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Pancreatic ductal adenocarcinoma (PDAC) is associated with several genetic syndromes. However, the molecular mechanism underlying PDAC progression is still unknown. In this study, we showed that Laminin Subunit Beta 3 (LAMB3) was aberrantly overexpressed in PDAC and was closely associated with the overall survival rate of patients with PDAC. Functional studies demonstrated that LAMB3 played important roles in cell proliferation, the cell cycle, and invasion capacity. Using bioinformatics analysis, we determined that miR-24-3p was an upstream miRNA of LAMB3, and further experiments verified that miR-24-3p regulated LAMB3 expression in PDAC cells. A dual-luciferase reporter system demonstrated that miR-24-3p directly targeted the LAMB3 3'UTR, and FISH assay confirmed that miR-24-3p and LAMB3 mRNA mostly resided in cytoplasm, accounting for their post-translational regulation. Rescue assay demonstrated that miR-24-3p exerted its anti-cancer role by suppressing LAMB3 expression. Finally, by using a subcutaneous xenotransplanted tumor model, we demonstrated that miR-24-3p overexpression inhibited the proliferation of PDAC by suppressing LAMB3 expression in vivo. Collectively, our results provide evidence that the miR-24-3p/LAMB3 axis plays a vital role in the progression of PDAC and indicate that the miR-24-3p/LAMB3 axis may represent a novel therapeutic target for PDAC.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest malignancies, with a mortality rate that is almost identical to its morbidity rate. Based on the cancer mortality data provided by the National Center for Health Statistics (NCHS), the latest authoritative study reveals that PDAC will be one of the leading fatal cancer types, accounting for 7% of estimated new cancer deaths (1). A previous study has demonstrated that pancreatic cancer is a genetic disease accompanied by the activation of oncogenes and loss of tumor suppressor genes (2). Accumulation of gene mutations has been proven to play important roles in PDAC initiation, progression, metastasis, and chemoresistance (3–7). Considering the key roles of gene mutations in the evolutionary process of pancreatic cancer, novel target molecules are urgently needed to improve the early diagnosis, treatment, and prognosis of pancreatic cancer.

MiRNAs are a class of small non-coding regulatory RNAs that are ~21 nucleotides in length. The first miRNA was described ~20 years ago (8). In the past few decades, both the biogenesis and biological role of miRNAs have been extensively investigated (9). Previous studies have demonstrated that miRNAs play important roles in mammalian development and that their dysregulation results in a wide range of human diseases, including malignant cancers (10). Therefore, miRNAs are widely involved in several events in cancer progression such as proliferation, metastasis, chemoresistance, and epithelial-mesenchymal transition (EMT) (11–14). Depending on the target gene repressed, miRNAs can act as oncomiRs or tumor suppressors, and a certain miRNA can have controversial functions in different cancers (15–17). Not surprisingly, miRNAs are also involved in the development of PDAC (18), but their role is still unclear and remains to be investigated.

Laminin subunit beta 3 (LAMB3) belongs to the laminin family, one of the most common basement membrane protein families (19). Laminin is widely involved in many biological processes such as attachment, migration, and interaction with other extracellular matrix components. It is widely recognized that LAMB3 also plays important roles in the tumorigenesis and progression of thyroid cancer, papillary thyroid cancer, hepatocellular carcinoma, and pancreatic cancer (20–22). However, the underlying regulatory mechanism of LAMB3 in PDAC is still unclear.

In this study, we demonstrated that LAMB3 was upregulated in PDAC and served as a negative prognostic factor. Using bioinformatics analysis, we found that miR-24-3p was an upstream miRNA of LAMB3. Mechanistic investigations validate the potential interaction between miR-24-3p and LAMB3. In conclusion, our results indicate that the miR-24-3p/LAMB3 axis plays vital roles in the cell proliferation, cell cycle, and invasion capacity of PDAC in vitro and in vivo and that targeting the miR-24-3p/LAMB3 axis may represent a novel therapeutic strategy for PDAC.



RESULTS


LAMB3 Is Upregulated in PDAC and Correlates With Poor Prognosis

To our knowledge, LAMB3 is upregulated in a wide range of tumor types, but its expression profile in PDAC is still unclear. To explore the expression level of LAMB3 in PDAC, we first analyzed the GEO GSE28735 dataset, exploring the mRNA expression profile of 45 matched PDAC tumors and adjacent non-tumor tissues. The cluster heat map shows the top 20 upregulated mRNAs (Figure 1A). Further analysis revealed that LAMB3 was significantly upregulated in PDAC tissues (Figure 1B). The GEO datasets GSE16515 (Figure 1C) and GES62452 (Figure 1D) also validated this result. We examined LAMB3 expression in 15 paired PDAC tissues using qRT-PCR. The results consistently demonstrated that LAMB3 was overexpressed in PDAC tissues (Figure 1E). To determine whether the expression of LAMB3 correlated with the overall survival rates of PDAC, we further analyzed the clinical data of 176 pancreatic cancer patients from The Cancer Genome Atlas (TCGA). Kaplan-Meier survival curve analysis showed that patients with high LAMB3 expression had lower survival rates compared to patients with low LAMB3 expression (44.4 vs. 15.8667 months, p < 0.001, Figure 1F). Immunohistochemistry (IHC) results from the Human Protein Atlas (http://www.proteinatlas.org) revealed that LAMB3 was upregulated in PDAC tissues but was nearly undetectable in normal pancreatic tissues and that it was mainly localized in the cytoplasm and membrane [Figure 1G; (23)]. Taken together, these results suggest that LAMB3 is overexpressed in pancreatic cancer tissues and may be used as a prognostic indicator.


[image: Figure 1]
FIGURE 1. LAMB3 is upregulated in PDAC tissues and is associated with PDAC prognosis. (A) The cluster heat map showed that LAMB3 was overexpressed in PDAC tissues. (B) GEO GSE28375 dataset, (C) GSE16515 dataset, and (D) GSE62452 dataset confirmed that LAMB3 was overexpressed in PDAC tissues. (E) Higher expression levels of LAMB3 were detected using qRT-PCR in 15 matched PDAC tissues. Data are presented as mean ± SD; paired or unpaired t-test; ***p < 0.001. (F) Kaplan-Meier analysis revealed that LAMB3 overexpression was associated with poorer overall survival of PDAC patients. p < 0.001, log-rank test. (G) IHC (immunohistochemistry) results from the Human Protein Atlas demonstrated that LAMB3 was upregulated in PDAC tissues.




LAMB3 Is Responsible for the Cell Proliferation, Cell Cycle, and Invasion Ability of PDAC

We explored the biological roles of LAMB3 in PDAC progression in vitro. LAMB3 was knocked down by siRNA and was ectopically expressed using an overexpression vector (OV) in two PDAC cell lines, AsPC-1 and PANC-1. The siRNA NC and empty vector (EV) were co-transfected into AsPC-1 and PANC-1 cells as negative controls. Western blotting showed that LAMB3 expression in siRNA-transfected cells decreased, whereas it increased in OV-transfected cells (Figure 2A). CCK-8 and EdU incorporation assays were used to determine the role of LAMB3 in cell proliferation. The results showed that LAMB3 overexpression promoted cell proliferation, whereas its knockdown inhibited proliferation compared to the negative control (Figures 2B,C). As cell cycle dysregulation is an important event for cancer proliferation (24), we further investigated the function of LAMB3 in the cell cycle using flow cytometry analysis. The results demonstrated that LAMB3 overexpression accelerated the cell cycle, whereas low expression of LAMB3 induced cell cycle arrest (Figure 2D). At the same time, Transwell assays were performed to investigate whether LAMB3 affected the invasion ability of PDAC cells. The results revealed that LAMB3 overexpression enhanced cell invasion ability, whereas its knockdown induced the opposite effect (Figure 2E). In conclusion, LAMB3 is overexpressed in PDAC tissues and plays important roles in cell proliferation, the cell cycle, and the invasion capacity of PDAC cells.
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FIGURE 2. LAMB3 plays important roles in PDAC progression. (A) LAMB3 expression levels were determined using Western blotting analysis in cells transfected with LAMB3 overexpression vector (OV), LAMB3 siRNA. Cells transfected with LAMB3 empty vector (EV) and siRNA NC were used as the negative controls. (B) CCK-8 assays and (C) EdU assays confirmed that LAMB3 overexpression enhanced cell proliferation, whereas LAMB3 knockdown inhibited cell proliferation. (D) Flow cytometry showed that LAMB3 overexpression accelerated the cell cycle period and that LAMB3 knockdown induced cell cycle arrest. (E) A representative summary of the metastasis assay showed that LAMB3 overexpression promoted cell invasion, whereas LAMB3 knockdown inhibited cell invasion. Data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, student's t-test.




LAMB3 Is Directly Targeted by miR-24-3p

As a previous study demonstrated that most mammalian mRNAs could serve as conserved targets of miRNAs, we investigated whether LAMB3 was regulated by miRNAs (25). Using several databases, including PITA, miRmaP, miRanda, and Targetscan, we found that miR-24-3p was one of the potential upstream regulators of LAMB3, which was supported by two AGO CLIP-seq experiments (26). To explore whether miR-24-3p regulated LAMB3 expression, miR-24-3p mimics were introduced into AsPC-1 and PANC-1 cells. Western blotting revealed that ectopic miR-24-3p overexpression inhibited LAMB3 expression (Figure 3A). The subcellular location of miR-24-3p and LAMB3 was investigated. By using FISH analysis, we found that miR-24-3p was co-localized with LAMB3 in the cytoplasm (Figure 3B). A dual-luciferase reporter system was adopted to validate whether miR-24-3p targeted the LAMB3 3'UTR directly. In this section, miR-24-3p mimics, plasmids containing wild or mutant types of the seed region in the LAMB3 3'UTR, were constructed (Figure 3C). Co-transfection of miR-24-3p mimics with wild type plasmid significantly reduced the luciferase activity compared to with mutant type plasmid (Figure 3D). We next investigated the expression of miR-24-3p in 15 matching pancreatic cancer and adjacent non-cancerous tissues. qRT-PCR showed that miR-24-3p was significantly downregulated in PDAC tissues (Supplementary Figure 1A). To investigate whether miR-24-3p was associated with the clinical prognosis of PDAC patients, we examined the miR-24-3p expression level in 50 PDAC tissues. miR-24-3p expression in PDAC was divided into two groups: the high group (n = 31) and the low group (n = 29). Kaplan-Meier survival curve analysis revealed that patients with high miR-24-3p expression had a higher survival rate compared to those with low miR-24-3p expression (log-rank test, p < 0.001, Supplementary Figure 1B).
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FIGURE 3. MiR-24-3p targets LAMB3 directly. (A) Western blotting analysis showed that LAMB3 expression was reduced after transfection with miR-24-3p mimics. (B) FISH assay demonstrated that miR-24-3p and LAMB3 mRNA were predominantly localized in the cytoplasm, and co-localization of miR-24-3p and LAMB3 mRNA was observed in PDAC cells. (C) A schematic showing the putative binding sites of miR-24-3p with respect to the 3'UTR of LAMB3. (D) Luciferase assay confirmed that miR-24-3p targeted the 3′UTR region of LAMB3. The data are presented as mean ± SD of three independent experiments. **p < 0.01, Student's t-test.


In conclusion, miR-24-3p is downregulated in PDAC tissues, and reduced miR-24-3p expression may serve as an indicator of poor prognosis. Additionally, miR-24-3p inhibits LAMB3 expression by directly targeting the 3′UTR of LAMB3 mRNA.



Overexpression of LAMB3 Reverses miR-24-3p Mimics-Induced Inhibition of Cell Proliferation, the Cell Cycle, and Invasion

We further investigated whether miR-24-3p exerted its function via LAMB3. miR-24-3p mimics were transfected into PDAC cells to ectopically upregulate miR-24-3p. To investigate the direct antagonizing effect of miR-24-3p, LAMB3 OV without the 3′UTR was reintroduced into miR-24-3p-overexpressing cells. Cells transfected with miR-24-3p mimics NC and LAMB3 empty vector served as negative controls. Western blotting revealed that miR-24-3p overexpression inhibited LAMB3 expression and that the reintroduction of LAMB3 restored its expression (Figure 4A). CCK-8 and EdU assays revealed that the proliferation rate was significantly inhibited in miR-24-3p-overexpressing cells. Re-expression of LAMB3 could rescue the inhibitory effects (Figures 4B,C). Flow cytometry revealed that miR-24-3p overexpression induced cell cycle arrest, whereas the reintroduction of LAMB3 abrogated this effect (Figure 4D). Transwell invasion assay confirmed that miR-24-3p overexpression impaired the metastatic properties and that regaining LAMB3 expression restored the invasion capacity (Figure 4E).
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FIGURE 4. MiR-24-3p overexpression inhibits tumor progression, which is recovered by the reintroduction of LAMB3. (A) LAMB3 expression levels were determined using Western blotting in cells transfected with miR-24-3p mimics and LAMB3 overexpression vector (OV). Cells transfected with LAMB3 empty vector (EV) and mimics NC were used as the negative controls. (B,C) CCK-8 and EdU assays showed that miR-24-3p overexpression inhibited cell proliferation, whereas overexpression of LAMB3 rescued the inhibitory effects. (D) Flow cytometry revealed that miR-24-3p overexpression induced cell cycle arrest, whereas overexpression of LAMB3 recovered the cell cycle period. (E) Transwell assays confirmed that miR-24-3p overexpression impaired the cell invasion capacity. Overexpression of LAMB3 resulted in enhanced cell invasion capacity. Data are presented as mean ± SD of three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, paired t-test.




Silencing of LAMB3 Abrogates miR-24-3p Inhibitor-Induced Acceleration of Cell Proliferation, the Cell Cycle, and Invasion

For reversed verification, miR-24-3p inhibitor was transfected into PDAC cells to inhibit miR-24-3p, and LAMB3 siRNA was reintroduced into miR-24-3p knockdown cells. Cells transfected with miR-24-3p inhibitor NC and LAMB3 siRNA NC were used as negative controls. Western blotting revealed that miR-24-3p knockdown promoted LAMB3 expression and that co-transfection with LAMB3 siRNA inhibited the LAMB3 expression (Figure 5A). CCK-8 and EdU assays revealed that cells transfected with miR-24-3p inhibitor showed elevated proliferative capacities. However, co-transfection of LAMB3 abrogated this effect (Figures 5B,C). Flow cytometry further revealed that miR-24-3p knockdown accelerated the cell cycle and that co-transfection of LAMB3 siRNA induced cell cycle arrest (Figure 5D). Transwell assays revealed that miR-24-3p knockdown enhanced the invasion capacity, and the rescue assay showed that co-transfection of LAMB3 suppressed the invasion capacity in both AsPC-1 and PANC-1 cell lines (Figure 5E).
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FIGURE 5. MiR-24-3p inhibition promotes tumor progression and is rescued by co-transfection of LAMB3 siRNA. (A) LAMB3 expression levels were determined using Western blotting analysis in cells transfected with miR-24-3p inhibitor and LAMB3 siRNA NC (in-miR-24-3p + siRNA NC) and miR-24-3p inhibitor and LAMB3 siRNA (in-miR-24-3p + siRNA). Cells transfected with LAMB3 siRNA NC and inhibitor NC were used as the negative controls. (B,C) CCK-8 and EdU assays showed that miR-24-3p inhibition promoted cell proliferation, whereas LAMB3 knockdown abrogated these effects. (D) Flow cytometry revealed that miR-24-3p inhibition accelerated the cell cycle, whereas knockdown of LAMB3 induced cell cycle arrest. (E) Transwell assays revealed that miR-24-3p inhibition enhanced the cell invasion capacity, whereas LAMB3 knockdown impaired the cell invasion capacity. Data are presented as mean ± SD of three independent experiments; **p < 0.01, ***p < 0.001, paired t-test.


Since overexpression of LAMB3 abrogated the anti-cancer effects induced by miR-24-3p mimics and silencing of LAMB3 abrogated the oncogenic effects induced by miR-24-3p inhibitor, we concluded that miR-24-3p might exert anti-tumor effects by regulating LAMB3 expression in vitro.



MiR-24-3p Inhibits Tumor Growth in vivo

We validated the anti-cancer effects of miR-24-3p in vivo. AsPC-1 cells were transfected with miR-24-3p mimics or NC and implanted into the backs of nude mice. After 20 days, the mice were sacrificed, and the weight of the tumor was recorded. As shown in Figure 6A, tumors derived from cells transfected with miR-24-3p mimics had a lower weight than those transfected with NC. We examined the LAMB3 expression in the two groups. IHC results showed that the miR-24-3p mimics group had lower LAMB3 expression compared to the NC group (Figure 6B). Our in vivo experiments confirmed that miR-24-3p repressed tumor proliferation and inhibited the expression of LAMB3.


[image: Figure 6]
FIGURE 6. MiR-24-3p inhibits pancreatic cancer proliferation in vivo. (A) In total, 2 × 106 AsPC-1 cells were implanted subcutaneously in nude mice, and the tumor weight was evaluated after 20 days. (B) IHC results showed that miR-24-3p mimics inhibited LAMB3 expression. Data are presented as mean ± SD of three independent experiments; **p < 0.01, ***p < 0.001, paired t-test.





DISCUSSION

Previous studies have demonstrated the complex and even paradoxical roles of miR-24-3p in various types of cancers. In lung cancer (LC), the overexpression of miR-24-3p promoted cell proliferation and migration by suppressing SOX7 (27). In addition, its oncogenic role was also reported in hepatocellular carcinoma (28) and nasopharyngeal carcinoma (29). In addition, tumor-suppressing roles of miR-24-3p have been reported in lung adenocarcinoma cell lines and colorectal cancer (CRC) (30, 31). However, no studies investigating the expression profiles and biological roles of miR-24-3p in pancreatic cancer have yet been reported. In our study, clinicopathological feature analysis showed that miR-24-3p was downregulated in PDAC tissues compared to adjacent non-cancer tissues and that low expression of miR-24-3p was associated with poorer overall survival of PDAC patients. Functional studies in vitro revealed that miR-24-3p served as a tumor suppressor in PDAC progression. Using bioinformatics analysis, we predicted that miR-24-3p was a potential upstream miRNA of LAMB3. We further investigated the underlying mechanisms of the miR-24-3p/LAMB3 axis in PDAC.

The important roles of LAMB3 in cancer are well-known. In thyroid cancer and head and neck squamous cell carcinoma (HNSCC), LAMB3 is significantly upregulated and promotes proliferation and metastasis (20, 32). In pancreatic cancer, LAMB3 plays important roles in cell cycle arrest, apoptosis, proliferation, and invasion by regulating the PI3K/Akt signaling pathway (33). Despite its oncogenic role, LAMB3 can also act as a tumor suppressor gene in hepatocellular carcinoma progression (34). Previous studies have reported that LAMB3 is also targeted by some miRNAs, such as miR-1298 and miR-329, regulating cancer progression (35, 36). In this study, we illustrated that LAMB3 was upregulated in PDAC tissues compared to non-cancerous tissues and was significantly associated with PDAC prognosis. Functional studies confirmed that LAMB3 served as an oncogene in PDAC progression. The above-stated results indicate that LAMB3 may serve as a potential prognostic and therapeutic biomarker in PDAC.

Using dual-luciferase reporter assay and FISH assay, we confirmed that miR-24-3p inhibited LAMB3 expression by directly targeting the 3'UTR of LAMB3 at the post-transcriptional level, suggesting that the absence of miR-24-3p was one putative mechanism responsible for the aberrant overexpression of LAMB3. Functional studies confirmed that regaining LAMB3 in miR-24-3p-overexpressing cells abrogated the anti-cancer effect induced by miR-24-3p and that LAMB3 inhibition abrogated the cancer-promoting effects induced by the miR-24-3p inhibitor. Thus, we demonstrated that miR-24-3p-regulated LAMB3 contributed to the proliferation, cell cycle, and invasion of PDAC in vitro. Accumulating evidence has confirmed that the ectopic expression of miRNA by mimics shows an anti-tumor property and may serve as a promising therapeutic strategy (37). We also confirmed that the restoration of miR-24-3p inhibited PDAC growth and LAMB3 expression in a subcutaneous xenotransplanted tumor model in vivo.

In conclusion, our results indicate that LAMB3 is upregulated in PDAC and may serve as an oncogene in PDAC. miR-24-3p is a novel regulatory factor of LAMB3 and exerts anti-tumor effects by suppressing LAMB3 expression in vitro and in vivo. The miR-24-3p/LAMB3 axis plays a vital role in tumor progression, and targeting it may represent a novel therapeutic strategy for PDAC.



MATERIALS AND METHODS


Clinical Samples and Cell Lines

Fifteen pairs of fresh primary PDAC and adjacent non-cancerous tissues and fifty PDAC tissues were used in this study. The tissues were preserved in liquid nitrogen after surgical resection at Southern Medical Hospital. All patients provided signed informed consent. Two PDAC cell lines (AsPC-1 and PANC-1) used in this study were obtained from Procell Life Science & Technology Co., Ltd. (Wuhan, China). All cells were cultured in DMEM with 10% fetal bovine serum (FBS) and 1% Penicillin Streptomycin in a humidified 5% CO2 atmosphere at 37°C.



GEO and TCGA Data Collection and Analysis

We searched the GEO database to identify the altered gene expression in PDAC and adjacent non-cancerous tissues. In the GSE28735 dataset, exploring the gene expression profiles of 45 matched pairs of PDAC and adjacent non-tumor tissues from 45 patients using a microarray, we found that LAMB3 was aberrantly upregulated. The GSE16515 and GSE62452 datasets confirmed our findings. To investigate the correlation of LAMB3 and PDAC prognosis in the TCGA database, 176 PDAC cases that recorded LAMB3 expression profiles along with detailed clinical information were downloaded from cBioPortal.org.



RNA Extraction

TRIzol regent (Invitrogen, Camarillo, CA, USA) was used for RNA extraction according to the manufacturer's instruction, and 1 mL TRIzol was used per 30 mg of PDAC tissue or 106 PDAC cells. After extraction, RNA concentration was determined, and RNA was stored at −80°C to avoid degradation.



Cell Transfection

MiR-24-3p mimics, mimics NC, miR-24-3p inhibitor, inhibitor NC, LAMB3 siRNA, and LAMB3 siRNA NC were purchased from RiboBio (Guangzhou, China). The LAMB3 overexpression vector was purchased from GeneChem (Shanghai, China). Transfection was performed using a Lipofectamine 3000 (Invitrogen).



qRT-PCR (Quantitative Reverse Transcription PCR)

For LAMB3, qRT-PCR analysis was performed using a PrimeScript RT reagent kit (Takara) and an SYBR Premix Ex Taq II (Takara). β-actin was used as an endogenous control. For miR-24-3p, a Mir-X miR First-Strand Synthesis kit (Takara) and an SYBR Premix Ex Taq II (Takara) were used for qRT-PCR. RNU6-2 was used as an endogenous control. The 2−ΔΔCT method was used to calculate the relative expressions of miR-24-3p and LAMB3. RiboBio designed the bulge-loop miRNA qRT-PCR primer sets specific for miR-24-3p. Sangon Biotech synthesized the LAMB3 primer with sequences 5′-AGCTTTCAGGCGATCTGGAG-3′ (forward) and 5′-GTCTCAGGCTTGGTCAGTCC-3′ (reverse).



Protein Extraction and Western Blotting

Protein lysates were extracted using RIPA (Beyotime Institute of Biotechnology, Shanghai, China) as per the manufacturer's instructions. After quantification, protein lysates were separated on SDS-PAGE gel and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA). Membranes were blocked with 5% skim milk for 1 h at room temperature and incubated with primary antibody at 4°C overnight. After washing with TBS-T, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 2 h. β-actin served as a loading control. LAMB3, β-actin antibodies, and secondary antibody were purchased from Proteintech (Wuhan, China). The original image files of the Western Blotting was presented in Supplementary Data Sheet 1.



Cell Proliferation Assays

The proliferative capacity of PDAC cells was determined using the Cell Counting Kit-8 (CCK-8) assay and the 5-Ethynyl-2′-deoxyuridine (EdU) incorporation assay. CCK-8 assay was performed as per the manufacturer's instructions (Dojindo, Shanghai, China). In this study, 5,000 cells were seeded into 96-well-plates, and 10 μL CCK-8 solution was added to each well. The OD value was recorded at 24, 48, 72, and 96 h after transfection. The EdU assay was performed as per the manufacturer's instructions (RiboBio).



Cell Cycle

Flow cytometry was used for cell cycle analysis. After experimental treatment, no <105 cells were collected, fixed in 70% ethanol overnight at −20°C, and stained with propidium iodide (Kaiji, Nanjing, China) in a phosphate-buffered saline solution containing RNase. The fixed cells were analyzed using flow cytometry (Beckman FC500, Los Angeles, CA, USA).



Luciferase Reporter Assay

The wild and mutant types of the 3'UTR sequence of LAMB3 were inserted into the siCheck2 vector at a position downstream of the SV40 promoter. Mutations were generated in the binding sites of the 3′UTR. Next, 0.16 μg plasmid containing the LAMB3-3′UTR/LAMB3-3′UTR mutant and 5 pmol hsa-miR-24-3p/Negative Control (NC) were transfected into 293T cells independently. After 48 h, Firefly luciferase (internal reference) and Renilla luciferase activities were measured using the Promega Dual-Luciferase system according to the manufacturer's protocol.



Invasion Assay

Invasion assay was performed using Matrigel Invasion Chambers (Merck Millipore, USA) according to the manufacturer's instructions. After 24-h transfection, 20,000 cells suspended in serum-free DMEM were seeded onto the upper chambers (8-μm pore size), and DMEM with 10% FBS was added to the lower chambers. After 48 h, cells that migrated to the bottom of the insert membrane were fixed with 4% paraformaldehyde and stained with crystal violet.



Fluorescence in situ Hybridization (FISH)

Hybridization was performed overnight with hsa-miR-24-3p and LAMB3 probes. Specimens were analyzed on a Nikon inverted fluorescence microscope. The hsa-miR-24-3p probe for FISH was 5′-CTGTTCCTGCTGAACTGAGCCA-3′, and the LAMB3 probe for FISH was 5′-CCCTGCGGGTTGGC GTAGGTGAGT-3′.



Immunohistochemistry (IHC)

Immunohistochemistry was performed following the manufacturer's instructions (Maixin, Fuzhou, China). Briefly, after antigen retrieval, the sections were incubated overnight with primary antibodies against LAMB3 at 4°C. They were incubated with secondary antibodies, followed by incubation with the streptavidin-biotin complex (Maixin). Staining intensity was scored as negative staining (score = 0), weak staining (score = 1), moderate staining (score = 2), or strong staining (score = 3). The staining extent was based on the percentage of positive cells (0, 0%; 1, <10%; 2, 10–50%; 3, > 50%). Immunoreactivity was quantified by multiplying the staining extent score by the intensity score.



Animal Experiments

Four-week-old female nude mice were purchased from the Peking University Animal Center (Beijing, China). After 5 days of acclimatization, a total of 2 × 106 AsPC-1 cells transfected with either miR-24-3p or NC were injected subcutaneously into the right back of each mouse. The mice were killed, and tumor weights were measured and recorded in grams on the 20th day after injection. All animal studies were approved by the Institutional Animal Care and Use Committee of the Army Medical University.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7 software. Quantitative data were presented as mean ± standard deviation (SD). The paired two-tailed Student's t-test or unpaired t-test was used for quantitative data, as appropriate. Kaplan-Meier analysis with log-rank testing was applied for survival analysis. Differences were considered statistically significant when p < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001).




DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data can be found here: http://www.proteinatlas.org.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Department of Hepatobiliary Surgery, Zhujiang Hospital, Southern Medical University, Guangzhou, Guangdong, China. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. The animal study was reviewed and approved by Department of Hepatobiliary Surgery, Zhujiang Hospital, Southern Medical University, Guangzhou, Guangdong, China.



AUTHOR CONTRIBUTIONS

HW and YF: study concept and design, critical revision of the manuscript for important intellectual content, and technical support. WH: study concept and design, acquisition of data, analysis and interpretation of data, obtaining the findings, and drafting of the manuscript. JG and JZ: acquisition of data. TT: material support.



FUNDING

This work was supported by the National Key R&D Program of China (No. 2017YFC1308600) for HW; the National Key Research Program of China (No. 2016YFC1201802) and the Science and Technology Plan Project of Guangdong Province (Nos. 2016B090917001, 2015A020214012, and 2015B020214005) for YF.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2019.01499/full#supplementary-material

Supplementary Figure 1. miR-24-3p is downregulated in PDAC tissues and is associated with the prognosis of PDAC patients. (A) Lower expression levels of miR-24-3p were detected using qRT-PCR in 15 PDAC tissues compared to the adjacent non-tumor tissues. Data are presented as mean ± SD of three independent experiments; ***p < 0.001, paired t-test. (B) Kaplan-Meier analysis revealed that low expression of miR-24-3p was associated with poorer overall survival of PDAC patients. p < 0.001, log-rank test.



ABBREVIATIONS

PDAC, pancreatic ductal adenocarcinoma; LAMB3, laminin subunit beta 3; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; qRT-PCR, quantitative reverse transcription PCR.



REFERENCES

 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer J Clin. (2017) 67:7–30. doi: 10.3322/caac.21387

 2. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LJ, Kinzler KW. Cancer genome landscapes. Science. (2013) 339:1546–58. doi: 10.1126/science.1235122

 3. Almoguera C, Shibata D, Forrester K, Martin J, Arnheim N, Perucho M. Most human carcinomas of the exocrine pancreas contain mutant c-K-ras genes. Cell. (1988) 53:549–54. doi: 10.1016/0092-8674(88)90571-5

 4. Seymour AB, Hruban RH, Redston M, Caldas C, Powell SM, Kinzler KW, et al. Allelotype of pancreatic adenocarcinoma. Cancer Res. (1994) 54:2761–4.

 5. Redston MS, Caldas C, Seymour AB, Hruban RH, Da CL, Yeo CJ, et al. p53 mutations in pancreatic carcinoma and evidence of common involvement of homocopolymer tracts in DNA microdeletions. Cancer Res. (1994) 54:3025–33.

 6. Caldas C, Hahn SA, da Costa LT, Redston MS, Schutte M, Seymour AB, et al. Frequent somatic mutations and homozygous deletions of the p16 (MTS1) gene in pancreatic adenocarcinoma. Nat Genet. (1994) 8:27–32. doi: 10.1038/ng0994-27

 7. Whittle MC, Izeradjene K, Rani PG, Feng L, Carlson MA, DelGiorno KE, et al. RUNX3 controls a metastatic switch in pancreatic ductal adenocarcinoma. Cell. (2015) 161:1345–60. doi: 10.1016/j.cell.2015.04.048

 8. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell. (1993) 75:843–54. doi: 10.1016/0092-8674(93)90529-Y

 9. Hammond SM. An overview of microRNAs. Adv Drug Deliv Rev. (2015) 87:3–14. doi: 10.1016/j.addr.2015.05.001

 10. Ratnadiwakara M, Mohenska M, Anko ML. Splicing factors as regulators of miRNA biogenesis - links to human disease. Semin Cell Dev Biol. (2018) 79:113–22. doi: 10.1016/j.semcdb.2017.10.008

 11. Wang Y, Liu C, Luo M, Zhang Z, Gong J, Li J, et al. Chemotherapy-Induced miRNA-29c/Catenin-delta signaling suppresses metastasis in gastric cancer. Cancer Res. (2015) 75:1332–44. doi: 10.1158/0008-5472.CAN-14-0787

 12. Garofalo M, Croce CM. MicroRNAs as therapeutic targets in chemoresistance. Drug Resist Updat. (2013) 16:47–59. doi: 10.1016/j.drup.2013.05.001

 13. Zangari J, Ilie M, Rouaud F, Signetti L, Ohanna M, Didier R, et al. Rapid decay of engulfed extracellular miRNA by XRN1 exonuclease promotes transient epithelial-mesenchymal transition. Nucleic Acids Res. (2017) 45:4131–41. doi: 10.1158/1538-7445.AM2017-3044

 14. Aakula A, Kohonen P, Leivonen SK, Makela R, Hintsanen P, Mpindi JP, et al. Systematic identification of MicroRNAs that impact on proliferation of prostate cancer cells and display changed expression in tumor tissue. Eur Urol. (2016) 69:1120–8. doi: 10.1016/j.eururo.2015.09.019

 15. Shaham L, Binder V, Gefen N, Borkhardt A, Izraeli S. MiR-125 in normal and malignant hematopoiesis. Leukemia. (2012) 26:2011–8. doi: 10.1038/leu.2012.90

 16. Sun YM, Lin KY, Chen YQ. Diverse functions of miR-125 family in different cell contexts. J Hematol Oncol. (2013) 6:6. doi: 10.1186/1756-8722-6-6

 17. Di Leva G, Garofalo M, Croce CM. MicroRNAs in cancer. Annu Rev Pathol. (2014) 9:287–314. doi: 10.1146/annurev-pathol-012513-104715

 18. Khan S, Ansarullah, Kumar D, Jaggi M, Chauhan SC. Targeting microRNAs in pancreatic cancer: microplayers in the big game. Cancer Res. (2013) 73:6541–7. doi: 10.1158/0008-5472.CAN-13-1288

 19. Marinkovich MP. Tumour microenvironment: laminin 332 in squamous-cell carcinoma. Nat Rev Cancer. (2007) 7:370–80. doi: 10.1038/nrc2089

 20. Wang Y, Jin Y, Bhandari A, Yao Z, Yang F, Pan Y, et al. Upregulated LAMB3 increases proliferation and metastasis in thyroid cancer. Onco Targets Ther. (2018) 11:37–46. doi: 10.2147/OTT.S149613

 21. Jung SN, Lim HS, Liu L, Chang JW, Lim YC, Rha KS, et al. LAMB3 mediates metastatic tumor behavior in papillary thyroid cancer by regulating c-MET/Akt signals. Sci Rep. (2018) 8:2718. doi: 10.1038/s41598-018-21216-0

 22. Pan Z, Li L, Fang Q, Zhang Y, Hu X, Qian Y, et al. Analysis of dynamic molecular networks for pancreatic ductal adenocarcinoma progression. Cancer Cell Int. (2018) 18:214. doi: 10.1186/s12935-018-0718-5

 23. Kampf C, Bergman J, Oksvold P, Asplund A, Navani S, Wiking M, et al. A tool to facilitate clinical biomarker studies–a tissue dictionary based on the Human Protein Atlas. BMC Med. (2012) 10:103. doi: 10.1186/1741-7015-10-103

 24. Evan GI, Vousden KH. Proliferation cell cycle and apoptosis in cancer. Nature. (2001) 411:342–8. doi: 10.1038/35077213

 25. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are conserved targets of microRNAs. Genome Res. (2009) 19:92–105. doi: 10.1101/gr.082701.108

 26. Xue Y, Ouyang K, Huang J, Zhou Y, Ouyang H, Li H, et al. Direct conversion of fibroblasts to neurons by reprogramming PTB-regulated microRNA circuits. Cell. (2013) 152:82–96. doi: 10.1016/j.cell.2012.11.045

 27. Yan L, Ma J, Zhu Y, Zan J, Wang Z, Ling L, et al. miR-24-3p promotes cell migration and proliferation in lung cancer by targeting SOX7. J Cell Biochem. (2018) 119:3989–98. doi: 10.1002/jcb.26553

 28. Dong X, Ding W, Ye J, Yan D, Xue F, Xu L, et al. MiR-24-3p enhances cell growth in hepatocellular carcinoma by targeting metallothionein 1M. Cell Biochem Funct. (2016) 34:491–6. doi: 10.1002/cbf.3213

 29. Wang S, Pan Y, Zhang R, Xu T, Wu W, Zhang R, et al. Hsa-miR-24-3p increases nasopharyngeal carcinoma radiosensitivity by targeting both the 3'UTR and 5'UTR of Jab1/CSN5. Oncogene. (2016) 35:6096–108. doi: 10.1038/onc.2016.147

 30. Jing P, Zhao N, Xie N, Ye M, Zhang Y, Zhang Z, et al. miR-24-3p/FGFR3 signaling as a novel axis is involved in epithelial-mesenchymal transition and regulates lung adenocarcinoma progression. J Immunol Res. (2018) 2018:2834109. doi: 10.1155/2018/2834109

 31. Gao Y, Liu Y, Du L, Li J, Qu A, Zhang X, et al. Down-regulation of miR-24-3p in colorectal cancer is associated with malignant behavior. Med Oncol. (2015) 32:362. doi: 10.1007/s12032-014-0362-4

 32. Liu L, Jung SN, Oh C, Lee K, Won HR, Chang JW, et al. LAMB3 is associated with disease progression and cisplatin cytotoxic sensitivity in head and neck squamous cell carcinoma. Eur J Surg Oncol. (2019) 45:359–65. doi: 10.1016/j.ejso.2018.10.543

 33. Zhang H, Pan YZ, Cheung M, Cao M, Yu C, Chen L, et al. LAMB3 mediates apoptotic, proliferative, invasive, and metastatic behaviors in pancreatic cancer by regulating the PI3K/Akt signaling pathway. Cell Death Dis. (2019) 10:230. doi: 10.1038/s41419-019-1320-z

 34. Hou J, Wang L, Wu D. The root of Actinidia chinensis inhibits hepatocellular carcinomas cells through LAMB3. Cell Biol Toxicol. (2018) 34:321–32. doi: 10.1007/s10565-017-9416-7

 35. Zhou Y, Dang J, Chang KY, Yau E, Aza-Blanc P, Moscat J, et al. miR-1298 Inhibits mutant KRAS-driven tumor growth by repressing FAK and LAMB3. Cancer Res. (2016) 76:5777–87. doi: 10.1158/0008-5472.CAN-15-2936

 36. Liao CH, Liu Y, Wu YF, Zhu SW, Cai RY, Zhou L, et al. microRNA-329 suppresses epithelial-to-mesenchymal transition and lymph node metastasis in bile duct cancer by inhibiting laminin subunit beta 3. J Cell Physiol. (2019) 234:17786–99. doi: 10.1002/jcp.28404

 37. Ling H, Fabbri M, Calin GA. MicroRNAs and other non-coding RNAs as targets for anticancer drug development. Nat Rev Drug Discov. (2013) 12:847–65. doi: 10.1038/nrd4140

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 © 2020 Huang, Gu, Tao, Zhang, Wang and Fan. 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/fonc-09-01499-g005.gif





OPS/images/fonc-09-01499-g006.gif
No miRep

N






OPS/images/fonc-09-01499-g003.gif
LAMB3 - " ]
k240 LAM DA

\\W‘- -
IY\\(V‘- -

poT— A
e Y I

miR243 . GACAGGACGACGU- GACUCGGL.
» T

LAMBITUTRWT  $-CUGAGELGEAGELEAGCLy..

LAV 3 5 CUGAGAUCCAGAUCAUCGU.. >

LAMBRSUTRWT  + + R .
LAMBIS U Rt - , N N





OPS/images/fonc-09-01499-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		MiR-24-3p Inhibits the Progression of Pancreatic Ductal Adenocarcinoma Through LAMB3 Downregulation



		Introduction



		Results



		LAMB3 Is Upregulated in PDAC and Correlates With Poor Prognosis



		LAMB3 Is Responsible for the Cell Proliferation, Cell Cycle, and Invasion Ability of PDAC



		LAMB3 Is Directly Targeted by miR-24-3p



		Overexpression of LAMB3 Reverses miR-24-3p Mimics-Induced Inhibition of Cell Proliferation, the Cell Cycle, and Invasion



		Silencing of LAMB3 Abrogates miR-24-3p Inhibitor-Induced Acceleration of Cell Proliferation, the Cell Cycle, and Invasion



		MiR-24-3p Inhibits Tumor Growth in vivo







		Discussion



		Materials and Methods



		Clinical Samples and Cell Lines



		GEO and TCGA Data Collection and Analysis



		RNA Extraction



		Cell Transfection



		qRT-PCR (Quantitative Reverse Transcription PCR)



		Protein Extraction and Western Blotting



		Cell Proliferation Assays



		Cell Cycle



		Luciferase Reporter Assay



		Invasion Assay



		Fluorescence in situ Hybridization (FISH)



		Immunohistochemistry (IHC)



		Animal Experiments



		Statistical Analysis







		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Oncology

MiR-24-3p Inhibits the Progression
of Pancreatic Ductal
Adenocarcinoma Through
LAMB3 Downregulation





OPS/images/fonc-09-01499-g001.gif
e o R
b ety i)

POAC ssuesingh soniog)






OPS/images/fonc-09-01499-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





