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MicroRNA-1224 Inhibits Tumor Metastasis in Intestinal-Type Gastric Cancer by Directly Targeting FAK
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Intestinal-type gastric cancer (GC) of the Lauren classification system has specific epidemiological characteristics and carcinogenesis patterns. MicroRNAs (miRNAs) have prognostic significance, and some can be used as prognostic biomarkers in GC. In this study, we identified miR-1224 as a potential survival-related miRNA in intestinal-type GC patients by The Cancer Genome Atlas (TCGA) analysis. Using quantitative real-time PCR (qRT-PCR), we showed that the relative expression of miR-1224 was significantly decreased in intestinal-type GC tissues compared to matched adjacent normal mucosa tissues (p < 0.01). We found that high miR-1224 expression was associated with no lymph-node metastasis (p < 0.05) and good prognosis (p = 0.028) in 90 intestinal-type GC tissues. Transfection of intestinal-type GC cells with miR-1224 mimics showed that miR-1224 suppressed cell migration in vitro (wound healing assay and Transwell migration assay), whereas the transfection of cells with miR-1224 inhibitor promoted cell migration in vitro. miR-1224 also suppressed intestinal-type GC cell metastasis in a xenograft mouse model. Furthermore, bioinformatics, luciferase reporter, Western blotting, and immunohistochemistry (IHC) studies demonstrated that miR-1224 directly bound to the focal adhesion kinase (FAK) gene, and downregulated its expression, which decreased STAT3 and NF-κB signaling and subsequent the epithelial-to-mesenchymal transition (EMT). Repression of FAK is required for the miR-1224-mediated inhibition of cell migration in intestinal-type GC. The present study demonstrated that miR-1224 is downregulated in intestinal-type GC. miR-1224 inhibits the metastasis of intestinal-type GC by suppressing FAK-mediated activation of the STAT3 and NF-κB pathways, and subsequent EMT. miR-1224 could represent an important prognostic factor in intestinal-type GC.
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INTRODUCTION

Gastric cancer (GC) is one of the most common cancers worldwide with 70% of the total cases diagnosed in developing countries (1, 2). Although surgical resection is the primary curative treatment modality for GC, two-thirds of GC patients are diagnosed with metastatic disease (3, 4). Therefore, diagnostic and prognostic biomarkers of GC are greatly needed.

Although the Lauren classification system dates back to 1965, it still has important prognostic significance, and is widely accepted and employed by pathologists and physicians (5). The host epigenetic characteristics of the Lauren classification, such as genetic background and expression of microRNAs (miRNAs), is not fully clear (6–9). miRNAs are small non-coding RNAs that can tolerate ribonuclease degradation, so they can be completely preserved in formalin-fixed paraffin-embedded (FFPE) and plasma specimens. miRNAs are proper to be acted as prognostic biomarkers because of their molecular biological behavior characteristics (10, 11). Previous studies showed that miR-451, miR-10b, let-7a, miR-223, miR-21, and miR-338 are related to worse overall survival in GC (12–14). Other studies showed that miR-125a-5p, miR-34b, and miR-129-3p were biomarkers of good prognosis in GC (15, 16). The significance of miRNAs in the clinical characteristics of intestinal-type GC has only been investigated in the clinical characteristic part (14), however, there have been no studies that have explored the prognostic significance of miRNAs in this specific GC type.

In this study, we identified miR-1224 as an important prognostic biomarker for intestinal-type GC using The Cancer Genome Atlas (TCGA) analysis. Our results showed that miR-1224 suppressed tumor metastasis by directly targeting focal adhesion kinase (FAK) in intestinal-type GC and inhibiting the STAT3 and NF-κB signaling pathway, and subsequent epithelial-to-mesenchymal transition (EMT).

MATERIALS AND METHODS

Bioinformatics

Analysis of potential survival related miRNAs in intestinal-type GC was performed using TCGA databases (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga, up to Apr 7, 2016). Analysis of potential miR-mRNA interactions was performed using three common miRNA target prediction engines (TargetScan, PicTar, and RNA22). Involvement of target genes of KEGG pathway enrichment analysis was evaluated using DAVID online software (https://david.ncifcrf.gov/).

Cell Cultures and Tissue Samples

The cells were all purchased from the Shanghai Chinese Academy of Sciences, and cultured in RPMI media 1640 (Gibco, MA, USA) supplemented with 10% fetal bovine serum (Thermo Scientific MA, USA) and 100 units/ml penicillin-streptomycin at 37°C containing 5% CO2.GC and paired adjacent non-cancerous gastric FFPE tissue (not <20 mm away from GC) specimens were obtained from Shengjing Hospital of China Medical University, Cancer Hospital of China Medical University and the Central Hospital of Zhuanghe City. All specimens were histopathologically confirmed with intestinal-type GC.

RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from culture cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and from each FFPE GC tissues with a miRNeasy FFPE kit (Qiagen, USA) using a QiaCube automated platform (Qiagen), following the manufacturer's protocol. The extracted RNA was quantified by absorbance at 260 nm and the purity was evaluated by the absorbance ratio at 260/280 nm with a NanoDrop ND-100 spectrophotometer (NanoDrop Technologies, Rockland, DE, USA). The RNA was transcribed into cDNA using One Step PrimeScript ® miRNA cDNA Synthesis kit (Takara, Japan). Relative expression of miRNA was calculated via the 2−ΔΔCT method after normalization with U6 small nuclear RNA.RT- PCR was carried out in the ABI PRISM 7500 system using the kit. SYBR® Premix Ex Taq™ II (Takara, Japan). The PCR conditions were 15 s at 95°C, followed by 45 cycles at 95°C for 15 s and 58°C for 34 s. The PCR primers used were as follows:

miR-1224: 5′-GTGAGGACTCGGGAGGTGGAAA- 3′;

U6 Forward: 5′-GCTTCGGCAGCACATATACTAAAAT-3′;

U6 Reverse: 5′-CGCTTCACGAATTTGCGTGTCAT-3′.

Transient Transfection

The siRNA against FAK, miR-1224 mimics, miR-1224 inhibitor, and the corresponding NC were designed and synthesized from RiboBio (Guangzhou, China). The overexpression plasmids containing whole coding sequence of FAK and pcDNA 3.1 vector served as the NC were purchased from GeneChem (Shanghai, China), and we use pcDNA3.1-FAK to represent overexpressed FAK.

The sequences of siRNA were as follows:

siFAK-1:5′-CAGGUGAAGAGCGAUUAUATT-3′;

siFAK-2: 5′-CUCCAGUCUACAGAUUUGATT-3′;

NC siRNA: 5′-AATTCTCCGAACGTGTCACGT-3′.

SiFAK-1 was more effective than siFAK-2 (Figure S1), thus, all subsequent experiments were performed with siFAK-1. Target cells were transfected with siFAK, miR-1224 mimics, inhibitor, or the corresponding NC at a final concentration of 50 nM (mimics) or 100 nM (inhibitor) using Lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer's protocol.

Wound Healing Assay and Transwell Migration Assay

MKN-7 and MKN-28 cells were seeded in six-well plates overnight. Then, the cells were transfected with miR-1224 mimics or inhibitor, and the corresponding NC for 48 h. The cells grew to nearly 100% confluence in six-well plates. Then, the cell-free line was manually created by scratching the confluent cell monolayers using a 200-μl pipette tip. We randomly choose five scratched fields. The images were captured through bright-field microscope.

The Transwell migration assay was performed using Transwell chambers (8-μm pore size; Corning, USA). Briefly, 2 × 104 cells were plated in serum-free medium onto the upper compartment of the chamber. Medium containing 5% fetal bovine serum was added to the lower compartment as a chemo-attractant. The plates were incubated for 24 h at 37°C. Then, the porous inserts were removed with a cotton swab and the cells that had migrated into the lower surface of the filters were fixed, stained with Trypan Blue and counted in 5 random fields under a microscope (magnification ×200). The experiments were all repeated three times.

Western Blot Analysis

Western blot was conducted as previously described (17), using primary anti-bodies against the following proteins at the indicated dilutions: FAK, phospho-FAK Tyr 397, STAT3, phospho-STAT3, P65, phospho-P65, E-cadherin, vimentin (Cell Signaling Technology); and ZEB1, GAPDH (Santa Cruz). Secondary goat anti-rabbit and goat anti-mouse antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The relevant reagents were shown as follows:Bay 11-7082 (NF-κB inhibitor) was obtained from Sigma. Stattic (STAT3 inhibitor) was obtained from Selleck. PF573228 (FAK inhibitor) was obtained from TOCRIS. The relative integrated density values (IDVs) were calculated based on GAPDH as an internal control.

Luciferase Plasmid Construction and Luciferase Reporter Assay

Luciferase reporter gene assays were performed using the Dual-Luciferase Reporter Assay System (Promega, USA), according to the manufacturer's instructions. The 3′UTR containing the predicted miR-1224 binding sites wild-type (WT) and mutated (MUT) 3′UTR of the FAK gene (OriGene). The cells were co-transfected with miR-1224 mimics and the luciferase reporter vector. The luciferase activity was measured 48 h after transfection.

In vivo Metastasis Assay

Female BABL/c nude mice (4–6 weeks old) were purchased from Shanghai SLAC Laboratory Animal Centre (Shanghai, China). For in vivo pulmonary metastasis assays, MKN-7 cells (1 × 107) were transfected with agomir-NC (5 μM) or agomir-1224 (5 μM), respectively. The cells were injected into the lateral tail veins of each anesthetized nude mice (5 per group). Seven weeks after injection, the animals were killed, and lungs were embedded in paraffin and stained with HE for further pathological confirmation. The tumor metastasis nodules were obtained by the number of nodules on HE section with the aid of a dissecting microscope (OLYMPUS, Japan).

Immunohistochemistry

Immunohistochemical staining was performed as we previously described (18). The staining intensity scores were divided into four groups: 0 (no staining), 1 (weak), 2 (moderate), or 3 (strong). The heterogeneity of staining was scored as 0 (≤5%), 1 (6–25%), 2 (26–50%), or 3 (>51%). After making the calculations, we evaluate FAK expression by determining the staining index with scores of 0, 1, 2, 3, 4, 6, or 9. Negative immunohistochemical expression is defined as the index ≤3 and positive expression was considered if the index was >4. Final scores were assigned by two independent pathologists.

Statistics

All statistical analyses were carried out using the SPSS 17.0 software (SPSS, Chicago, IL) or R software (version 3.2.3). Continuous data are expressed as the means ± standard deviations (SD), and representative results were from three independent experiments. Statistical comparisons were calculated using Student's t-test. P < 0.05 was considered statistically significant. All experiments were performed at least in triplicates.

RESULTS

miR-1224 Is Downregulated in Intestinal-Type GC and High miR-1224 Expression Was Associated With No Lymph-Node Metastasis and Good Prognosis

Using TCGA datasets, we found that miR-1224 was the highest ranked candidate miRNA, whose expression levels were significantly correlated with patient survival in intestinal-type GC. The flowchart of patient selection and study design are shown in Figure 1A and Table S1.
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FIGURE 1. miR-1224 is downregulated in intestinal-type GC and high miR-1224 expression was associated with no lymph-node metastasis and good prognosis. (A) The flowchart of patient selection and study design in TCGA datasets. (B) The expression levels of miR-1224 in 19 pairs of GC tissues and the adjacent gastric cancer tissue, measured by qRT-PCR. The miRNA expression levels were normalized to the internal control U6. **p < 0.01 vs. adjacent group. (C) Bar shows miR-1224 expression in three intestinal-type GC cell lines (MKN-28, MKN-7, MKN-74) and normal gastric mucous epithelium cell (GES-1). **p < 0.01 vs.GES-1. (D) The expression levels of miR-1224 between 24 patients with no lymph-node metastasis (LN-negative) and 66 patients with lymph-node metastasis (LN-positive). *p < 0.05 vs. LN-negative group. (E) Overall survival analysis shows that miR-1224 overexpression is associated with the good survival in 90 intestinal-type GC patients (p = 0.028). For (B–D), data are presented as the mean ±SD.



The relative miR-1224 expression level was significantly decreased in 19 primary intestinal-type GC tumors compared to the paired normal mucosa (p < 0.01, Figure 1B). miR-1224 expression was also downregulated in three intestinal-type GC cell lines (MKN-28, MKN-7, MKN-74) compared to the normal gastric mucous epithelium cell line, GES-1 (p < 0.01, Figure 1C). We further validated the association between miR-1224 and clinicopathologic status in 90 intestinal-type GC patients (Table S2). As shown in Figure 1D and Table S2, there was a negative correlation between miR-1224 expression and lymph-node metastasis (p < 0.05) in 90 intestinal-type GC patients. Intestinal-type GC patients with high miR-1224 expression had a better survival outcome (p = 0.028, Figure 1E). Collectively, our results indicate that miR-1224 is downregulated in intestinal-type GC and high miR-1224 expression was associated with no lymph-node metastasis and good prognosis.

miR-1224 Inhibits Cell Migration and EMT in Intestinal-Type GC Cells in vitro

We measure miR-1224 expression among three intestinal-type GC cell lines, measured by qRT-PCR. MKN-7and MKN-28 cells exhibited the lowest and highest expression levels of miR-1224 in these intestinal-type GC lines, respectively (Figure 1B). Hence, we chose MKN-7 and MKN28 cell lines to perform the gain- or loss-of function. The transfection efficiencies of miR-1224 mimics and inhibitor in intestinal-type GC cells were shown in Figure S2. miR-1224-overexpression in MKN-7 cells significantly suppressed cell migration compared to the negative control (NC), shown in Figure 2A. Conversely, inhibition of miR-1224 caused less migration of MKN-28 cells (Figure 2B). These data suggest that miR-1224 could inhibit cell migration in intestinal-type GC cells.
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FIGURE 2. miR-1224 inhibits cell migration as well as EMT in intestinal-type GC in vitro. (A) The migratory abilities of MKN-7 cells transfected with miR-1224 mimics were detected by wound healing and Transwell assays. (B) The migratory abilities of MKN-28 cells transfected with miR-1224 inhibitor were detected by wound healing and Transwell assays. (C) The morphological changes of MKN-7 cells transfected with miR-1224 mimics in phase contrast microscopy, magnification ×200. (D) Western blot analysis of protein extracts from MKN-7 cells treated with miR-1224 mimics or NC. GAPDH was used as the endogenous control. IDVs represent the relative density values. For A, B and D, data are presented as the mean ±SD. *p < 0.05 and **p < 0.01 vs. NC group.



We noticed that overexpression of miR-1224 promoted striking morphological changes in MKN-7 cells, which were hallmarks of reduced EMT (19–21). Specifically, the fibroblast, spindle-like morphology switched to the cobblestone-like appearance observed with epithelial cells (Figure 2C). The protein levels of EMT markers (E-cadherin, vimentin) and the transcription factor (finger E-box binding homeobox 1, ZEB1) were also markedly changed (Figure 2D). In contrast, miR-1224 inhibition caused dramatic morphological changes in MKN-28 cells from tight junctions to elongated and spindle-shaped mesenchymal cells along with decreased E-cadherin and increased vimentin and ZEB1 expression (Figure S3). Taken together, these data indicate that miR-1224 could inhibit the migration and EMT of intestinal-type GC cells in vitro.

miR-1224 Inhibits Intestinal-Type GC Metastasis in vivo

We investigated the ability of miR-1224 to suppress intestinal-type GC lung metastasis in vivo. MKN-7 cells transfected with agomir-NC (5 μM) or agomir-1224 (5 μM) were injected intravenously into BALB/c nude mice through the lateral tail vein. The metastasis lung nodules from the agomir-1224 group showed a significant increase in the expression of miR-1224, compared with those from agomir-NC group (Figure 3A). The mice injected with agomir-1224 MKN-7 cells displayed a reduced number of metastatic lung nodules (p < 0.05), compared with those injected with agomir-NC cells (Figures 3B,C). The presence of metastatic foci in the lungs was confirmed by hematoxylin and eosin (HE) staining (Figure 3D). Therefore, these results suggest that miR-1224 could suppress the metastasis of intestinal-type GC cells in vivo.
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FIGURE 3. miR-1224 inhibits intestinal-type GC cell migration in vivo. (A) The expression levels of miR-1224 in the metastasis lung nodules of nude mice, measured by qRT-PCR. The nude mice injected with MKN-7 cells transfected with agomir-1224 (n = 5 per group) were compared with those injected with the MKN-7 cells transfected with agomir-NC. (B) The numbers of metastatic tumor colonies in the lungs of nude mice in respective group. Symbols represent individual mice. (C) Representative images of the lungs of nude mice. Black arrows show metastatic tumor colonies in the lung. (D) HE staining of metastatic tumor colonies in the lungs, magnification ×100. For A and B, data are presented as the mean ±SD. *p < 0.05 and **p < 0.01 vs. agomir-NC group.



miR-1224 Directly Targets FAK

We used a mRNA array (Oebiotech Company) to screen for aberrant expression of mRNAs in miR-1224-overexpressing MKN-7 cells. The results identified 648 downregulated mRNAs (fold-change: >1.5, data not shown). The candidate genes were further screened using three common miRNA target prediction engines (TargetScan, PicTar, and RNA22), and then 10 mRNAs were selected (Figure 4A). KEGG pathway enrichment analysis were obtained for five of these mRNAs (Table S3), because of no results in other 5 mRNAs. Specifically, the analysis showed that FAK (also known as protein tyrosine kinase 2, PTK2) included the most critical metastasis promoting signaling pathway, which were frequently activated in GC (22, 23).


[image: image]

FIGURE 4. miR-1224 directly targets FAK. (A) The schematic diagram of screening strategy of target genes of miR-1224 using an mRNA array and three common miRNA target prediction engines (TargetScan, PicTar, and RNA22). (B) Western blot analysis of protein extracts from MKN-7 cells treated with miR-1224 mimics or NC, and MKN-28 cells treated with miR-1224 inhibitor or NC. GAPDH was used as the endogenous control. IDVs represent the relative density values. (C) Putative miR-1224 target sequence in wild-type (WT) and mutated (MUT) 3'UTR of FAK was generated as indicated. (D) Relative luciferase activity of FAK 3'UTR in the indicated cells co-transfected with the indicated reporters and miR-1224 mimics oligonucleotides. For B and D, data are presented as the mean ±SD. *p < 0.05 and **p < 0.01 vs. NC group. (E) FAK protein expression detected via IHC intestinal-type GC tissues. Top: low FAK expression; bottom: high FAK expression; left: HE stained sections, magnification ×100; middle: IHC-stained sections, magnification ×100; right: IHC-stained sections, magnification ×200. (F) Correlation between the expression of miR-1224 and FAK. Data are presented as the mean ±SD. **p < 0.01 vs. low FAK group.



We found that FAK expression levels were decreased and increased after transfection of miR-1224 mimics or inhibitor, respectively, suggesting that FAK expression was regulated by miR-1224 (Figure 4B). In addition, we generated luciferase reporter constructs that contained the predicted binding site for miR-1224, which was observed in the 3′UTR of FAK, or the corresponding mutant binding site (position 82 to 88) (Figure 4C). Overexpression of miR-1224 significantly reduced the relative luciferase activity of the wild-type construct compared to the control cells (p < 0.05). In contrast, miR-1224 did not affect the relative luciferase activity of the mutant construct (p = 0.194, Figure 4D). Moreover, we examined FAK expression in intestinal-type GC using immunohistochemistry (Figure 4E). miR-1224 was significantly increased in low FAK group patients (χ2 = 17.931, p < 0.001) (Figure 4F). Collectively, these results demonstrated that miR-1224 could directly target the 3′-UTR of FAK.

The miR-1224-FAK Axis Suppresses Intestinal-Type GC Cell Migration and EMT by Inhibiting the STAT3 and NF-κB Pathways

To explore the mechanism of miR-1224-mediated regulation of FAK expression, Western blot analysis was performed to determine the effects of miR-1224 overexpression or miR-1224 knockdown on the STAT3 and NF-κB pathways. We observed reduced levels of phosphorylated STAT3 and phosphorylated P65 in MKN-7 following miR-1224 overexpression and increased phosphorylation of these proteins following miR-1224 knockdown in MKN-28 cells. However, changes in miR-1224 levels did not alter the levels of total STAT3 and P65 protein (Figure 5A). These results suggest that miR-1224 could inhibit the STAT3 and NF-κB pathways in intestinal-type GC cells.
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FIGURE 5. The miR-1224-FAK axis suppresses intestinal-type cell migration and EMT by inhibiting the STAT3 and NF-κB pathways. (A) Western blot analysis of protein extracts from MKN-7 cells treated with miR-1224 mimics or NC, and MKN-28 cells treated with miR-1224 inhibitor or NC. (B) Western blot analysis of protein extracts from MKN-28 cells treated with miR-1224 inhibitor or NC, and MKN-28 cells treated with combination of miR-1224 inhibitor and Bay 11-7082 (NF-κB inhibitor), or PF573228(FAK inhibitor), or Stattic (STAT3 inhibitor). For (A,B), data are presented as the mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. NC group. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. miR-1224 inhibitor group. GAPDH was used as the endogenous control. IDVs represent the relative density values.



Previous studies have shown that silencing of FAK expression inhibited migration and EMT in tumor cells (24–32), and the STAT3 and NF-κB signaling pathways have been shown to play an important role in the metastasis of GC and EMT (33–35). Therefore, we investigated whether the miR-1224-FAK axis regulated the STAT3 and NF-κB signaling pathways in intestinal-type GC. Western blot analysis demonstrated that PF573228 (FAK inhibitor) inhibited the activation of FAK, NF-κB, and STAT3 pathways induced by miR-1224 knockdown. The inhibition of the NF-κB pathway by Bay 11-7082 abrogated the effects of miR-1224 knockdown on the NF-κB pathway. Interestingly, the activity of the STAT3 pathway was also partially suppressed, but no changes were observed in the FAK pathway activity. Similarly, the inhibition of the STAT3 pathway by Stattic abolished the activation the of the STAT3 pathway induced by miR-1224 knockdown. The activity of the NF-κB pathway was also partially suppressed in the absence of changes in FAK pathway activity. Importantly, the expression of all the EMT-related markers, including E-cadherin, vimentin, and ZEB1, was restored in the presence of these three pathway inhibitors (Figure 5B). Taken together, our data suggest that miR-1224 exerts its effects through FAK-mediated dysregulation of the STAT3 and NF-κB signaling pathways, and there is a mutual regulatory mechanism between these two pathways.

Repression of FAK Is Required for the miR-1224-Mediated Inhibition of Cell Migration in Intestinal-Type GC

Restoration of FAK expression in miR-1224-overexpressing MKN-7 cells significantly increased cell migration as demonstrated by both the wound healing assays and Transwell assays (Figure 6A). Furthermore, FAK and EMT marker expression were rescued by the co-transfection of a FAK-overexpression vector and miR-1224 mimics in MKN-7 cells (Figure 6C). Furthermore, FAK silencing partially abolished the effects of miR-1224 knockdown in MKN-28 cells (Figures 6B,D). Together, these data suggest that miR-1224 inhibited the metastasis of intestinal-type GC by suppressing the FAK-mediated activation of the STAT3 and NF-κB pathways, and subsequent EMT (Figure 7).
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FIGURE 6. Repression of FAK is required for the miR-1224-mediated inhibition of cell migration in intestinal-type GC. (A) The migratory abilities of MKN-7 cells transfected with combination of miR-1224 mimics-NC and pcDNA3.1-NC, or miR-1224 mimics and pcDNA3.1-NC, or miR-1224 mimics and pcDNA3.1-FAK were detected by wound healing and Transwell assays. *p < 0.05 vs. miR-1224 mimics-NC +pcDNA3.1-NC group. #p < 0.05 vs. miR-1224 mimics +pcDNA3.1-FAK group. (B) The migratory abilities of MKN-28 cells transfected with combination of miR-1224 inhibitor-NC and siFAK-NC, or miR-1224 inhibitor and siFAK-NC, or miR-1224 inhibitor and si-FAK were detected by wound healing and Transwell assays. *p < 0.05 vs. miR-1224 inhibitor-NC + siFAK-NC group. #p < 0.05 vs. miR-1224 inhibitor +si-FAK group. (C) Western blot analysis of protein extracts from MKN-7 cells treated with combination of miR-1224 mimics-NC and pcDNA3.1-NC, or miR-1224 mimics and pcDNA3.1-NC, or miR-1224 mimics and pcDNA3.1-FAK. **p < 0.01 and ***p < 0.001 vs. miR-1224 mimics-NC +pcDNA3.1-NC group. ##p < 0.01 and ###p < 0.001 vs. miR-1224 mimics +pcDNA3.1-FAK group. (D) Western blot analysis of protein extracts from MKN-28 cells treated with combination of miR-1224 inhibitor-NC and siFAK-NC, or miR-1224 inhibitor and siFAK-NC, or miR-1224 inhibitor and si-FAK. **p < 0.01 and ***p < 0.001 vs. miR-1224 inhibitor-NC + siFAK-NC group. ##p < 0.01 and ###p < 0.001 vs. miR-1224 inhibitor +si-FAK group. For C and D, GAPDH was used as the endogenous control. IDVs represent the relative density values. For A-D, data are presented as the mean ± SD.
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FIGURE 7. Schematic representation of the proposed model.



DISCUSSION

Although there have been multiple studies about the roles of miRNAs in GC, most studies have focused on GC in general and not on specific types of GC. Even in the analysis of the Lauren subtype of GC, there have been few miRNAs studies for intestinal-type GC. Azarbarzin et al. reported that miR-383 was downregulated in 40 pairs of intestinal-type GC tissues compared to paired non-tumor tissue (36). To our knowledge, no prognostic analysis of miRNAs in the Lauren subtype of GC is available.

Previous studies have shown that miR-1224 may be downregulated or upregulated depending on the type of cancer. For instance, miR-1224 is downregulated in glioma, lung cancer, and colorectal cancer, but upregulated in bladder cancer (37–42). Moreover, miR-1224 expression is correlated with good survival in glioma and colon cancer (40–42). It is significantly upregulated in patients with a complete response to neoadjuvant chemoradiotherapy in locally advanced rectal cancer (37). In addition to its role in cancer, miR-1224 is associated with tube-formation of human primary endothelial cells, the occurrence and development of keloids, and cell proliferation in acute liver failure (43–45). In the present study, we identified miR-1224 as a potential survival-related miRNA in intestinal-type GC. Furthermore, miR-1224 showed no statistically significant prognosis differences in diffuse-type GC patients by TCGA analysis (data not shown), thus, it may have an important prognostic value in intestinal-type GC. Downregulation of miR-1224 expression could promote intestinal-type GC cell migration and EMT in vitro and in vivo. Thus, miR-1224 appears to have a tumor-suppressive function in intestinal-type GC.

Although mechanisms for miR-1224 activity in VEGF signaling and the repression of NOTCH signaling and the TGF-β1/Smad3 signaling pathway have been reported (44, 45), the role of miR-1224 in tumor biogenesis is unclear. Currently, only one report has demonstrated that miR-1224 inhibited tumor-associated activity in malignant gliomas by targeting cAMP response element-binding protein (CREB1) (42). In this study, we combined the analyses of a mRNA array and bioinformatics database to identify candidate target genes for miR-1224, and the major target gene identified was FAK. FAK is a protein tyrosine kinase that is overexpressed in several cancers and promotes cancer progression and metastasis (46). The de-adhesion of tumor cells from their primary site has been proposed as the initial step of metastasis (47). FAK is thought to be an important regulatory element in tumor cell adhesion and migration (30). In addition, FAK may play a crucial role in GC metastasis (23, 48). However, the mechanisms mediating the role of FAK in GC metastasis remain complex and undefined. Our finding demonstrated that ectopic expression of FAK in miR-1224 overexpressing cells can rescue miR-1224-mediated inhibition of intestinal-type GC cell migration. Numerous studies have shown that activation of the STAT3 and NF-κB pathways is essential for the EMT and metastasis (33–35). Our results demonstrated that the antitumor effect of miR-1224 is mediated by the inhibition of FAK and downstream STAT3 and NF-κB pathways in intestinal-type GC cell with a mutual regulatory mechanism shared between these two pathways.

We demonstrated that miR-1224 is downregulated in intestinal-type GC and miR-1224 inhibited the metastasis of intestinal-type GC by suppressing the FAK-mediated activation of the STAT3 and NF-κB pathways, and subsequent EMT. These results provide a better understanding of the molecular mechanisms of intestinal-type GC and suggest that miR-1224 may serve as a novel biomarker and effective therapeutic approach to inhibit intestinal-type GC.
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Figure S1. The transfection efficiency of the siRNA against FAK. (A) The transfection efficiency of the siRNA against FAK in MKN-7 cells, measured by Western blot analysis. (B) The transfection efficiency of efficiency of the siRNA against FAK in MKN-28 cells, measured by Western blot analysis. For A and B, data are presented as the mean ±SD. *p < 0.05 and **p < 0.01 vs. NC group. GAPDH was used as the endogenous control. IDVs represent the relative density values.

Figure S2. The transfection efficiencies of miR-1224 mimics and inhibitor in intestinal-type GC cells. (A) The transfection efficiency of MKN-7 cells treated with miR-1224 mimics or NC, measured by qRT-PCR. (B) The transfection efficiency of MKN-28 cells treated with miR-1224 inhibitor or NC, measured by qRT-PCR. For A and B, data are presented as the mean ±SD. **p < 0.01 and ***p < 0.001 vs. NC group.

Figure S3. miR-1224 inhibition caused dramatic morphological and Western blot changes in MKN-28 cells, (A) The morphological changes of MKN-28 cells transfected with miR-1224 inhibitor in phase contrast microscopy, magnification ×200. (B) Western blot analysis of protein extracts from MKN-28 cells treated with miR-1224 inhibitor or NC. For A and B, data are presented as the mean ±SD. *p < 0.05 and **p < 0.01 vs. NC group. GAPDH was used as the endogenous control. IDVs represent the relative density values.

Table S1. 11 candidate miRNAs correlated with patient survival in intestinal-type GC in TCGA datasets.

Table S2. The correlations of miR-1224 with clinicopathological features of intestinal-type GC.

Table S3. KEGG pathway results of candidate target genes.
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