expression level of miR-377-5p was significantly higher in miR-377-5p-mimic group, compared to that of miR-377-5p-inhibitor group (**p<0.01 or *p<0.05). Cell viability in the miR-377-5p-mimic group was also shown to be lower than that in NC-mimic group over time. Conversely, cell viability was increased when miR-377-5p was knocked down (Figure 2B). In Figure 2C and 2D, results of crystal violet and transwell assay showed the abilities of cell proliferation, migration and invasion were significantly decreased in miR-377-5p-mimic transfected cells, while these results could be reversed by the miR-377-5p-inhibitor, compared to NC-inhibitor group (**p<0.01 or ***p<0.001). As shown in Figure 2E, miR-377-5p-mimic induced cell cycle arrest, the number of cells in G0/G1 phase increased, and cells in S phase decreased. In contrast, miR-377-5p-inhibitor promoted cell cycle progression, decreased G0/G1 phase cell numbers and increased S phase cell numbers. 
AKT1 was a target of miR-377-5p

We used bioinformatic software to analyze if there were potential targets between AKT1 and miR-377-5p (Figure 3A). Subsequently, dual-luciferase reporter assay suggested relative luciferase activities were significantly reduced in miR-377-5p-mimic- and in AKT1 3’UTR-WT co-transfected cells (**p< 0.01, Figure 3B), suggesting there was a potential target binding between AKT1 and miR-377-5p.
In addition, western blot and qRT-PCR results both confirmed the expression level of AKT1 miR-377-5p-mimic group was significantly decreased than that in NC-mimic group. Conversely, miR-377-5p-inhibitor significantly increased AKT1 expression level (***p<0.001, Figure 3C). Collectively, these data demonstrated that AKT1 was a target of miR-377-5p.
miR-377-5p inhibited cell development and cycle progression by targeting AKT1

To detect the effects of miR-377-5p-AKT1 interaction on cell development, miR-377-5p-mimic and AKT1 were co-transfected into A549 cells. Figure 4A illustrated that miR-377-5p-mimic and AKT1 were successfully transfected into cell models (**p<0.01). Cell viability was significantly increased in the miR-377-5p-mimic+AKT1 group compared to that of miR-377-5p group (**p<0.01, Figure 4B). As shown in Figure 4C-D, AKT1 remarkably inhibited the reduction of cell proliferation, migration and invasion upon miR-377-5p overexpression (***p<0.001). In addition, miR-377-5p-mimic induced cell cycle arrest, while overexpression of AKT1 reversed this effect of miR-377-5p on cell cycle (Figure 4E). In conclusion, these data demonstrated that miR-377-5p inhibited cell development and cycle progression by targeting AKT1.

miR-377-5p regulated cell cycle distribution and epithelial-mesenchymal transition (EMT) by targeting AKT1

We selected several cell cycle and EMT-related proteins to detect the effects of miR-377-5p-AKT1 interaction on cell cycle using immuno-blot. Results showed that the protein expression levels of Foxo1, p27kip1, p21Cip1 and E-cadherin were significantly increased in the miR-377-5p-mimic group, while the expression of AKT1, Cyclin D1, Fibronectin and Vimentin were significantly decreased upon miR-377-5p overexpression (Figure 5). However, these increases and reduction phenotypes were alleviated upon co-expression of AKT1 and miR-377-5p-mimic.

Discussion

In this study, we discovered that miR-377-5p was down-regulated in lung cancer tissues and cell models, resulting in inhibited cell viability, proliferation, migration, invasion and cell cycle arrest. Furthermore, we found a downstream target protein of miR-377-5p, named AKT1. AKT1 alleviated the reduction of cell viability, proliferation, migration, invasion, S phase cells, the expression of Cyclin D1, Fibronectin and Vimentin, as well as the elevated expression of Foxo1, p27kip1, p21Cip1 and E-cadherin upon miR-377-5p overexpression.

It has been reported that miR-377 expression is remarkably down-regulated in NSCLC tissues, and thus contributing to inhibited cell proliferation and development as a tumor suppressor gene 

[11, 19] ADDIN EN.CITE . Similarly, our experimental data suggested that miR-377-5p was significantly reduced in vivo and in cell models, and lessened cell viability, proliferation, migration and invasion. Furthermore, we observed that miR-377-5p overexpression induced cell cycle arrest, the numbers of G0/G1 phase cells were increased and that of S phase cells were reduced, which were consistent with previous studies. Furthermore, Coqueret reported that Cyclin D1 promoted cell cycle arrest from G1 phase to S phase by binding to as well as activating cyclin-dependent kinase CDK4, which is unique to the G1 phase [21]. Our study showed that Cyclin D1 expression was reduced upon miR-377-5p overexpression. Combined with previous results, we concluded that miR-377-5p induced G1 arrest, thereby inhibiting cell proliferation.
Located at 14q32, AKT1 is the key mediator of PI3K/AKT signaling, which mediates cellular functions of various tumor types [17]. AKT1 has been reported to be closely related to the pathogenesis of breast cancer, pancreatic cancer, colon cancer and lung cancer 

[17, 18, 22, 23] ADDIN EN.CITE . Specifically, the expression of AKT1 is increased in colon cancer [17]. Activated AKT1 promoted the invasive ability of human pancreatic cancer cells [22]. Reversely, decreased AKT1 expression level inhibited ErbB2-mediated breast cancer metastasis in vivo [18]. We speculated AKT1 played a different role in various cell models or in tumor development stages. Some evidences revealed that miR-149, miR-133b and miR-99a induced apoptosis or inhibited cell metastasis in several types of cancers by targeting or regulating AKT1 signaling 

[24-26] ADDIN EN.CITE . Therefore, we performed experiments to investigate if there was a potential relationship between miR-377-5p and AKT1. Bioinformatic software predicted that the 444-451 of AKT1 3' UTR was a possible binding site for miR-377-5p, and the binding stability evaluation was relatively high. Subsequently, dual-luciferase reporter assay were adopted, confirming that co-expression of miR-377-5p-mimic and AKT1 3’UTR-WT reduced the luciferase activities, illustrating the expression of the target gene was inhibited and the transcription of luciferase in fireflies was blocked. We also concluded that AKT1 and miR-377-5p had direct regulatory effects. Western blot and qRT-PCR results also suggested AKT1 expression was negatively correlated with miR-377-5p, thus confirming AKT1 was a target gene of miR-377-5p. In addition, several studies have reported that rats lacking AKT1 are shown to be resistant to cancers 

[27, 28] ADDIN EN.CITE . Our back-up experiments illustrated AKT1 mitigated cell development and cell cycle due to overexpression of miR-377-5p. It was speculated that miR-377-5p overexpression and AKT1 suppression could inhibit cancer progression. 

p21Cip1 is a multifunctional protein functioning as a tumor suppressor as well as a carcinogen [29]. It can stabilize the genome by inhibiting cell cycle, and thus affecting the occurrence and development of tumor [29]. p27Kip1 is a cyclin-CDK inhibitor that causes cell cycle arrest [30]. Moreover, E-cadherin is a Ca2+-dependent transmembrane protein that promotes adhesion between epithelial cells and maintains tissue structural integrity [31]. It has been reported that the loss of E-cadherin in tumor cells leads to reduction of cell homogenous adhesion, resulting in the spread or metastasis of tumor cells [31]. Therefore, we chose several cell cycle- and EMT-related proteins for further analysis. Our results suggested that miR-377-5p overexpression upregulated Foxo1, p27kip1, p21Cip1 and E-cadherin expression levels, while down-regulated AKT1, Cyclin D1, Fibronectin and Vimentin expression levels by regulating AKT1 expression. 

Collectively, our study illustrated that the influence of miR-377-5p on the development of lung carcinoma cells was a complex process involving multiple factors. We will further investigate the influencing factors of miRNAs on lung cancer at more levels in future experiments.

Conclusion

miR-377-5p inhibited cell proliferation, migration and invasion, while modulating cell cycle distribution and EMT by down-regulating AKT1 expression. Our study elucidated the regulation mechanisms of miRNAs during tumorgenesis, providing theoretical basis for further development of therapeutic approaches targeting lung carcinoma, with the aim to contribute to diagnosis, treatment and prognosis of cancers from bench to clinic.
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Figure legends

Figure 1. Expression levels of miR-377-5p in lung cancer tissues and cell models. Relative expression levels of miR-377-5p in lung cancer tissues (A) and in lung cancer cell lines (B) by qRT-PCR following manufactures’ protocol. Mean CT was calculated as (CT1 + CT2 + CT3)/3. (n=30; ***p<0.001; ****p < 0.0001). 
Figure 2. Cell viability, proliferation, migration, invasion and cycle distribution assay. (A) Cells that transiently overexpressed miR-377-5p-mimic and miR-377-5p-inhibitor were analyzed by qRT-PCR following manufactures’ protocol. Mean CT was calculated as (CT1 + CT2 + CT3)/3. (B-C) Cell viability and proliferation abilities were analyzed using MTT and crystal violet assay of cells overexpressed miR-377-5p or in cells miR-377-5p were knocked down. (D) Transwell assay of cell migration and invasion rates upon miR-377-5p silencing. (E) Flow cytometry assay of cell cycles. (n=30; *p<0.05 or **p<0.01, ***p<0.001 or ###p<0.001; *represented the comparison between miR-377-5p-mimic group and NC-mimic group; #represented the comparison between miR-377-5p-inhibitor group and NC-inhibitor group). 
Figure 3 Effects of miR-377-5p on AKT1. (A) Bioinformatic analysis of relationship between miR-377-5p and AKT1. (B) Dual luciferase reporter assay of miR-377-5p-mimic and AKT1 3’UTR-WT. (C) Western blotting and qRT-PCR analysis of AKT1 level upon miR-377-5p overexpression. AKT1 antibody was diluted at1:1000. (n=30; **p<0.01, ***p<0.001).
Figure 4 Effects of miR-377-5p-mimic and AKT1 overexpression on cell viability, proliferation, migration, invasion and cycle distribution in A549 cells. (A) qRT-PCR analysis of AKT1 and miR-377-5p-mimic transfection. Mean CT was calculated as (CT1 + CT2 + CT3)/3. (B-C) MTT and crystal violet assay analysis of cell viability and proliferation abilities upon AKT1 overexpression. (D) Transwell assay analysis of cell migration and invasion rates upon miR-377-5p and AKT1 expression. (E) Flow cytometry assay analysis of cell cycles upon miR-377-5p overexpression. (n=30; **p<0.01, ***p<0.001 or ###p <0.001; *represented the comparison between miR-377-5p-mimic group and NC-mimic group; #represented the comparison between miR-377-5p-mimic+AKT1 group and miR-377-5p-mimic group).
Figure 5 Expression levels of cell cycle distribution- and epithelial-mesenchymal transition (EMT)-related proteins. The primary antibodies of, Foxo1, p27kip1, p21Cip1, Cyclin D1, Fibronectin, E-cadherin and Vimentin were diluted at 1: 1000.
