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Many studies reported that microRNAs (miRNAs) target autophagy-related genes to affect carcinogenesis, however, autophagy-deficiency-related miRNA dysfunction in cancer development remains poorly explored. During autophagic progression, we identified miR-449a as the most up-regulated miRNA. MiR-449a expression was low in the tumor parts of CRC patient specimens and inversely correlated with tumor stage and metastasis with the AUC (area under the curve) of 0.899 and 0.736 as well as poor overall survival rate, indicating that miR-449a has the potential to be a prognostic biomarker. In the same group of CRC specimens, low autophagic activity (low Beclin 1 expression and high p62 accumulation) was detected, which was significantly associated with miR-449a expression. Mechanistic studies disclosed that autophagy upregulates miR-449a expression through degradation of the coactivator p300 protein which acetylates the transcription factor Forkhead Box O1 (FoxO1). Unacetylated FoxO1 translocated to the nucleus and bound to the miR-449a promoter to drive gene expression. Either activation of autophagy by the inducer or overexpression of exogenous miR-449a decreases the expression of target gene LEF-1 and cyclin D1, which lead to decreased proliferation, colony formation, migration, and invasion of CRC cells. Autophagy-miR-449a-tartet genes mediated suppression of tumor formation was further confirmed in the xenograft mouse model. In conclusion, this study reveals a novel mechanism wherein autophagy utilizes miR-449a-LEF1-cyclin D1 axis to suppress CRC tumorigenesis. Our findings open a new avenue toward prognosis and treatment of CRC patients by manipulating autophagy-miR-449a axis.
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Introduction

According to 2020 global cancer statistics (GLOBOCAN 2020), colorectal cancer (CRC) is the third in terms of incidence and the second leading cause of cancer-related deaths (1). CRC is influenced by both environmental and genetic factors, which contribute to chronic inflammation and the development of cancer (2). Surgical resection is effective for early-stage CRC patients. However, relapse and metastasis occur after surgery in late-stage CRC patients, and the five-year survival rate of these patients is less than 10%. Moreover, CRC resistant to clinical anticancer drug treatment accounts for 40 to 50% of the poor survival rate (3, 4). Thus, there is an urgent need for more precise diagnostic tools and new strategies to overcome chemoresistance for colon cancer therapy.

Autophagy is a catabolic response against various stresses. The degradation of damaged organelles and proteins provides nutrients and energy to maintain cell survival. Recent reports reveal that autophagy also plays a biogenesis role in protein trafficking and secretion (5, 6). Disruption of autophagy causes various diseases such as neurodegeneration, aging, infection, Crohn’s disease, and cancers (7, 8). Many reports have found evidence indicating that autophagy-related genes (Atg5, Beclin 1, Atg16L1, and UV radiation resistance-associated gene/UVRAG) are either mutated or down-regulated in CRC cells (9–12). Furthermore, accumulating evidence shows that autophagy functions as a transformational switch when a cell shifts from normal to malignant in CRC tumorigenesis (13). However, the mechanism remains elusive. We previously reported that oncogenic miR-224 directly regulated by degradative autophagy machinery promotes hepatocellular carcinoma (14). We also reported that the oncogenic miR-338-5p induces migration, invasion, and metastasis of CRC in part through the PIK3C3-related autophagy pathway, and miR-338-5p/PIK3C3 ratio may become a prognostic biomarker for CRC patients (15). Herein we intend to know whether miRNAs can be regulated by autophagy machinery in CRC.

MicroRNAs act either as a tumor suppressor or as an oncogene in different cancers based on the target genes they suppress (16). Since both autophagy and miRNAs participate in tumorigenesis, their relationship warrants further exploration. Notably, most of the reported miRNAs that inhibit autophagic activity (e.g. miR-101, miR-30a, miR-34a, miR-204, and miR-375) are known tumor suppressors and are downregulated in cancers (17). Many studies focused on the mechanisms by which miRNAs regulate autophagy-related genes, however, very few studies investigate how autophagy regulates miRNAs. In this study, we reveal a novel molecular mechanism that autophagy upregulates the miR-449 to suppress CRC tumorigenesis both in vitro and in vivo. We further validate the clinical significance in CRC patient specimens.



Materials and Methods


Cell Lines and Reagents

SW480 and SW620 cells were cultured in L15 medium (Invitrogen, NY, USA) at 37°C without CO2. Colon cancer cells (HCT116 and HT29), prostate cancer cells (PC3), hepatoma cells (Huh7 and Hep3B), lung cancer cells (A549), gastric cancer cells (AGS), and breast cancer cells (MCF-7) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen) at 37°C with 5% CO2. All of these cells were supplemented with 10% fetal bovine serum (FBS; Biological Industries, Kibbutz Beit Haemek, Israel) and penicillin/streptomycin (Sigma, MO, USA). Amiodarone, chloroquine (CQ), and FoxO1 inhibitor AS1842856 were purchased from Sigma.



Tissue Specimens

CRC human specimens were provided by Dr. Jenq-Chang Lee (National Cheng Kung University Hospital, Tainan, Taiwan). Informed consents in accordance with the principles of the Declaration of Helsinki were signed by all the patients with approval by the Institutional Review Board, National Cheng Kung University Hospital, Tainan, Taiwan (IRB document number: B-ER-103-031). The stage of the clinical CRC human specimens was determined according to the Dukes classification. CRC tissue arrays were purchased from the Tissue Bank, National Cheng Kung University Hospital, Taiwan.



Quantitative Real-Time PCR

Total RNA of the cells was extracted with Trizol™ reagent. One microgram of RNA was reversely transcribed to cDNA using the NCode™ VILO™ cDNA synthesis miRNA kit (Invitrogen). Briefly, the cDNA was synthesized using SuperScript III reverse transcription in the presence of a universal reverse transcription primer (Invitrogen). Real-time PCR was conducted to amplify the cDNA with SYBR Green SuperMix (Invitrogen) using an Applied Biosystems real-time PCR machine. Data were normalized with the internal U54 or β-actin reference control using the comparative CT method.



Luciferase Reporter Assay

The cells were seeded into the 6-well plates and co-transfected with 1.3 μg reporter plasmid pGL3-basic-0.5K, pGL3-basic-1K, or pGL3-basic-2K with 0.1 μg of the control plasmid (pRL-TK vector) by Lipofectamin™ 2000 (Invitrogen). After 48 h, the cell lysate was collected in 100 μl Passive Lysis Buffer. The intensity of fluorescence was determined using the Dual-GIO® Luciferase Assay System following the manufacturer’s instructions (Promega, WI, USA). Each assay was measured in triplicate by a luminometer (Minilumate LB9506, Bad Wildbad, Germany). Luciferase activity of the firefly luciferase was normalized for equal transfection efficiency based on Renilla luciferase activity in each lysate, which was used as the internal control.



Immunohistochemistry

IHC staining of paraffin section slides and tissue array with polyclonal anti-Beclin-1 (Abcam), anti-p62 (Medical and Biological Laboratories), anti-FoxO1 (Cell Signaling, C29H4), anti-Cyclin D1 (Abcam), or anti- LEF-1 (Lymphoid Enhancer Binding Factor 1) (Abcam, ab22884) were performed as previously described (18). Briefly, slides were labeled with biotin-linked secondary antibody followed by Streptavidin (Dako Cytomation, Carpinteria, USA) treatment for 10 min at room temperature. The slides were treated with AEC solution for 10 min and then counterstained with 10% hematoxylin (Muto Pure Chemicals, Tokyo, Japan) and mounted with glycerol gelatin (Sigma).



MicroRNA In Situ Hybridization

MicroRNA ISH was performed as described (14). Briefly, slides were hybridized with digoxigenin (DIG) LNA-modified-miR-449a using the IsHyb In Situ Hybridization kit (Biochain, Newark, NJ). Slides were incubated with anti-DIG-HRP antibody for 1 hour. MiR-449a signal was amplified by the TSA Plus DNP system (Perkin Elmer, Waltham, MA) and then incubated with anti-DNP-HRP for 1 hour. Slides were treated with an AEC solution and hematoxylin.



Chromatin Immunoprecipitation Assay

The cells were seeded onto 10 cm plates and treated with amiodarone (10 μM; Sigma) for 24 h and the ChIP assay was conducted using a ChIP-IT High Sensitivity (HS) kit according to the manufacturer’s instructions (Active Motif, California, USA). Briefly, cells were crosslinked at 37°C for 5 min using 1% formaldehyde. After sonication, the resulting chromatin was diluted 1:10 with ChIP dilution buffer and immunoprecipitated by anti-FoxO1 antibody (Cell Signaling, C29H4) or control IgG. The chromatin-antibody complex was incubated with salmon sperm DNA/Protein A Agarose-50% (Millipore Corp., Billerica, MA, USA) overnight at 4°C with rotation. The DNA was eluted from the beads using ChIP elution buffer and purified by spin column.



Colony Formation Assay

The six-well plate was layered with 1ml of 0.6% basal agar dissolved in culture medium with serum. One hundred microliters of cell suspension was added to 0.9 ml of 0.4% agar dissolved in culture medium at 37°C. The number of colonies formed was counted after 14 days under a light microscope.



Mouse Xenograft Tumor Model

Four-week-old female NOD/SCID mice were purchased from the Laboratory Animal Center, National Cheng Kung University (NCKU), College of Medicine, Tainan, Taiwan. The animals were maintained under sterile conditions in laminar flow rooms and provided with sterilized food and water. Animal welfare and the experimental studies complied with United States National Institutes of Health guidelines and the NCKU Laboratory Animal Care and Use Committee Guide for Care and Use of Laboratory Animals. This study was approved by the Institutional Animal Care and Use Committee (IACUC) of National Cheng Kung University (IACUC No: 100074). Eight mice were injected subcutaneously (s. c.) with SW480 cells (1×107/100 μl). After four days the tumors were formed, eight mice were randomly divided into two groups (Control: n=4, Amiodarone: n=4). The amiodarone group was injected intraperitoneally (i.p.) with amiodarone (30 mg/kg). The control group (N.C.) was injected with DMSO. This treatment continued at three-day intervals for a total of 27 days. Tumor volume was measured according to the formula: Volume (mm3) = (length × width2)/2. The mice were sacrificed at day 27, and the tumors were collected.



Statistical Analysis

Data are presented as the mean ± SE values (error bars). Differences between the experimental and control groups were analyzed by two-tailed Student’s t-test. Receiver operating characteristic (ROC) curves were constructed and the area under the curve (AUC) was calculated to evaluate the specificity and sensitivity of predicting cases and controls. The general guidelines of AUC values are as follows: AUC= 0.5: No discrimination; 0.7≤ AUC < 0.8: Acceptable discrimination; 0.8 ≤ AUC < 0.9: Excellent discrimination; AUC≥ 0.9: Outstanding discrimination. The overall survival rate of CRC patients within 2 years after surgery was generated by Kaplan-Meier survival analysis followed by log-rank test to obtain the p-value.




Results


Screening for Autophagy-Related miRNAs Participating in Tumor Formation

In our previous report, we screened autophagy-related miRNAs that participate in tumor formation by miRNA microarray (14), and miR-449a was identified as the lowest expressed miRNAs in the tumors derived from autophagy-deficient cells (Supplementary Table 1). Furthermore, we treated the cells with various inducers including Ha-ras oncogene (19), starvation (Hank’s balanced salt solution), or rapamycin to induce autophagic activity. Among five autophagy upregulated miRNAs, only miR-449a was ubiquitously upregulated, implying that miR-449a expression is specifically upregulated by autophagy (Supplementary Table 2). Low expression of miR-449a in various cancers including prostate, gastric, liver, bladder, and lung cancers has been reported (20). We reveal that colorectal cancer cell line SW480 showed the second lowest level of miR-449a among seven analyzed cancer cell lines (Supplementary Figure 1). Similarly, Sun et al, reported that low levels of miR-449a, as well as high level of STAB2 (miR-449 target), promoted CRC development (21). Feng et al, reported that miR-449a was markedly decreased during the neoplastic transformation of ulcerative colitis (UC) to colitis-associated colorectal cancer (CAC) (22). Fu et al., reported that decreased circulating miR-449a is related to poor prognosis in CRC patients (23). These findings support the notion that autophagy-related miR-449a may play a suppressive role in CRC tumorigenesis.



Low Expression of miR-449a Associated With Low Autophagic Activity Was Detected in Tumors of CRC Patient Specimens

To confirm the significance of miR-449a in CRC patient specimens, a total of 56 CRC patient specimens were analyzed (Supplementary Table 3) to determine miR-449a expression levels in tumors and adjacent non-tumor parts. We found that both primary and mature miR-449a RNA expression levels were low in the tumors compared with the adjacent non-tumor parts by real-time PCR analysis (Figures 1A, B). Moreover, miR-449a expression was much higher in stage A specimens compared to other stages in the Dukes staging system (Figure 1C; stage A vs. stage B, C, and D). We also analyzed miR-449a expression by AJCC (TNM) staging system, and our data showed that miR-449a expression was higher in stage I compared to other stages (Figure 1C; TNM stage I vs. stage II, III, and IV). These two staging systems showed similar trends of miR-449a expression in CRC patient specimens. Furthermore, miR-449a expression was low in metastatic tumors compared to the non-metastatic tumors (Figure 1D). We conducted a receiver operating characteristics (ROC) curve analysis to evaluate whether miR-449a has the potential to be a biomarker for prognosis. Our data showed that the AUC (area under the curve) values for tumor stage and metastasis were 0.899 and 0.736, respectively (Supplementary Figure 2), indicating that miR-449a is a potential marker for these two events. We conducted Kaplan-Meier survival analysis followed by log-rank test to correlate miR-449a expression with CRC patient survival rate. Our result showed that low miR-449a expression correlated with poor overall survival rate among 56 CRC patients (Figure 1E). In summary, miR-449a expression is inversely correlated with CRC tumorigenesis and is a potential diagnostic or prognostic biomarker for CRC patients.




Figure 1 | Low expression of miR-449a associated with low autophagic activity was detected in tumors of CRC patient specimens. Real-time PCR was used to analyze the human CRC patient specimens for miR-449a expression levels. (A) The expression level of primary miR-449a in 56 paired CRC patient specimens (tumors and adjacent non-tumor parts). (B) The expression level of mature miR-449a in above CRC patient specimens. (C) The expression of miR-449a in 56 CRC patient specimens grouped by Duke Stages. (D) The expression of miR-449a in 56 CRC patient specimens grouped as non-metastasis and metastasis. (E) The overall survival rate of CRC patients within 2 years after surgery was generated by Kaplan-Meier survival analysis followed by log-rank test to obtain the p-value. These 56 paired CRC patients were divided into two groups. High miR-449a expression group (n = 21) represents miR-449a expression in the tumor tissue/miR-449a expression in the adjacent non-tumor tissue > 1-fold. Low-miR-449a expression group (n=35) represents miR-449a expression in the tumor tissue/miR-449a expression in the adjacent non-tumor tissue ≤ 1-fold. (F) The representative sections from 51 paired CRC specimens in the tissue array showing the expression levels of Beclin 1, p62, and miR-449a. MiR-449a level was shown by in situ hybridization labeling miRNA. Scale bar= 50 μm. △ represents the stromal area and ☆ represents the tumor area. (G) Beclin 1, p62, and miR-449a levels were quantified by defining regions of interest (ROIs) using automated cell acquisition and quantification software (Histoquest). (H) Correlation of miR-449a expression with Beclin 1 and p62 was analyzed from the 51 paired CRC specimens in the tissue array and linear regression coefficient and statistical significance are indicated.



Accumulating reports demonstrated that autophagic activity was determined by the protein expression of autophagy-related proteins including Beclin 1 (ATG6) and p62 (SQSTM1); therefore, we conducted the CRC tissue array to clarify the relationship between autophagic activity and miR-449a. A total of 51 paired CRC specimens (tumor and adjacent non-tumor tissue) in the tissue array were analyzed (Supplementary Table 4). The protein expression of Beclin 1 and p62 was evaluated by IHC, and miR-449a RNA expression was determined by miRNA in situ hybridization (ISH) assay. We further quantitatively analyzed the IHC data by HistoQuest Image Analysis Software. Our results showed low Beclin 1 level, high p62 accumulation as well as low miR-449a level in the tumors compared with the adjacent non-tumor tissues (Figures 1F, G), which is consistent with the results of miR-449a by real-time PCR (Figures 1A, B). Furthermore, the in silico CPTAC sample analysis showed low Beclin 1 protein expression in the tumor parts compared to the non-tumor parts (Supplementary Figure 3). Moreover, miR-449a level was positively correlated with Beclin 1 expression and negatively correlated with p62 accumulation in the 51 CRC specimens (Figure 1H). Altogether, low miR-449a expression correlated with decreased autophagic activity in CRC patient specimens.



Autophagy Positively Regulates miR-449a Expression at the Transcriptional Level in CRC Cells

Amiodarone, the mTOR inhibitor, induces autophagy and sustains longer autophagic activity after treatment as compared to other autophagy inducers including rapamycin (24). We demonstrated that amiodarone treatment increased LC3 puncta in SW480 and SW620 cells (Figure 2A), indicating amiodarone increased autophagic activity in cells. Furthermore, we reveal that colorectal cancer cell line SW480 showed a higher level of miR-449a under autophagy induction among eight analyzed cancer cell lines (Figure 2B). We demonstrated that both pri-miR-449a and mature miR-449a expression were significantly increased under autophagy induction conditions which LC3-II expression increased (Figure 2C, upper left panel), by real-time PCR analysis (Figure 2C, lower left panel). Accordingly, autophagy inhibitor 3-Methyladenine (3MA) treatment decreased LC3-II expression (Figure 2C, upper right panel) accompanied with decreased pri-miR-449a and miR-449a expression (Figure 2C, lower right panel). These results correlated with decreased expression of pri-miR-449a and miR-449a in CRC tumor specimens. These findings imply that autophagy positively regulates miR-449a expression at the transcriptional level in CRC cells and tumors.




Figure 2 | Autophagy positively regulates miR-449a expression at the transcriptional level through FoxO1 binding at region 1 of the promoter in CRC cells. (A) SW480 and SW620 cells were treated with amiodarone (10 μM) for 48 h. Anti-LC3 antibody and Hoechst stain were used to label the treated cells for LC3 puncta and nuclei, respectively. Cells were investigated under a confocal microscope. Quantification of LC3 puncta was conducted by randomly counting 30 cells. The data represent means ± SEM. (B) The expression of miR-449a was determined by real-time RT–PCR under amiodarone (10 μM) treatment for 48h in colorectal (SW480 and SW620), prostate (PC3), liver (Huh7 and Hep3B), breast (MCF-7), lung (A549), and gastric (AGS) cells. U54 was used as an endogenous control to normalize miR-449a expression. (C) SW480 cells were treated with amiodarone (10 μM) for 48 h or treated with the inhibitor 3MA (10 mM) for 24 h followed by immunoblotting to determine LC3 protein level. The levels of pri-miR-449a and miR-449a in SW480 cells were measured by real-time PCR. (D) Schematic diagram shows the miR-449a reporter plasmids constructed. The cells were transiently transfected with the constructed plasmid pGL3-basic-500, 1000 or 2000 bp. The relative luciferase activities were measured after normalization with renilla luciferase activity with or without amiodarone (10 μM) treatment for 48 h. (E) Localization of FoxO1 and nucleus was shown using anti-FoxO1 antibody and Hoechst staining, respectively. The cells were investigated under a multi-photon confocal microscope and quantified by randomly counting 50 cells. (F) SW480 cells were transiently transfected with FoxO1 plasmid (4 μg, pcDNA3/FLAG-FoxO1) by Lipofectamine™ 2000 for 48 h. The expression of FoxO1 was measured using anti-FoxO1 antibody by immunoblotting. The activity of miR-449 reporter plasmid was measured by luciferase assay. (G) The expression of miR-449a was measured after the cells were transiently transfected with FoxO1 plasmid DNA (8 μg) for 48 h by real-time PCR. (H) The cells were treated with amiodarone (10 μM) in the presence or absence of FoxO1 inhibitor AS1842856 (40 nM) for 48 h. The expression of miR-449a was determined by real-time PCR. (I) SW480 cells after amiodarone (10 μM) treatment for 24 h were fixed with formaldehyde followed by immunoprecipitation with anti-FoxO1 antibody. The DNA in the immunoprecipitate was amplified using the primer sets encompassing region 1 and 2 of miR-449a promoter region. Student’s t-test analysis was conducted and p-value ≤ 0.05 represents significance.





Autophagy Increases miR-449a Expression Through FoxO1 Binding at the Promoter Region of miR-449a

CDC20B is the host gene for miR-449a transcription. We clarified whether autophagy upregulates miR-449a through the regulation of CDC20B gene in SW480 cells. Our data showed that CDC20B gene expression was not induced after autophagy induction by amiodarone for 48 h (Supplementary Figure 4A), indicating that autophagy did not regulate miR-449a through the CDC20B host gene. We then measured miR-449a promoter activity by cloning three promoter regions, 500 base-pair (bp), 1000 bp, and 2000 bp, upstream of the miR-449a transcription starting site in the luciferase reporter plasmid (pGL3-Basic), and found that the luciferase activity of 2000 bp miR-449a luciferase reporter plasmid increased about 10-fold after autophagy induction (Figure 2D), suggesting that autophagy increases miR-449a activity within the promoter region of 1000 to 2000 bp. Transcription factor FoxO1 has been demonstrated to be involved in cellular mechanisms including cell proliferation, differentiation, apoptosis, and autophagy (25). We predicted two FoxO1 binding sites within the region of 1000 to 2000 bp upstream of the miR-449a transcriptional starting site using the TFSEARCH software program. We also detected increased FoxO1 protein translocation from cytoplasm to nucleus when autophagy was induced (Figure 2E). We further overexpressed the FoxO1 gene in SW480 cells (Figure 2F, upper panel), and detected increased miR-449a promoter activity (Figure 2F, lower panel) and miR-449a RNA expression (Figure 2G). Accordingly, autophagy induced miR-449a promoter activity and RNA expression were suppressed by FoxO1 inhibitor (AS1842856) (Supplementary Figure 4B and Figure 2H). Moreover, we confirmed that FoxO1 robustly interacts with region 1 of the miR-449a promoter (-1461~-1471 bp of miR-449a gene) in the presence of amiodarone by ChIP assay (Figure 2I). Altogether, our data imply that after autophagy induction, FoxO1 is translocated to the nucleus and bound to the promoter to drive miR-449a expression.



Amiodarone-Induced Autophagic Machinery Degrades p300 Protein and Activates FoxO1

FoxO1 acetylation by p300 histone acetyltransferase (HAT) blocks its translocation to the nucleus as well as DNA-binding capability; whereas unacetylated FoxO1 moves from the cytoplasm to the nucleus and binds to the target gene for transcription (26). Our data showed that amiodarone treatment gradually increased LC3-II expression together with decreased expression of p300, total FoxO1, as well as acetylated FoxO1 (AC-FKHR) proteins in a time-dependent manner (Figure 3A). It has been reported that p300 is ubiquitinated followed by recruitment and degradation of the inclusion body by the autophagic machinery in the cytoplasm (27, 28). To clarify whether p300 is an autophagic degradation substrate, chloroquine (CQ, an inhibitor of lysosomal acidification and fusion of lysosome and autophagosome) was used to block lysosome-autophagosome fusion and degradation. Our results demonstrated LC3-II accumulation in the presence of CQ for 48 h, indicating the autophagy degradation process is effectively blocked. Moreover, autophagy induction suppressed p300 expression was reversed by CQ treatment (Figure 3B, lane 2 vs. lane 3). Similarly, amiodarone treatment increased colocalization of p300 and LC3 puncta (autophagosomes), and the percentage of LC3 and p300 colocalization was further increased in the presence of CQ for 24 h (Figure 3C). Altogether, autophagic machinery degrades p300 protein, which in turn affects the expression, acetylation, and function of FoxO1.




Figure 3 | Amiodarone-induced autophagic machinery degrades p300 protein, activates FoxO1, and increases miR-449a expression. (A) SW480 cells were treated with amiodarone (10 μM) for 48 h. The levels of p300, AC-FKHR, FoxO1, and LC3 were measured using anti-p300, anti-AC-FKHR, anti-FoxO1, and anti-LC3 antibody by immunoblotting. β-actin was used as the internal control. (B) Cells were treated with amiodarone (10 μM) for 48 h. In the CQ group, the cells were treated with amiodarone (10 μM) together with CQ (50 μM) for 48 h. The p300 and LC3 levels were determined by immunoblotting using specific antibodies. β-actin was used as the internal control. (C) Colocalization of p300 and LC3 proteins were demonstrated by anti-p300 conjugated with rodamin (red) and anti-LC3 conjugated with FITC (green) antibody, respectively. The fluorescent change of the cells was investigated under a multi-photon confocal microscope. Quantification of colocalization was performed by counting 30 cells. The p-values were determined by Student’s t-test analysis.





MiR-449a Suppresses Tumorigenesis of CRC Cells In Vitro

MiR-449a has been reported to suppress cell growth, migration, and invasion of diverse cancer cells (29, 30). We transiently transfected mature miR-449a or antagonist miR-449a (anti-miR-449a) into SW480 cells. Overexpression of exogenous miR-449a suppressed cell growth (Figure 4A), BrdU incorporation (Figure 4B), colony formation (Figure 4C), migration (Figure 4D), and invasion (Figure 4E), whereas overexpression of anti-miR-449a reversed the effects of miR-449a on the cells (Figures 4A–E). These data imply that miR-449a plays a suppressive role in CRC tumorigenesis in vitro.




Figure 4 | MiR-449a suppresses tumorigenesis of CRC cells. The SW480 cells were transiently transfected with 100 nM of miR-449a, anti-miR-449a, or scramble control (anti-N.C.) for 48 h using Lipofectamine™ 2000 reagent. (A) Cell number was counted under a light microscope. (B) DNA synthesis was determined by BrdU (0.01 g/ml) incorporation treatment of SW480 cells for 30 min. Anti-BrdU antibody and propidium iodide (PI) were used to label the treated cells for DNA synthesis and nuclei, respectively. The yellow fluorescent cells represent proliferating cells (DNA synthesis), which were counted under three random fields under a fluorescent microscope and were used to calculate the percentage of cell proliferation. (C) A total of 2×104 transfected cells were plated on the soft agar in a 6-well plate. The images were taken 14 days after plating. The diameter of a counted colony bigger than 0.1 mm at 9X magnification was defined as positive colony. Scale bar= 1 mm. (D) In the migration assay, transfected cells were seeded in the Transwell™ permeable insert with FBS-free medium in the lower chamber. The migrated cells were counted after 48 h. (E) In the invasion assay, the transfected cells were seeded into the Transwell™ insert coated with the matrigel. The number of invasive cells was counted after 72 h. The cells were counted under three random fields under a light microscope. Quantification was conducted based on three independent experiments. The p values were determined by Student’s t-test analysis. Scale bar= 100 μm.





MiR-449a Targets and Suppresses Cyclin D1 and LEF-1 Expression at Translation Level

Cyclin D1 and LEF-1 (Lymphoid Enhancer Binding Factor 1) are overexpressed in colon cancer and have been identified as the target genes of miR-449a in human prostate cancer and mesenchymal stem cells (31, 32). We transfected miR-449a or anti-miR-449a into SW480 and SW620 cells, and the overexpressed miR-449a significantly suppressed cyclin D1 and LEF-1 protein expression, but the overexpressed antagonist miR-449a (anti-miR-449a) reversed this suppressive effect (Supplementary Figure 5A). However, under such conditions, no change was detected in gene expression of Cyclin D1 and LEF1 (Supplementary Figures 5B, C). Moreover, LEF-1 and/or cyclin D1 expression was decreased by amiodarone treatment in a dose-dependent manner in SW480, SW620, HCT116, and HT29 cells (Supplementary Figure 5D). Altogether, these results imply that autophagy-induced miR-449a specifically targets and suppresses cyclin D1 and LEF-1 genes at the translational level.



Amiodarone-Induced miR-449a Specifically Targets LEF-1 and Cyclin D1 Translation and Suppresses CRC Tumorigenesis Both In Vitro and In Vivo

Functional analysis in CRC cell line model reveals that amiodarone-induced autophagy suppressed cell growth, BrdU incorporation, colony formation, cell migration, and invasion (Supplementary Figures 6A–E). In summary, amiodarone treatment or overexpression of miR-449a showed a similar effect on colorectal cancer tumorigenesis, supporting the notion that autophagic activation suppresses colorectal cancer tumorigenesis through upregulation of miR-449a.

The xenograft mouse tumor model was established to clarify whether autophagy plays a suppressive role in CRC tumor formation in vivo. Four days after SW480 cell inoculation followed by amiodarone treatment at a three day intervals until day 27 (Figure 5A), tumor volume, size, and weight were dramatically reduced in the amiodarone group (Amiodarone) compared to the control group (N.C.) at day 27 (Figures 5B–D). The levels of miR-449a increased in the tumors of the amiodarone group compared to the N.C. group by real-time PCR analysis (Figure 5E). We further detected high Beclin 1 expression, low p62 accumulation (representing high autophagy activation), and increased FoxO1 staining in the tumors as well as in the nucleus of tumor tissues in amiodarone treatment group (Figure 5F). Moreover, the levels of LEF-1, cyclin D1, and ki67 (cell proliferation marker) in the tumors with amiodarone treatment group were low compared to the tumors without treatment (N.C.) (Figure 5G). Altogether, our results support the notion that amiodarone induces autophagic activity, which leads to FoxO1 translocation to the nucleus to promote miR-449a expression and suppresses cell proliferation through silencing the expression of cyclin D1 and LEF-1 (Figure 6).




Figure 5 | Amiodarone-induced miR-449a specifically blocks LEF-1 and cyclin D1 translation and suppresses CRC tumorigenesis in vivo. The four-week-old female NOD/SCID mice (n = 4) were s. c injected with SW480 cells (1x107 cells/100 μl). The mice were then injected intraperitoneally with 30 mg/kg amiodarone after four days’ inoculation every 3 days for 27 days. (A) A schematic design of cancer cell inoculation and amiodarone injection in the animal experiment. (B) The tumor volume measured at 3-day intervals until day 27. (C) After mice were sacrificed, the tumors were collected and photographed. (D) Tumor weights were measured. (E) The expression of miR-449a in the tumors was determined by real-time PCR. (F) The protein levels (red color) of Beclin 1, p62, and FoxO1 in the tumors with or without amiodarone treatment was determined by specific antibodies using IHC staining. The arrow points the FoxO1 staining in the nucleus. (G) The levels of LEF-1, cyclin D1, and Ki67 in the tumors with or without amiodarone treatment were determined by IHC staining. The p values were determined by Student’s t-test analysis.






Figure 6 | A schematic hypothesis of autophagy regulates miR-449a, LEF-1, Cyclin D1, p300, and FoxO1 during CRC development. In colorectal cancer, low autophagic activity leads to p300 overexpression and increased FoxO1 acetylation. Acetylated-FoxO1 remains in the cytoplasm and prevents its transcriptional activation of miR-449a. Subsequently, the proteins of miR-449a target genes LEF-1 and cyclinD1 remain at high levels, which are responsible for the promotion of CRC tumorigenesis. Autophagy induction by amiodarone degrades p300 protein expression and promotes FoxO1 translocation into the nucleus due to lack of acetylation of FoxO1. MiR-449a expression was then increased by FoxO1, which further suppresses LEF-1 and cyclin D1 expression and leads to suppression of colorectal cancer tumorigenesis.





Clinical Relevance of FoxO1, LEF-1, and cyclinD1 in CRC Patient Specimens on the Tissue Array and TCGA Data Analysis

Finally, we used 18 paired CRC patient specimens (Supplementary Table 5) in the CRC tissue array to demonstrate that the expression of FoxO1 in the nuclei was significantly lower in tumor specimen and the miR-449a target genes LEF-1 was highly expressed in the tumor parts compared to the non-tumor parts (Supplementary Figure 7). Similarly, Clinical Proteomic Tumor Analysis Consortium (CPTAC) big data analysis [website http://ualcan.path.uab.edu/index.html (33)] indicates that high mRNA levels of cyclin D1 and LEF-1 in CRC tumor parts compared to non-tumor specimens (Supplementary Figures 8A, B). In addition, higher LEF-1 expression correlates with poor overall CRC patient survival rate (Supplementary Figure 8C). Altogether, the findings of the CRC patient specimens are consistent with the investigation in our cell line and xenograft mouse model. This conclusion was further supported by the TCGA CRC dataset analysis.




Discussion

In this study, we demonstrated that autophagy positively regulates miR-449a expression through degradation of coactivator p300 followed by translocation of unacetylated FoxO1 from the cytoplasm to nuclei to bind with miR-449a promoter and drive gene expression. Upregulated miR-449a suppresses CRC tumorigenesis including cell proliferation, migration, invasion, and tumor formation by silencing the expression of target genes Cyclin D1 and LEF-1 at the translational level (Figure 6). We reveal that miR-449a expression was low in CRC patient tumors and highly associated with CRC tumor stage and metastasis based on the high AUC values, indicating that miR-449a has the potential to be a prognosis marker of CRC tumor stage and metastasis. This conclusion was consistent with others’ findings (22, 34).

MiR-449a has been predicted to be transcribed within its host gene, CDC20B, by chromatin structure analysis (35). However, CDC20B mRNA level could not be induced under autophagic induction conditions (Supplementary Figure 4A), suggesting that autophagy upregulates miR-449a through its proximal promoter. We confirmed that FoxO1 preferentially binds to the 1461~-1471 bp region of miR-449a promoter by ChIP assay under autophagy induction conditions. Similarly, Jitrapakdee et al. reported that FoxO1 translocated from cytoplasm into the nucleus to increase the transcription of gluconeogenesis enzymes under starvation conditions (36). Moreover, cytosolic FoxO1 not only induces autophagic activity but also acts as a tumor suppressor in colon tumors (37). In addition, FoxO1 functions as a transcription factor in the nucleus to regulate the expression of target genes including miR-449a during autophagy induction.

The histone acetyltransferase protein p300, a coactivator family member, interacts with diverse transcription factors and increases the target gene expression. FoxO1 is acetylated by p300, which further blocks FoxO1 cytoplasm-nucleus translocation, promoter binding, and transcriptional capabilities (38). Ishihama et al. reported that p300 was overexpressed in colorectal cancer and is an indicator of poor prognosis in CRC patients (39). Our findings reveal that activated autophagy increases p300 protein degradation and results in decreased FoxO1 acetylation (Figures 3A, B), increased FoxO1 translocation to the nucleus (Figure 2E) to drive target gene expression (including miR-449a). It is known that the protein harboring LIR (LC3-interacting region) motif may directly interact with the LC3 protein on the autophagosome; however, p300 has no LIR motif according to an analysis by iLIR software (40). Therefore, how p300 was recruited by the autophagosome remains unknown. Chen et al. reported that ubiquitinated p300 protein was recruited by the cytoplasmic inclusion bodies and degraded through the 26S proteasome pathway (27). In addition, cytoplasmic inclusion bodies were degraded through autophagic machinery during liver injury and neurodegeneration (28). Therefore, proteasomal and autophagic degradation systems are two major types of machinery in the degradation of ubiquitinated proteins. Based on these findings, it is probable that p300 may be degraded through autophagic degradation machinery by ubiquitination. Further study is required to clarify the role of autophagy in p300 degradation.

Overexpression of miR-449a significantly decreased CRC cell tumorigenesis and suppressed the expression levels of cyclin D1 and LEF-1 in CRC cells. Cyclin D1 is a regulator of cell cycle progression, controls cell proliferation, and is highly expressed in various human cancers including CRC (41). We previously reported that autophagy directly degrades ubiquitinated-cyclin D1 mediated by p62 in HCC (42, 43). Here, we reveal that autophagy decreases cyclin D1 expression through miR-449a targeting in CRC, suggesting that autophagy regulates cyclin D1 expression either by degradation process or by miRNA targeting. LEF-1 cross-talks between HGF/c-Met and Wnt/β-catenin to coordinate tumor migration and invasion (44). Furthermore, LEF-1 is a prognostic biomarker of liver metastasis in CRC (45). We demonstrated herein that overexpression of miR-449a suppressed the expression of cyclin D1 and LEF-1 at the translational level (Supplementary Figure 5). In the xenograft mouse model, amiodarone-induced autophagy increased miR-449a expression together with increased Beclin 1, FoxO1 expression, and decreased p62 accumulation as well as cyclin D1, LEF-1, and Ki67 expression (Figures 5F, G). Subsequently, SW480 cell-induced tumor size, volume, and weight were decreased when autophagy was induced by amiodarone (Figures 5B–D). We further used CRC patient specimens to validate the significance of autophagy-regulated miR-449a through the FoxO1-LEF-1-cyclin D1 axis in CRC tumorigenesis (Supplementary Figure 7). These findings are consistent with our in vitro and in vivo investigation and sustained by the TCGA CRC dataset analysis. Sun et al. reported that the low level of miR-449a and high level of SATB2 promote CRC development (21). Feng et al. reported that that miR-449a inhibited the growth and metastasis of CRC cells by directly binding to the 3’−UTR of Notch-1 and thereby, suppressed the activation of the Notch signaling pathway (22). In addition to the above mechanisms, we reveal a novel mechanism that autophagy degrades p300, which leads to translocation of FoxO1 to upregulate miR-449a followed by downregulation of two target genes LEF-1 and cyclinD1 in CRC tumorigenesis.

We previously reported that low autophagic activity resulted in high oncogenic miR-224 expression which leads to the development of hepatocellular carcinoma (14). In contrast, this report reveals that low autophagic activity downregulates miR-449a expression participating in colorectal cancer tumorigenesis. Similarly, low miR-449a expression was correlated with poor disease-free survival and histological scores (34), and has been reported during the progression of neoplastic transformation of ulcerative colitis (UC) to colitis-associated colorectal cancer (CAC) (22) as well as in HCC (46) and miR-224 overexpression has also been reported in inflammatory bowel disease-associated CRC (47). Autophagy probably suppresses tumorigenesis through either downregulation of miR-224 or upregulation of miR-449a depending on the types of cancers. Further study is needed to clarify this possibility. Altogether, our novel findings warrant the exploration of novel autophagy-related therapy for the prevention and treatment of CRC.
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