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miR-124-3p Suppresses the Invasiveness and Metastasis of Hepatocarcinoma Cells via Targeting CRKL
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Abnormal expressions of microRNAs are involved in growth and progression of human cancers including hepatocellular carcinoma (HCC). An adaptor protein CRKL plays a pivotal role in HCC growth, whereas miR-124-3p downregulation is associated with clinical stage and the poor survival of patients. However, the relationship between miR-124-3p and CRKL and the molecular mechanisms through which they regulate HCC metastasis remains unclear. In the current work, we explored miR-124-3p and its correlation with CRKL expression in HCC patient tissues. We found that miR-124-3p deficiency is inversely co-related with CRKL overexpression in tumorous tissues of HCC patients, which was also consistent in HCCLM3 and Huh7 HCC cell lines. Target validation data shows that miR-124-3p directly targets CRKL. The overexpression of miR-124-3p reverses the CRKL expression at both mRNA and protein levels and inhibits the cell development, migration, and invasion. Mechanistic investigations showed that CRKL downregulation suppresses the ERK pathway and EMT process, and concomitant decrease in invasion and metastasis of HCC cells. The expressions of key molecules in the ERK pathway such as RAF, MEK, ERK1/2, and pERK1/2 and key promoters of EMT such as N-cadherin and vimentin were downregulated, whereas E-cadherin, a key suppression indicator of EMT, was upregulated. MiR-124-3p-mediated CRKL suppression led to BAX/BCL-2 increase and C-JUN downregulation, which inhibited the cell proliferation and promoted the apoptosis in HCC cells. Collectively, our data illustrates that miR-124-3p acts as an important tumor-suppressive miRNA to suppress HCC carcinogenesis through targeting CRKL. The miR-124-3p-CRKL axial regulated pathway may offer valuable indications for cancer research, diagnosis, and treatment.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most frequently occurring cancers and is the 5th most prevalent human malignancy globally (Forner et al., 2018). HCC develops in a complex multistep process together with modulations of extracellular matrix (ECM), translocation, intravasation, invasion, and migration, which ultimately form the metastatic niche (Liu et al., 2016; Zhou et al., 2016; Guo et al., 2018). Although great developments in the treatment of HCC have been made, 70% of HCC patients are unable to adapt to therapeutic actions like surgical resection and liver transplantation because of the difficulties in compatibility, tumor location, and size (Llovet et al., 2008; Liang et al., 2013). To control the progression and mortality of HCC mortality, new potential indicators together with their regulation mechanism are still highly required for its diagnosis and treatment.

MicroRNAs (miRNA, miRs) play essential roles in the origination and progression of HCC and exhibit applicable uses in the diagnosis and therapeutic action for the patients of HCC (Lee and Dutta, 2009; Li et al., 2017). miRNAs are non-coding regulatory RNA, of 18∼25 nucleotides in length, and are involved in the gene expression regulations at the posttranscriptional level through attaching at 3′-untranslated regions (3′-UTR) with their targeted mRNAs (Ambros, 2004; Bartel, 2009; Wang et al., 2016b; Guo et al., 2018). Studies have revealed that miRNAs play a critical part in the early stages and growth of tumors, by regulating biological processes like apoptosis, cell development, cellular proliferation, metastasis, differentiation, and metabolism (Bartel, 2009; Pan et al., 2010; Guo et al., 2018). Abnormal regulations of miRNAs in a variety of cancers revealed their roles both as tumor suppressor and as tumor promoter (Calin et al., 2004; Calin and Croce, 2006; Callegari et al., 2015; Guo et al., 2018; Luo et al., 2018).

Recent investigations have reported that the aberrant expression of miR-124-3p is associated with several cancers including bladder cancer (Yuan et al., 2017), breast cancer (Du et al., 2016), esophageal cancers (Zhang Y. et al., 2016), glioblastoma (Luo et al., 2018), and HCC (He et al., 2018; Long et al., 2018; Hu et al., 2019). In HCC, miR-124-3p downregulation has been related with clinical stage and the poor survival of patients (Long et al., 2018). Early study reported that miR-124-3p acted as a tumor suppressor by targeting ROCK2 and EZH2 genes (Zheng et al., 2012). MiR-124-3p also hinders the invasion in prostate cancer via blocking TGF-α-induced epithelial–mesenchymal transition (EMT) (Qin et al., 2014). Conversely, miR-124-3p downregulation was also found in various carcinomas. For instance, the reduced levels of miR-124-3p were associated with the poor prognosis of glioblastoma (Zhang Y. et al., 2016; Luo et al., 2018; Wu et al., 2018), whereas the restoration of miR-124-3p could prevent the malignant capacity of neoplastic cells (Cai et al., 2017).

V-crk sarcoma virus CT10 oncogene homolog (avian)-like (CRKL) is a CRK adapter protein family member, transversely expressed in eukaryotic organisms (Birge et al., 2009; Guo et al., 2014) and contributes in tumor growth and invasion. The overexpression of CRKL is involved in EMT, invasion, and apoptosis in various cancers (Cheung et al., 2011; Bell and Park, 2012). Studies have suggested that CRKL contributes pivotal roles in malignancy of human cancers such as glioblastoma (Lv et al., 2013), breast cancer (Zhao et al., 2013), and colon cancer (Lan et al., 2014), among others (Tsuda et al., 2004; Brabek et al., 2005; Mortazavi et al., 2011; Guo et al., 2014). Additionally, CRKL has been proposed as a possible candidate for cancer diagnosis and prognosis and as therapeutic target for certain cancers (Lin et al., 2015; Shi et al., 2015). High expression levels of CRKL have been shown to be strongly interrelated with decreased disease-free and overall survival in HCC patients, and CRKL was suggested as novel prognostic marker for HCC (Liu et al., 2013a,b). Hence, CRKL could play a role in cell signaling cascades via forming a complex immediately with the downstream receptor protein to regulate tyrosine kinase activity, or by performing a role as an upstream mediator for signal launch (Bell and Park, 2012; Park et al., 2016). The deregulations of CRKL have been correlated with development and progression of various cancers (Sriram and Birge, 2010; Shi et al., 2015). Our previous study stated that the knockdown and overexpression of CRKL significantly efficiently promote and suppress in vitro migration as well as invasion capabilities of HCC HepG2 cells (Guo et al., 2018). However, the regulation of CRKL by miR-124-3p has not been investigated so far. Moreover, the underlying molecular mechanisms through which miR-124-3p and CRKL interaction regulates the metastasis and invasion of HCC remain unclear.

In the current work, 23 frozen HCC human tissues including their corresponding non-tumor liver tissues were used for miR-124-3p. The CRKL protein expression analysis from these tissues was reported in our previous work (Guo et al., 2018, 2020). In the current study, we quantified miR-124-3p in these tissues and correlated with tissue expression of CRKL from a previous study. We also performed CRKL expression analysis in HCC cell lines in vitro and investigated their tumorigenesis activity. We predict and found that miR-124-3p binds to the 2283–2289 and 3785–3791 sites of CRKL-3′-UTR and negatively regulates the CRKL expression level in patient tissue samples and cells. Interestingly, clinical tissue samples confirmed downregulation of miR-124-3p, whereas the CRKL protein levels were found significantly higher. Moreover, the changes in their expression levels were negatively correlated in tumorous tissues from HCC patients and HCC cells. Besides that, miR-124-3p overexpression suppressed cell proliferation, migration, and invasion, as well as increased the apoptosis of HCCLM3 and Huh7 compared to normal cell line LO2. By directly downregulating the CRKL expression level, the miR-124-3p-CRKL axis mediated the malignant behaviors of HCC cancer cell lines through RAF/MEK/ERK1/2 pathways and EMT features. Collectively, our data discloses that miR-124-3p acts as an important tumor-suppressive miRNA through targeting and regulating CRKL in HCC. The miR-124-3p-CRKL axial regulated pathway may offer valuable indications for cancer research, diagnosis, and treatment.



MATERIALS AND METHODS


Patients’ Tissue Samples

Twenty three frozen HCC human tissues including their corresponding non-tumor liver tissues (14 male and 9 female patients, 8 patients under ≥ 60 age and 15 < 60 age) were used for comparative miR-124-3p expression analysis. However, the CRKL protein expression analysis from these tissues was already reported in our previous work (Guo et al., 2018, 2020). In the current work, we quantified miR-124-3p in these tissues and correlated miR-124-3p expression from the current study, with CRKL expression from a previous study. The tissue samples were obtained from the Division of the Hepatobiliary and Pancreatic Surgery Department of Surgery, the Second Affiliated Hospital of Dalian Medical University, Dalian, China. No patient was treated with chemotherapy/radiotherapy prior to operation. Tissues were then instantly preserved at −196°C liquid nitrogen following resection. The Dalian Medical University Committee of Medical Ethics (ethical number 014, year 2019) has approved the study protocol and utilization of human tissues. All experiment methods were designed following the applicable rules and regulations.



Cell Cultures

The human normal liver cells LO2 and HCC cells HCCLM3 with high metastasis and Huh7 with low metastasis were acquired from the Chinese Academy of Sciences (Shanghai, China). Cells were cultured with 90% Dulbecco’s Modified Eagle’s Medium (DMEM Gibco, United States) accompanied with 10% fetal bovine serum (FBS, TransGen, China), and double antibiotics 100 U/ml streptomycin and 100 U/ml penicillin (Gibco, United States) in 5% CO2 at 37°C.



Cell Transfection

Cells in each group were digested using trypsin, transferred into a 15-ml falcon tube, then centrifuged for 5 min at 1000 rpm. Then, the supernatant was removed and the cell pellet was resuspended in fresh DMEM. 1 ml of HCCLM3 or Huh7 cells with the density of 2 × 105/mL was transfected in each well of a six-well plate for 12 h to reach ∼75% confluence. Meanwhile, 100 μl transfection solution was prepared with 5 μl of miR-124-3p mimic or miR-Negative control (miR-NC) (Ribbo, China) with the concentration of 20 μM, 5 μl of Lipofectamine 2000 reagent (Invitrogen, United States) and 90 μl of serum-less medium, mixed well at RT for 20 min and added into each well cells for transfection. Incubation times for transfected cells were 24, 48, and 72 h individually at 37°C, 5% CO2.



RNA Extraction and Quantitative RT-PCR

The total RNA was extracted using TRIzol Kit (Invitrogen, United States) conferring to the company’s guidelines. The concentration of RNA was measured by a NanoDrop 2000 spectrometer (Thermo, United States). The cDNA was produced through reverse transcription using PrimeScript (Takara, Japan). qRT-PCR was achieved on a 7300-plus RT-PCR using ROX reagents (Roche, Germany) and FastStart SYBR Green. The internal references for miR-124-3p and CRKL were snRNA U6 and β-actin (ACTB), respectively. The 2−ΔCT method was used for analyzing relative levels of expression of miR-124-3p in tumorous versus paracancerous non-tumorous tissues, and negative correlations were analyzed by spearman correlation test. Primer sequences designed for miR-124-3p, CRKL, ACTB, and U6 are provided in Table 1.


TABLE 1. Primer sequences use in this study.
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Western Blotting Analysis

The extraction of total proteins from different groups of tissues and HCC cells through radioimmunoprecipitation assay (RIPA) solution (0.5%, 0.1% SDS, sodium deoxycholate, 1% Triton X-100, 150 mM NaCl, 50 mM pH 8.0 Tris–HCl with 0.5 mM PMSF, 1 mM Na3VO4, and 1 μg/ml leupeptin). The lysates were centrifuged at 12000 rpm for 15 min at 4°C, and the supernatants (containing proteins) were collected. The concentrations of total proteins in each sample were measured by Bradford assay. The equal amount of protein (35 μg) was separately taken from all samples, boiled in loading buffer for 5 min, and isolated through 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by electrophoretic transfer of the protein band into a nitrocellulose membrane (NC) (PALL, United States). Non-specific binding was blocked with TBST (0.1% Tween-20, 100 mM NaCl, and 50 mM Tris and at pH 7.5) with skim milk (5% w/v) (BD, United States) for 2 h at room temperature (RT). Then, NC membranes were incubated in primary antibodies at 4°C for overnight.

The primary antibodies with their dilution factors include CRKL (1:2000, Cat# GTX107677, United States), RAF (1:500, Thermo Scientific Cat# PA5-37713, USA Invitrogen), p-MEK1/2 (1:500, Cat# ABP50356 pSer218/222, Abbkine, China), ERK1/2 (1:1000, Cell Signaling Technology Cat# 9102, United States), p-ERK1/2 (1:500, Cell Signaling Technology Cat# 9106), C-JUN (1:500, Cat# ABP57278, Abbkine, China), BCL-2 (1:1000, Proteintech Cat# 12789-1-AP), BAX (1:1000, Proteintech Cat# 50599-2-Ig), vimentin (1:1000, Proteintech Cat# 10366-1-AP), N-cadherin (1:1000, Proteintech Cat# 22018-1-AP), E-cadherin (1:1000, Proteintech Cat# 20874-1-AP), ACTB (1:4000, Proteintech Cat# 66009-1-Ig), GAPDH (1:4000, Proteintech Cat# 10494-1-AP), and HRP-conjugated AffiniPure Goat Anti-Rabbit IgG (1:4000, Proteintech Cat# SA00001-2). After washing three times for 10 min with TBST, the membranes were incubated for 2 h at RT in a secondary antibody. The incubation membrane was washed again three times for 10 min. The enhanced chemiluminescence (ECL) detector (Advansta, United States) was used for visualizing protein bands, and protein bands were analyzed by Bio-Rad ChemiDoc MP system. The analyses of variance between groups were performed using unpaired Student t-test and ANOVA on triplicate experiments.



Wound Healing Assay

After the transfections with miR-NC and miR-124-3p mimic, the HCCLM3 and Huh7 cells with a density of 2 × 105 cells/per ml were propagated into six-well plates and cultured to 90% confluency. The vertical scratches were created on a cell monolayer with a 200-μl sterilized tip. Separated and floated cells were gently discarded and washed away using 1 ml PBS, and each well was poured with 2 ml of fresh DMEM media. The wound-recovered gap was captured under a microscope (Olympus, Japan) with magnification 4 × at time intermissions of 0, 24, 48, and 72 h, and the scratched area was measured using ImageJ software. The data was presented as mean ± SD of triplicate biological experiments. Unpaired Student t-tests were applied between NC and miR-124-3p mimic group cells.



Cell Proliferation Assay

To investigate cell proliferation, MTT assay was performed. Twenty four hour post-transfections with miR-NC/miR-124-3p mimics, each group was set to 3000 cells per well with 100 μl 10% FBS DMEM medium in a 96-well plate and incubated at 37°C with 5% CO2 for 24, 48, 72, and 96 h independently. Cells of each well were treated with MTT reagent (5 mg/ml) according to the manufacturer’s protocol (Coolaber, Beijing, China) for 4 h in the dark in an incubator. Then, MTT was exchanged with 150 μl DMSO to diffuse crystals of formazan. Then, absorbance was measured at 492 nm by a microplate reader (Thermo Scientific). Unpaired Student t-tests were applied for addressing the difference between NC and miR-124-3p mimic group cells. A graph was plotted between absorbance values versus time.



Clonogenic Assay

The colony-forming capacity of HCCLM3 and Huh7 cells was quantified using plate clone formation assay. Following the 24-h transfections of miR-NC/miR-124-3p mimics of HCCLM3 and Huh7, 1000 cells were taken from each group and inoculated in 2 ml of 10% DMEM into a six-well plate following incubation of 12 days in CO2 at 37°C until clusters were visible. PBS was used to wash colonies, and 0.5% crystal violet was used for staining after fixing with absolute methanol. The stained colonies were photographed and calculated. All experiments were performed three times independently for the cells in each group. The data were expressed as mean ± SD, and the difference was analyzed by unpaired Student t-test.



In vitro Cell Migration Assay

Cell migration capabilities of HCCLM3 and Huh7 cells were investigated by transwell chamber assay. Concisely, 1 × 104 cells from each group were seeded in chambers using 8-μm polycarbonate filters (Corning, United States) with 200 μl FBS-free DMEM in a 24-well plate. Subsequently, 600 μl of 20% medium, acting as the cell’s chemoattractant, was added into the bottom of the chambers in 24-well plates following the incubation at 37°C with 5% CO2 for 24 h. Excessive cells were discarded from the bottom of chambers with cotton wipes, and the cells that migrated to the bottommost were fixed with absolute methanol and stained with crystal violet (0.5%). Five random fields were selected at the chamber’s lower side to capture images using an upright light microscope with 10 × magnification. The difference from triplicate experiments between NC group and miR-124 mimic group cells was statistically processed using the unpaired Student t-test analysis.



In vitro Cell Invasion Assay

Extracellular matrix (ECM) 50-μl gels (1:7 dilution in DMEM, Sigma, United States) were used to pre-coat the transwell chamber filters followed by 30 min of incubation at 37°C with 5% CO2. The rest of the steps were followed by cell migration assay as described above.



Immunofluorescence Assay

After 24 h of transfection with miR-NC/miR-124-3p mimics, cells were washed and fixed in the presence of 4% paraformaldehyde (PFA), for 20 min at RT. Each group contained 2 × 104 cells/ml with 10% FBS DMEM in a six-well plate. 0.3% bovine serum albumin (BSA, Sigma-Aldrich, United States) was used to block non-specific binding for 1 h and incubated with CRKL antibody (1:500, GeneTex Cat# GTX107677, United States) overnight in the dark at 4°C. Excessive unbound antibodies were removed by PBS washing (three times) and then incubated with a secondary antibody in the dark for 1 h. HCCLM3 and Huh7 cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 min in the dark at RT. Finally, the images were taken using an Olympus Bx3 upright fluorescence microscope.



Luciferase Reporter Assay


Construction of Plasmid

The wild-type CRKL-3′-UTR fragment of 2187 base pairs was amplified by PCR that contains a pair of identified potentials of miR-124-3p binding sites at 2283–2289 and 3785–3791. The amplified products were implanted in a luciferase reporter gene at its downstream site in a firefly luciferase-expressing vector of psiCHECK-2, containing XhoI as well as a NotI rift site designated as psiCHECK-2-CRKL-3′-UTR-WT. The specific primers sequences were designed, for forward primer 5′-CTCGAGGCTCATAGTGAACACAGCAGACCTAGAAATGT AGC-3′ and for reverse primers 5′-GCGCGGCCGCCGGCT GATGCAAGTTTTATTGAGACAATAT-3′.

In contrast, the fragments of psiCHECK-2-CRKL-3′-UTR-WT1 (including 2283–2289 sites only) and psiCHECK-2-CRKL-3′-UTR-WT2 (including site 2 only) were also constructed. The 2283–2289 site forward and reverse primers were designed as 5′-CTCGAGATTAGCCCTTCCTTGCCAGTGAGAAC-3′ and 5′-GCGGCCGCAGTCCGTTAAGTTTTACTAGTTT-3′. The 3785–3791 site forward and reverse primers were 5′-CTCGAGGGGATGATGTGGTTTTTTGCCAGGTGTTTATA AT-3′ and 5′-GCGGCCGCCGGCTGATGCAAGTTTTATTGAG ACAATAT-3′. psiCHECK-2-CRKL-3′-UTR-MUT1 and MUT2 were constructed through site-directed mutagenesis by substituting the seed regions of CACGGAA to miR-124-3p. For psiCHECK-2-CRKL-3′-UTR-MUT1, two sets of primer sequences were designed. The sequences of forward and reverse primer 1 were 5′-CTCGAGATTAGCCCTTCCTTGCCAGTGAGAAC-3′ and 5′-GGTCGTGCCCTCCTTGAACTTCCGTGACATTCCTCCC-3′, and the sequences of forward and reverse primer 2 were 5′-CAGAGGGAGGAATGTACAGGAAGTTCAAGGAGGGCA CG-3′ and 5′-CTCGAGGGGATGATGTGGTTTTTTGCCAGG TGTTTATAAT-3′. The forward sequence for primer 3 was 5′-CTCGAGGGGATGATGTGGTTTTTTGCCAGGTGTTTAT AAT-3′, and that of reverse was 5′-GCGGCGGCGGAA TACAAAAATAAATTCCGTGTAATCTGTT-3′. The primer 4 forward sequence was 5′-CTTAACAGATT ACACGGAATTTATTTTTGTAT-3′ and that of the reverse sequence was 5′-CGGCTGATGCAAGTTTTATTGAGAC-3′ for psiCHECK-2-CRKL-3′-UTR-MUT2.



Luciferase Reporter Gene Assay

To detect the obligatory binding sites between miR-124-3p and CRKL, the luciferase reporter assay was performed. The constitutive firefly expression was provided with the psiCHECK-2 vector as an internal control. A 24-well-plate was used to seed 1 × 105 cells in each well and incubated in 1 ml of 15% FBS DMEM medium with 5% CO2 at 37°C for 24 h. Co-transfection by miR-NC and miR-124-3p mimics was done in 293T cells in the presence of 1 μg of each psiCHECK-2-CRKL-3′-UTR-Wildtype, Wildtype1, Wildtype2, psiCHECK-2-CRKL-3′-UTR-MUT1, and Mutant2 correspondingly. Cells were collected from each well after 48 h of transfection and were washed with PBS and lysed in 100 μl passive lysis buffer (PLB) by gentle agitation for 15 min at RT. The luminometer tubes were loaded with lysates including 50 μl luciferase assay reagent II (LAR II to detect firefly potency) as well as 50 μl stop reagent (to detect luciferase potency). The potency or activity of luciferase was detected through a GloMax fluorescence reader (GloMax Multi Detection System). Unpaired Student t-test analysis was performed to measure the difference between groups.



Data Presentation and Statistical Analysis

Three biological independent experiments were performed for every assay each with three replicates, and the data were presented as mean ± standard deviation of replicates. GraphPad Prism version 6 was used to create plots and graphs. The analysis of variances among groups was performed through unpaired Student T-test and ANOVA. The relationship of miR-124-3p with CRKL in HCC samples was analyzed via Spearman’s correlation, and the differences with P < 0.05 were considered significant.



RESULTS


miR-124-3p Negatively Correlates With CRKL Expression in HCC Patient Tissues and Cells

First, the qRT-PCR assay showed that miR-124-3p relative level was downregulated at the −ΔCT level in HCC tumorous tissues compared with paracancerous normal tissue (P = 0.0188, Figure 1A). The miR-124-3p expression level was also significantly abridged by 74% in HCCLM3 (P = 0.0130) and 75% in Huh7 cells (P = 0.0085, Figure 1B) compared with normal liver LO2 cells. Our previous work showed the significant CRKL overexpression levels in the same cohort of HCC tumorous tissues as used in the present work (Guo et al., 2018, 2020). Our data analysis revealed a significantly negative correlationship between reduced miR-124-3p levels and overexpressed CRKL expression levels in tumorous tissues from HCC patients (R2 = 0.8954, P = 0.0001, Figure 1C).
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FIGURE 1. (A) The miR-124-3p level was downregulated in tumorous tissues with −ΔCT value of –9.7564 ± 2.7746 from HCC patients compared with that of –7.6357 ± 3.1093 from paracancerous normal liver tissue with statistical significance (P = 0.0188) by unpaired Student t-test analysis and presented as mean ± SD of 23 cases (n = 23). (B) Compared with LO2 cells, the miR-124-3p level was significantly reduced by 74% in HCCLM3 (P = 0.0130) and 75% in Huh7 cells (P = 0.0085) by unpaired Student t-test. (C) miR-124-3p downregulation and CRKL upregulation in HCC tumorous tissues were negatively correlated (R2 = 0.8954, P = 0.0001) by Spearman correlation test. (D) CRKL expressions at the mRNA level were increased by 23.844 ± 10.011 (P = 0.0164) and 20.821 ± 8.901 (P = 0.0178) folds, and (E) those at the protein level were elevated by 1.31 ± 0.165 (P = 0.0093) and 1.816 ± 0.321 (P = 0.0314) folds in HCCLM3 and Huh7 cells compared to LO2 cells. The data were presented as mean ± SD (standard deviation) of triplicate experiments for each assay. ∗, ∗∗, and ∗∗∗ refer to P-values below 0.05, 0.01, and 0.001.


Consistent with patient tissues, the CRKL levels were also elevated in vitro. Results show that CRKL mRNA levels in HCCLM3 were increased by 23.8-fold (P = 0.0164) and in Huh7 by 20.8-fold (P = 0.0178), respectively, compared to that in LO2 cells (Figure 1D). CRKL protein levels were increased 1.83-fold in HCCLM3 (P = 0.0093) and 1.31-fold in Huh7 cells (P = 0.0314) compared to LO2 cells (Figure 1E).



miR-124-3p Suppresses CRKL Expressions in HCC Cells

In order to further validate whether miR-124-3p deregulation affects CRKL expression, the transient transfection of miR-124-3p mimic was performed in HCCLM3 and Huh7 cell lines. At the transfection time points of 24, 48, and 72 h, miR-124-3p expression levels in HCCLM3 cells were increased by 59347- (P = 0.0001), 6699- (P = 0.0006), and 4363-fold (ns), and those in Huh7 cells were increased by 3292- (P = 0.0001), 29551- (P = 0.0001), and 2990-fold (P = 0.0042), respectively (Figure 2A). Additionally, the miR-124-3p overexpression affected the CRKL expression at the mRNA level, which was decreased by 65.56% (P = 0.00001), 31.8% (P = 0.0002), and non-significant in HCCLM3 cells and by 39.3% (P = 0.00001), 72.3% (P = 0.0004), and 47% (P = 0.0058) in Huh7 cells (Figure 2B) accordingly.
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FIGURE 2. (A) miR-124-3p overexpression in HCCLM3 and Huh7 through miR-124-3p mimic transfections. (B) CRKL mRNA levels were suppressed in miR-124-3p-overexpressing HCCLM3 and Huh7 cells. (C) Western blotting assays of CRKL level changes in miR-124-3p-overexpressing HCCLM3 and Huh7 cells. (D) Immunofluorescence assay was executed to associate CRKL expression pattern changes in HCC cells LM3 and Huh7 following upregulated miR-124-3p by miR-124-p mimic transfection. The data of three independent experiments for each assay were shown as mean ± SD. Unpaired Student t-test analysis was performed to address the difference. ns refers to non-statistical significance. ∗, ∗∗, ∗∗∗, and **** refer to P-values below 0.05, 0.01, 0.001, and 0.0001.


Consistent with mRNA levels of CRKL, miR-124-3p upregulation also resulted in decreases in CRKL expression at protein levels in HCCLM3 by 67.7% (P = 0.00001), 32.7% (P = 0.0002), and 11.7% (ns) and by 65.7% (P = 0.0001), 45.7% (P = 0.0018), and 39.4% (P = 0.0025) at 24, 48, and 72 h, respectively (Figure 2C). Moreover, compared with miR-NC-transfected group cells, the immunofluorescence staining assay for the identification of CRKL expression exhibited dull and poor CRKL expression patterns in HCCLM3 and Huh7 cells transfected with miR-124-3p mimics (Figure 2D).



miR-124-3p Antagonistically Modulates CRKL Expression via Binding to Its 3′-UTR

Bioinformatic analyses through TargetScan showed that CRKL was a potential target gene to miR-124-3p with two potential binding sites at 2283–2289 and 3785–3791 at CRKL-3′-UTR (Figure 3A). To validate the interaction between the miR-124-3p and CRKL-3′-UTR in 293T cells, luciferase reporter gene assay was performed. The two binding sites of miR-124-3p in CRKL-3′-UTR were cloned downstream of the firefly luciferase gene. The intensities of fluorescence were suppressed by 32.1 ± 1.8% (P = 0.0002), 22.1 ± 1.1% (P = 0.0001), and 46.8 ± 12.9% (P = 0.0226) in 293T cells co-transfected with the psiCHECK-2-CRKL-3′-UTR-WT, WT1, and WT2 plasmids and miR-124 mimic compared with miR-NC-transfected 293T cells co-transfected with psiCHECK-2-CRKL-3′-UTR-MUT1 and MUT2 (Figure 3B). This indicates that CRKL was a direct target of miR-124-3p.
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FIGURE 3. miR-124-3p binds to 3′-UTR of CRKL. (A) Putative sites for binding of CRKL-3′-UTR to miR-124-3p. (B) Dual luciferase activity assay of miR-124-3p binding to 3′-UTR of CRKL. The co-transfection of 293T cells was done through miR-NC/miR-124-3p mimics and psiCHECK-2-CRKL-3′-UTR-WT/psiCHECK-2-CRKL-3′-UTR-MUT for 48 h. The data of triplicate experiments were presented as mean ± SD and analyzed by unpaired Student t-test for statistical differences. ns refers to non-statistical significance. ∗ and ∗∗∗ refer to P-values below 0.05 and 0.001.




miR-124-3p Overexpression Suppressed the Growth of HCCLM3 and Huh7 Cells

miR-124-3p inhibited the proliferation of HCCLM3 and Huh7 cells. The MTT assay showed that proliferations of HCCLM3 cells transfected with miR-124 mimic were decreased by 15.58% (P = 0.0426), 21.95% (P = 0.0110), and 31.14% (P = 0.0227) at time intervals of 48, 72, and 96 h, respectively, compared with cells transfected by miR-NC. Similarly, the proliferation of miR-124 mimic-transfected Huh7 cells was decreased by 10.72% (P = 0.162), 11.45% (P = 0.0002), 17.02% (P = 0.0016), and 26.08% (P = 0.0004) at 24, 48, 72, and 96 h, respectively (Figure 4A).
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FIGURE 4. (A) miR-124-3p overexpression decreased the proliferation of HCCLM3 and Huh7. (B) Overexpressed miR-124-3p decreased comparative colony-forming capabilities and sizes of HCCLM3 and Huh7 cells. The data of three independent experiments were presented as mean ± SD and analyzed using unpaired Student t-test for statistical significances. ∗ and ∗∗∗ refer to P-values below 0.05 and 0.001.


Additionally, the CRKL expression level negatively mediated the colony-forming capabilities of HCCLM3 and Huh7 cells. Soft agar plate clone formation assay showed that the number of colonies formed by miR-124-3p mimic-transfected HCCLM3 was 158.66 ± 55.51 which was only about 46.44% of that (339.33 ± 53.72) of the miR-NC-transfected group (P = 0.0152, Figure 4B). Concordantly, the colony-forming ability in Huh7 cells was decreased through the miR-124-3p overexpression by 50.98% (colony number decreased from 429 ± 14.93 to 210.33 ± 20.03, P = 0.0001, Figure 4B). Moreover, overexpressed miR-124-3p decreased the colony size of HCCLM3 and Huh7.



miR-124-3p Inhibited in vitro Migrations and Invasions of HCCLM3 and Huh7 Cells

In our recent work, CRKL overexpression positively related with migration and invasion abilities of HCCLM3 and Huh7 cells (Guo et al., 2020). After having confirmed the expression correlation and the target relation, we aimed to inspect the effect of miR-124-3p upregulation on cell migration and invasion abilities of HCCLM3 and Huh7 cells. Results showed that overexpressed miR-124-3p reduces the migration, invasion, and motility abilities of HCCLM3 and Huh7 cells. Due to miR-124-3p overexpression, the average quantity of cell migrated cells per field was decreased from 293.6 ± 23.2 to 141.6 ± 58.3 for HCCLM3 cells (P = 0.0138, Figure 5A) and from 197.6 ± 11 to 83 ± 9 for Huh7 cells (P = 0.0002, Figure 5A). Consistently, the mean number of invaded cells per field was decreased from 305.6 ± 40 to 175 ± 25 for HCCLM3 cells (P = 0.0087) and from 252.3 ± 13.6 to 125 ± 28.6 for Huh7 cells (P = 0.0022, Figure 5A). As miR-124-3p repressed the migration and invasion abilities of HCCLM3 and Huh7, our data suggested tumor-suppressor function of miR-124-3p in HCC tumorigenesis.
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FIGURE 5. MiR-124-3p overexpression (A) decreased cell migration by 293.6 ± 23.2 to 141.6 ± 58.3 from triplicate biological assays (P = 0.0138) in HCCLM3 and 197.6 ± 11 to 83 ± 9 from triplicate biological assays (P = 0.0002) in Huh7, and decreased cell invasion by 305.6 ± 40 to 175 ± 25 from triplicate biological assays (P = 0.0087) in HCCLM3 and by 252.3 ± 13.6 to 125 ± 28.6 from 3 triplicate biological assays (P = 0.0022) in Huh7, as well as (B) decreased cell motilities by 0.283 ± 0.030 to 0.174 ± 0.042 (P = 0.0223), 0.515 ± 0.039 to 0.255 ± 0.032 (P = 0.0009), and 0.628 ± 0.025 to 0.370 ± 0.041 (P = 0.0008) at 24, 48, and 72 h in HCCLM3 and by 0.466 ± 0.018 to 0.245 ± 0.042 (P = 0.002), 0.551 ± 0.031 to 0.486 ± 0.0075 (P = 0.0265), and 0.802 ± 0.012 to 0.569 ± 0.004 (P = 0.0001) at 24, 48, and 72 for Huh7. Unpaired Student t-test analysis was performed for statistical significance. ∗, ∗∗, ***, and **** refer to P values below 0.05, 0.01, 0.001, and 0.0001.


Moreover, overexpressed miR-124-3p reduces the motility capacities of HCCLM3 and Huh7 cells. As shown in Figure 5B, the wound healing assay indicated that wound closure percentages of miR-NC-transfected HCCLM3 cells were 30%, 52%, and 65% at the incubation time points of 24, 48, and 72 h, respectively, while those of miR-124-3p mimic-transfected HCCLM3 cells were 18% (P = 0.0223), 26% (P = 0.0009), and 38% (P = 0.0008). Consistently, the wound closure percentages of miR-NC-transfected Huh7 cells were measured as 47%, 56%, and 82% at the time intervals of 24, 48, and 72, while those of miR-124-3p mimic-transfected Huh7 cells were measured as 25% (P = 0.002), 48% (P = 0.0265), and 58% (P = 0.0001). The overexpression of miR-124-3p suppressed the motility abilities of HCC cell lines.



miR-124-3p-CRKL Axial Regulation Mediates the Malignant Behaviors of HCC Cells via RAF/MEK/ERK and C-JUN Pathways, EMT Process, and Cell Apoptosis

The above evidences already proved that CRKL expression levels were inversely regulated by miR-124-3p through attaching with its 3′-UTR region. We then explored their axial regulation mechanism. Using Western blot assay, we found that the protein levels of RAF, MEK, ERK1/2, p-ERK1/2, C-JUN, BCL-2, vimentin, and N-cadherin in miR-124-3p-transfected HCCLM3 cells were significantly decreased by 64% (P = 0.0001), 78% (P = 0.0001), 44% (P = 0.0128), 52% (P = 0.0027), 59% (P = 0.0003), 57% (P = 0.0007), 53% (P = 0.0047), and 37.33% (P = 0.0008), compared with miR-NC-transfected cells. Likewise, the levels of BAX and E-cadherin were elevated by 1.29-fold (P = 0.034) and 1.43-fold (P = 0.0284) in miR-124-3p-overexpressing HCCLM3 cells via miR-124-3p mimic transfection (Figure 6A).
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FIGURE 6. (A) The expression level changes of proteins RAF 0.363 ± 0.015 (P = 0.0001), MEK 0.220 ± 0.026 (P = 0.0001), ERK1/2 0.506 ± 0.177 (P = 0.0128), p-ERK1/2 0.483 ± 0.135 (P = 0.0027), vimentin 0.470 ± 0.160 (P = 0.0047), N-cadherin 0.626 ± 0.140 (P = 0.0008), E-cadherin 1.433 ± 0.223 (P = 0.0284), C-JUN 0.413 ± 0.075 (P = 0.0003), BCL-2 0.433 ± 0.102 (P = 0.0007), and BAX 1.286 ± 0.175 (P = 0.034) in miR-NC/miR-124-3p mimic-transfected HCCLM3 and (B) RAF 0.493 ± 0.158 (P = 0.0054), MEK 0.603 ± 0.085 (P = 0.0013), ERK1/2 0.513 ± 0.055 (P = 0.0001), p-ERK1/2 0.666 ± 0.090 (P = 0.0031), vimentin 0.626 ± 0.140 (P = 0.0099), N-cadherin 0.476 ± 0.092 (P = 0.0006), E-cadherin 1.526 ± 0.215 (P = 0.0133) C-JUN 0.526 ± 0.070 (P = 0.0003), BCL-2 0.696 ± 0.035 (P = 0.0001), and BAX 1.863 ± 0.273 (P = 0.0054) in Huh7. GAPDH was taken as the internal reference. The data was presented as mean ± SD of triplicate experiments for each protein. Unpaired Student t-test analysis was done for statistical significance. ∗, ∗∗, and ∗∗∗ refer to P-values below 0.05, 0.01, and 0.001.


Concordantly, overexpressing miR-124-3p in Huh7 cells led to decreased expressions of RAF, MEK, ERK1/2, p-ERK1/2, C-JUN, BCL-2, vimentin, and N-cadherin with 51% (P = 0.0054), 40% (P = 0.0013), 49% (P = 0.0001), 33% (P = 0.0031), 47% (P = 0.0003), 30%(P = 0.0001), 37.3% (P = 0.0099), and 55% (P = 0.0006), whereas the expression level of BAX and E-cadherin increases to 1.86-fold (P = 0.0054) and 1.50-fold (P = 0.0133) in Huh7 cells (Figure 6B). The data indicates that the miR-124-3p-CRKL axis mediates the malignant properties of HCCLM3 and Huh7 via C-JUN in regulating cell proliferation, via RAF/MEK/ERK1/2 and Vimentin/N-cadherin/E-cadherin (EMT) regulating cell invasion and metastasis, and via BAX/BCL-2 by regulating cell apoptosis.



DISCUSSION

Hepatocellular carcinoma (HCC) is the commonly occurring cancer which ranks 5th among the most prevalent human malignancies in the world (Ren et al., 2017; Guo et al., 2018; Mahmoudvand et al., 2019). HCC is counted as a fundamental reason for cancer-related deaths globally. Studies revealed tumor-suppressor function of miR-124-3p in certain cancers including HCC (He et al., 2018; Long et al., 2018; Hu et al., 2019). MiR-124-3p has been shown to be vital for HDAC-mediated C-EBPα initiation in HCC (Hu et al., 2019) and may act as tumor-suppressor via targeting CBL in breast cancer (Wang et al., 2016a). More reports show that miR-124-3p reduces gastric cancer cell proliferation via targeting SPHK1 (Xia et al., 2012) and suppresses cervical cancer tumorigenesis through targeting AEG-1 (Zhang X. et al., 2016).

In HCC, miR-124-3p downregulation has been associated with clinical stage and poor survival patients (Long et al., 2018). However, the underlying molecular mechanism through which it regulates the metastasis and invasion of HCC remains unclear. Current work linked the downregulated miR-124-3p to CRKL with HCC progression using patient tissues and HCC cell lines. CRKL performs a vital function in the aggressive malignancy of human cancers and is pleiotropic in regulation of proliferation, adhesion, migration, invasion, and phagocytosis of cells (Tsuda et al., 2004; Brabek et al., 2005; Mortazavi et al., 2011; Guo et al., 2014). CRKL itself has been reported as a possible candidate for cancer diagnosis and prognosis and as a therapeutic target for certain cancers (Lin et al., 2015; Shi et al., 2015). Our recent study showed that CRKL is highly expressed in IHC of hepatocarcinoma patient tissue samples and HCC cells and is negatively regulated by miR-429 overexpression (Guo et al., 2018, 2020); we demonstrated that the CRKL protein level was overexpressed and miR-124-3p was downexpressed in tumorous tissues of HCC patients, which provided a negative correlation between CRKL and miR-124-3p alterations. Current findings proposed that miR-124-3p downregulation was probably a normal occurrence in HCC, which was consistent with a report showing that miR-124-3p suppressed migration and invasion of HCC cells via decreasing the expression of integrin alphaV (Cai et al., 2017). MiR-124-3p overexpression negatively regulates CRKL at mRNA and protein expression levels in HCCLM3 and Huh7. By directly targeting at CRKL’s 3′-UTR, miR-124-3p apparently suppressed CRKL/CRKL expression levels in HCC cells. These results suggested that direct binding of miR-124-3p with CRKL probably post-transcriptionally mediated the function of CRKL.

Additionally, miR-124-3p overexpression in HCC cells reduces their in vitro malignant capacities. The proliferation, colony formation, migration, invasion, and motility capacities of HCCLM3 and Huh7 cells were highly reduced due to miR-124-3p overexpression. Previous studies reported that CRKL enhances malignancy of the cancers such as glioblastoma (Lv et al., 2013), breast cancer (Zhao et al., 2013), and colon cancer (Lan et al., 2014). In liver cancer, protein–protein interface analysis proved CRKL as a unique marker for HCC, and analysis of the differential network biology resolved the innovative communication between CRKL-FLT1 which intensely correlated with the migrating capacity of HCC (Liu et al., 2013a,b). Our previous work also indicated that CRKL upregulation potentially promoted HCC progression by enhancing the in vitro malignant behaviors of HepG2 cells (Guo et al., 2018). The in vitro data on miR-124-3p and CRKL expression as well as invasion and migration activities in HCC cells from current study are consistent with our previous studies (Guo et al., 2018, 2020).

Besides these, also based on the evidence that CRKL was a straight downstream protein of miR-124-3p, the expression of CRKL was highly suppressed in HCC cells by miR-124-3p and the inverse correlation of miR-124-3p deficiency with CRKL upregulation in HCC tumorous tissues indicates that miR-124-3p together with its target binding with CRKL forms an important axis regulation mechanism in HCC malignancy.

Current work also demonstrated that miR-124-3p and miR-124-3p-CRKL axis mediated HCC malignancy via the RAF-MEK-ERK pathway through regulating cancer migration and invasion, and via N-cadherin, E-cadherin, and vimentin, through regulation of EMT and via C-JUN and BAX/BCL-2 pathways by regulating cell proliferation and apoptosis, as schemed in Figure 7. RAS, RAF, MEK, ERK, and C-JUN cascades are vital courses for the integration of cell signaling pathway (Li et al., 2016). Epithelial–mesenchymal transition (EMT) is a central transformation course of tumor metastatic progression. Vimentin, E-cadherin, and N-cadherin are essential indicators of the cancer EMT process (Mathias and Simpson, 2009; Voulgari and Pintzas, 2009). The imbalance of expression ratio of Bax/Bcl-2 reveals the growth status of cancer cells (Rashmi et al., 2005; Yu and Zhang, 2005).
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FIGURE 7. The schematic illustration of the miR-124-3p-CRKL axis in HCC malignancy. CRKL downregulation by miR-124-3p leads to suppressed C-JUN expression and decreased proliferations of HCC cells, whereas the CRKL suppression by miR-124-3p results in increased BAX levels and reduced BCL-2 and concomitant increased apoptosis of HCC cells. By binding to 3′-UTR of CRKL, miR-124-3p downregulates CRKL expression, which inhibits the activity of the RAF/MEK/ERK1/2 pathway and results in decreased EMT, ultimately leading to inhibited migration, invasion, and metastasis of HCC cells.


For the first time, current work revealed that the miR-124-3p-CRKL axis mediated HCC invasiveness and metastasis through the RAF-MEK-ERK pathway and EMT process (Figure 7). As a main subfamily of the MAPK pathway, the ERK pathway performs essential functions in cellular differentiation and metastasis, the most vital pathway for HCC progression and developments are the RAS/Raf/ERK pathway (Chen and Wang, 2015). Overexpression miR-124-3p notably abridged the expression level of proteins, RAF, MEK, ERK1/2, and p-ERK1/2 in HCCLM3 and Huh7 cells. In cancer progression, EMT performs important metastatic steps. As indicators for EMT, vimentin and N-cadherin expression levels were diminished; however, E-cadherin expression levels were improved in miR-124-3p-overexpressing HCCLM3 and Huh7 cells. By deactivating RAF-MEK-ERK pathway activity and suppressing EMT progress (Figure 7), miR-124-3p overexpression resulted in decreased metastasis and invasion capacities of HCC cells. The results mentioned above showed that miR-124-3p played a tumor-suppressive role and CRKL acting as a tumor promoter for HCC. It is implicated that the insufficiency of miR-124-3p inversely correlated with CRKL upregulation endorsed the invasiveness and metastasis of HCC cells and the clinical development and progression of HCC patients through activating the ERK pathway and EMT process (Figure 7).

Abnormal expression of miR-124-3p affected the proliferation and apoptosis of HCC cells. Following miR-124-3p overexpression, the C-JUN expression level was significantly reduced in HCCLM3 and Huh7, which led to their decreased cell proliferations and colony formation capacities. Meanwhile, miR-124-3p overexpression resulted in BAX upregulation and BCL-2 downregulation with BAX/BCL-2 ratios increased by ∼200% and ∼166% in HCCLM3 and Huh7 cells, which probably synergically led to their weakened growths by enhancing their apoptosis. Therefore, the insufficiency of miR-124-3p inversely correlated with CRKL upregulation might contribute to HCC clinical progression via elevated malignancy of HCC cancer cells through C-JUN, BAX, and BCL-2 deregulations.

More interestingly, the miR-124-3p-CRKL axis affected the apoptosis and growth of HCCLM3 and Huh7 cells through BAX/BCL-2 via the linkage from the RAF-MEK-ERK-pathway (Figure 7). RAF, MEK, ERK, and p-ERK1/2 were involved in the cell apoptosis process (McCubrey et al., 2007; Li et al., 2016). Via targeting phosphoinositide 3-kinase catalytic subunit alpha (PIK3CA), miR-124-3p overexpression noticeably repressed HepG2 cell proliferation through encouraging G1-phase cell-cycle arrest (Lang and Ling, 2012). Reported as an adaptor protein for RAS/MAPK, JAK/STAT, and PI3K pathways, CRKL led to the overexpression of apoptosis-inhibited gene BCL-2 in colon cancer (Lan et al., 2014). Current work indicated that targeting and suppressing CRKL overexpressed miR-124-3p in HCCLM3 and Huh7 cells, resulting in reduced RAF-MEK-ERK pathway activation, increased expression of pro-apoptotic protein (BAX), and suppressed expression of an anti-apoptotic protein (BCL-2) and conclusively promoting their apoptosis for weakened excessive growth (Figure 7).



CONCLUSION

This work demonstrates that miR-124-3p deficiency negatively correlated with CRKL overexpression, which enhances the clinical progression of HCC patients and the malignancy of HCC cells. CRKL is a direct target gene of miR-124-3p. By binding to the 3′-UTR of CRKL, miR-124-3p suppresses CRKL expression in HCC cells and the malignant potentials of HCC cells. As illustrated in Figure 7, the miR-124-3p-CRKL axis mediates the invasive and metastatic capacities of HCCLM3 and Huh7 cells through C-JUN and RAF/MEK/ERK1/2-BAX/BCL-2 pathways (Figure 7) and EMT process through vimentin, N-cadherin, and E-cadherin. miR-124-3p-CRKL axial function could be of great importance in the fundamental research, clinical diagnosis, and treatment of liver cancer.
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