
Int. J. Med. Sci. 2022, Vol. 19 
 

 
https://www.medsci.org 

338 

International Journal of Medical Sciences 
2022; 19(2): 338-351. doi: 10.7150/ijms.66040 

Research Paper 

Mig-6 Inhibits Autophagy in HCC Cell Lines by 
Modulating miR-193a-3p 
Lianyue Qu1,2, Yulong Tian2, Duo Hong2, Fan Wang2, Zixuan Li2 

1. Departmentof Pharmacy, The First Affiliated Hospital of China Medical University, Shenyang, China 
2. Key Laboratory of Diagnostic Imaging and Interventional Radiology of Liaoning Province, The First Affiliated Hospital of China Medical University, 

Shenyang, P. R. China  

 Corresponding author: Zixuan Li:lizx@cmu1h.com 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2021.08.13; Accepted: 2021.12.29; Published: 2022.01.16 

Abstract 

Mitogen-inducible gene 6 (Mig-6) is a tumor suppressor gene that plays an important role in many types 
of cancers by interacting with EGFR. However, its molecular mechanism in hepatocellular carcinoma 
(HCC) and its relationship with miRNAs need to be elucidated. Therefore, this study aimed to explore 
whether Mig-6 could promote apoptosis and the inhibition of autophagy via its downstream miRNA in 
HCC cell lines. We used two cell lines, HepG2 and HLE, to establish Mig-6 overexpression and 
knockdown experiments, as well as miR-193a mimic and inhibitor experiments. The miRNA microarray 
profiling was also used to verify Mig-6-regulated miRNA. We found that Mig-6 induced apoptosis and 
reduced autophagy of HCC cell lines. miR-193a-3p is a Mig-6-regulated miRNA in the 
Mig-6-overexpression model. It affected the apoptosis and autophagy of HCC cells, at least partly by 
regulating the expression of TGF-β2. Additionally, the relationship between Mig-6 and transforming 
growth factor TGF-β2 was explored in depth for the first time. These findings revealed an important role 
of Mig-6 in the apoptosis and autophagy of HCC cells by regulating miR-193a-3p, providing a novel insight 
into the therapeutic target in HCC. 
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Introduction 
Hepatocellular carcinoma (HCC) is the most 

common primary liver cancer accounting for 
approximately 70%–90% of liver cancer cases. It ranks 
as the sixth most common cancer and the second most 
dominating reason for cancer-related deaths 
worldwide [1, 2]. HCC is associated with high 
morbidity and mortality. Surgical resection is 
considered the most effective therapeutic method for 
HCC treatment. However, only a limited number of 
patients are suitable for potentially curative 
resections. Therefore, exploration of the pathogenetic 
mechanisms of HCC is of great importance for 
facilitating the improvement in patient prognosis. 

The mitogen-inducible gene 6 (Mig-6) is a 
regulator of epidermal growth factor signaling. It is 
also known as a tumor suppressor induced by EGFR 
signaling via the RAS-MAPK pathway [3, 4]. It is a 
cytoplasmic protein that binds to the kinase domain 

of EGFR and ERBB2, locking it into a catalytically 
inactive conformation, thus resulting in the signal 
attenuation of EGFR signaling[5].The expression of 
Mig-6 has been demonstrated to be suppressed in 
liver cancer tissues, leading to increased EGFR-AKT 
signaling and enhanced cell migration[6]. Mig-6 has 
also been reported to regulate the proliferation and 
apoptosis of cancer cells [7, 8]. The nuclear 
localization of Mig-6 in a recent study showed that 
Mig-6 was a proximal regulator of DNA damage 
response that promoted DNA repair [9]. However, 
some of the regulatory effects of Mig-6 on HCC cells, 
such as the effect on HCC autophagy, cannot be 
explained by the classic EGFR pathway, forcing the 
exploration of new functions of Mig-6. 

MicroRNAs (miRNAs) are a class of 
endogenous, small, noncoding RNA molecules with 
19–22 single-stranded nucleotides that regulate the 

 
Ivyspring  

International Publisher 



Int. J. Med. Sci. 2022, Vol. 19 

 
https://www.medsci.org 

339 

protein expression through the posttranscriptional 
regulation and degradation of transcripts [10].These 
noncoding RNAs regulate the gene expression by 
binding to the 3’-UTR of the target mRNAs and act as 
antisense RNAs to downregulate the expression of 
their target genes at the post-transcription level [11]. 
Dysregulation of specific miRNAs can result in 
aberrant protein expression, leading to the critical 
change in various cellular processes such as 
proliferation, apoptosis, cell cycle, and invasion. 

Many previous studies have demonstrated that 
miRNAs are involved in the biological behavior of 
HCC. For instance, miR-139-5p influences HCC cell 
invasion and proliferation capacities by decreasing 
the expression of SLITRK4 [12]. miRNA-206 inhibits 
proliferation and migration but promoted apoptosis 
in HCC by modulating cMET expression[13]. The 
downregulated expression of miR-193a-3p was 
studied in many types of cancers, including 
non-small-cell lung cancer (NSCLC)[14], colorectal 
cancer[15], and breast cancer[16]. miR-193a-3p is also 
associated with the proliferation, apoptosis, invasion, 
and migration of liver cancer cells[17-19]. Therefore, 
the underlying molecular mechanism of miR-193a-3p 
in HCC remains largely unknown and needs to be 
explored. 

In this study, the enhanced expression of Mig-6 
in vitro was found to not only impair the autophagy 
but also promote apoptosis of HCC cells. The miRNA 
expression profiling chips were adequately applied, 
and the potential downstream targets of miR-193a-3p 
were screened out using three different bioinformatics 
algorithms. Afterward, the effects of miR-193a-3p on 
the apoptosis and autophagy of HCC were analyzed. 
Finally, the indirect control of Mig-6 and TGF-β2 was 
analyzed for the first time, providing a novel insight 
into the Mig-6-based therapeutic approach to treat 
human HCC. 

Materials and Methods 
Cell culture 

Human hepatocellular cancer cell lines HepG2, 
HLE, Hep3B, PLC/PRF/5, and HuH7 were 
maintained in Dulbecco’s modified Eagle’s medium 
(DMEM )medium (Biological Industries), with 10% 
Fetal calf serum (FBS) (Biological Industries).Cells 
were maintained in 5% CO2 and 37°C incubator. Cells 
were seeded in cell culture flask (Corning) and were 
passaged when the 90% density wee reached. 

Transfection of expression plasmids, RNAi, 
miRNA mimics, and inhibitors  

The cells were seeded 24 h prior to the 
experiment. Empty vector (pcDNA3) or Mig-6 

overexpression vector (pcDNA3-Mig-6) kindly 
provided by Dr Oreste Segatto were amplified by 
Takara Biotechnology (Dalian, China). TGF-β2 over 
expression vector was from Ori Gene Technologies, 
Mig-6 siRNA were from Gene Pharma (Shanghai, 
China). miR-193a mimics and inhibitors were from 
RIBOBIO (Guangzhou, China). Cells were seeded in 
6-well plates and were transfected using 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 
at a working concentration of 100nM according to the 
manufacturer’s protocol. 

RNA isolation and quantitative RT-PCR 
Total RNA was isolated according to the 

manufacturer’s instructions using TRIzol reagent 
(Invitrogen). One microgram of overall RNA was 
reverse-transcribed to cDNA with oligodT (Takara) 
and AMV reverse transcriptase (Takara). Assays to 
quantify miR-193a-3p were performed using TaqMan 
miRNA probes and TaqMan® MicroRNA Assays 
(Applied Biosystems, Foster City, CA, USA) 
according to the manufacturer’s instructions. The 
reactions as follows:95°C for 5 min, 40 cycles of 95°C 
for 15s, 60°C for 1 min. Quantitative the TGF-β2 
mRNA levels were performed using SoFastTM 

EvaGreen® Supermix (Bio-Rad). The reactions as 
follows:95℃ for 30 s, 40 cycles of 95℃ for 5 s, 60℃ for 
20 s. Light Cycler®480Ⅱ(Roche) was used to perform 
the real-time PCR. The primer sequences are provided 
below:  

TGF-β2 (forward) CATCCCGCCCACTTTCTAC; 
TGF-β2 (reverse) TCCGTTGTTCAGGCACTCT; Actin 
(forward) ATAGCACAGCCTGGATAGCAACGTAC; 
Actin (reverse) CACCTTCTACAATGAGCTGCGT 
GTG.  

Experiments were repeated in triplicate. 

Western blot analysis 
Total proteins from cell lines were extracted 

using denatured in lysis buffer (CAT.78510) (Thermo 
Fisher Scientific),  denatured in boiling water and then 
quantified (CAT.23226) (Thermo Fisher Scientific). 
Sixty micrograms of protein were separated by 10% 
SDS-PAGE (Bio-Rad, USA). After transferring by 
Trans-Blot®TurboTM (Bio-Rad, USA), the polyvinyl-
idene fluoride (PVDF) membranes (Millipore, 
Billerica) were blocked by 5% non-fat milk, then 
incubated overnight at 4°C. The antibodies used were 
as follows: anti-Mig-6, anti-P62, anti-LC3b, anti- 
TGF-β2, anti-β-actin. After that, further incubation 
with peroxidase-coupled anti-mouse or rabbit IgG 
(Zhongshan jinqiao, China) at 37°C for 2 hours. An 
enhanced chemiluminescence (ECL) detection system 
(Bio-Rad, USA) was used to visualize signals. The 
relative density was examined using Image Lab™ 
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Software (Bio-Rad). 

Cell apoptosis experiments 
After transfection with a plasmid, miRNA 

mimics, or siRNA for 48 h, the cells were collected and 
washed twice with phosphate-buffered saline at 4°C. 
The cells were then resuspended in binding buffer 
(1×), and adjusted to 1×106 cells/mL. The cells were 
stained using an Annexin V-FITC/PI double staining 
kit (Dojindo, USA) and incubated in the dark for 15 
min at room temperature. Apoptosis was analyzed by 
flow cytometry using a BD C6 Plus flow cytometer, 
and the percentage of cell apoptosis was analyzed 
using BD AccuriTM software (both from 
Becton-Dickinson, CA, USA). 

Evaluation of fluorescent LC3 puncta 
To analyze the changes in autophagy, LC3 

punctas were indicated using mRFP -GFP-LC3 
adenovirus (Gene Chem, Shanghai, China). After 
transfection with mRFP-GFP-LC3 for 48 h, the 
expression of GFP and mRFP was visualized with a 
fluorescence microscope (Nikon). Yellow puncta 
represented autophagosomes, while red puncta 
indicated autolysosomes. Ten views were examined 
per slide, and the images were acquired. 

miRNA microarray profiling and analysis 
Human miRNA Microarray (GeneChip miRNA 

4.0, Affymetrix) was used for microRNA profiling. 
The quality of total RNA was evaluated on an 
ultraviolet spectrophotometer (NanoDrop 2000, 
Thermo) and by checking the integrity and purity 
with a nucleic acid electrophoresis analyzer (Agilent 
2100 Bioanalyzer). Biotin-labeled complementary 
RNA (cRNA) generated by in vitro transcription 
reactions (Affymetrix, USA) was fragmented and 
hybridized with GeneChip Hybridization Oven 645 
(Affymetrix, USA) at 45°C for 16 h. After 
hybridization, the arrays were washed; stained with a 
GeneChip Hybridization, Wash, and Stain Kit 
(Thermo Fisher Scientific); scanned using an 
Affymetrix GeneChip Scanner 3000 and analyzed 
using Transcriptome Analysis Console software. The 
raw data images produced from the scanner were 
processed into CEL files. The intensity data of each 
array chip were processed using the robust 
multi-array average, background-adjusted, and 
normalized. Finally, log2 transformation was 
performed to extract the expression values of each 
transcript in the probe set. The differentially 
expressed genes were analyzed. TargetScan, 
microRNA, ORG, and miRDB software were used for 
target gene prediction. 

Statistical analysis 
Analyses were performed with SPSS version 19.0 

and Origin 2019b. Student’s t-test was used to 
compare the differences between the groups. All these 
experiments were repeated three times. P-values were 
based on the two-sided statistical analysis, and P 
<0.05 indicated a statistically significant difference. 
The data are presented as the mean ± SEM. 

Result 
Mig-6 induced apoptosis and reduced 
autophagy of HCC cell lines 

We examined the impact of Mig-6 on HCC cell 
apoptosis and autophagy to validate the effect of 
Mig-6 in HCC cell lines. HepG-2 and HLE cells were 
transfected with the Mig-6 plasmid. Annexin V/PI 
double staining flow cytometry was applied. In the 
scatter plot generated using a double-variable flow 
cytometer, the cells in the Q1LR (Annexin V+/PI−) 
and Q1UR (Annexin V+/PI+) quadrants were 
recognized as apoptotic cells. As expected, after 
transfection with Mig-6, two cell lines showed an 
enhanced percentage of apoptosis (Figure. 1A). 
Meanwhile, western blot analysis was used for 
evaluating the expression levels of autophagy- 
associated proteins (Figure.1B and1C). Following 
transfection with Mig-6 plasmid, the expression levels 
of microtubule-associated protein 1 light chain 3β 
(LC3b) significantly decreased, while p62, which was 
mainly degraded by the autophagy pathway, was 
greatly induced compared with those in the PC 
groups. LC3 is the first mammalian protein found to 
be localized in the autophagosome membrane [20]. It 
is localized on autophagosomes and autolysosomes. 
Many studies regarded LC3-II accumulation as a 
marker of autophagy [21]. Both types of cells were 
transfected with mRFP-GFP-LC3 adenovirus in this 
study to directly visualize the changes in autophagy. 
The results showed that the Mig-6 plasmid 
significantly decreased total autophagosomes and 
autolysosomes, as indicated by yellow-red puncta and 
red puncta, respectively, in two cell lines (Figure 1D). 

Identification of Mig-6-regulated miRNAs 
Although several underlying mechanisms of 

Mig-6 were hypothesized, the regulation of miRNAs 
by Mig-6 was an area that had never been studied. 
Mig-6-regulated miRNAs were identified by 
transducing 293T with lentiviruses encoding control 
virus or lentivirus-mediated Mig-6 (Gene Chem, 
Shanghai, China). After 48-h transduction, the cells 
were treated with puromycin for 48 h to remove the 
nontransduced cells. Transfected cells with GFP 
expression were sorted for the next step (Figure 2A) 
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which was further confirmed by western blot analysis 
(Figure 2B). The cells successfully expressing Mig-6 
were used immediately for analysis using the 
GeneChip assay. The results showed that 44 
Mig-6-regulated miRNAs were identified, of which 11 
were upregulated and 33 downregulated (Figure 2C). 
Among these, the expression of 4 and 16 miRNAs in 
Mig-6 overexpressing cells increased or was inhibited 
by more than 2.5-fold, respectively (Table 1). The 
transcriptional changes in six miRNAs, including 
miR-193a-3p, were validated by the RT- PCR assay in 
293T cells (Figure 2D); the related primers were 
purchased from Ribo Bio (Guangzhou, China) (Table 
S1). 

Among these miRNAs, miR-193a-3p aroused our 
attention for its downregulated expression in many 
types of cancers. The HepG-2 and HLE cells were 
transfected with Mig-6 plasmid and siRNA to further 
verify the relationship between Mig-6 and 
miR-193a-3p. Western blot analysis was used for 
detecting the transfection efficiency (Figure 3A-D). 
We found that the miR-193a-3p level correspondingly 
increased significantly after the overexpression of 
Mig-6; when the expression of Mig-6 was suppressed, 
the decrease in the miR-193a-3p level was observed 
(Figure 3E).  

 

 
Figure 1. Effect of Mig-6 plasmid on the apoptosis and autophagy of HCC cell lines. (A) Apoptosis assay after 48-h transfection with plasmid control and Mig-6 
plasmid in HepG-2 and HLE cells; the percentage of apoptosis cells was quantified. ***P < 0.001. (B) Western blotting and quantitative analysis of Mig-6, LC3b, and p62 protein 
levels in HepG-2 cells. *P < 0.05; **P < 0.01; **P < 0.01; ***P < 0.001.(C) Western blotting and quantitative analysis of Mig-6, LC3b, and p62 protein levels in HLE cells. **P < 0.01. (D) 
Each group was transfected with a tandem mRFP-GFP-LC3 adenovirus for 24 h. Autophagosomes and autolysosomes were, respectively, visualized as yellow- and red-only 
punctas under a fluorescence microscope. ***P < 0.001. 
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Figure 2. Prediction and confirmation of Mig-6 regulated miRNAs. (A) Visualization of GFP expression in the control virus and LV-Mig-6group (100×) after 72 h. (B) 
Western blotting and quantitative analysis of transduction efficiency of LV-Mig-6 in 293T cell lines. **P < 0.01. (C) Hierarchical cluster analysis of Mig-6-regulated miRNAs. The 
horizontal axis shows comparison groups of the expression change of miRNAs. The left vertical axis shows clusters of Mig-6-regulated miRNAs whose fold change is listed in the 
right-hand table. Red indicates upregulated and green downregulated miRNAs. (D) Expression of some important miRNAs with more than 2.5-fold change was detected by 
RT-PCR using the SYBR Green method to confirm the results of the microarray. 
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Table 1. Expression changes of Mig6-regulated miRNAs  

miRNA Regulation Control virus or LV-Mig-6 Fold change 
hsa-miR-1269a Up 3.663214041 
hsa-miR-193a-3p Up 2.960149418 
hsa-miR-1244 Up 2.512778203 
hsa-miR-371b-5p Up 2.503430956 
hsa-miR-5093 Down -5.363445158 
hsa-miR-297 Down -4.571560354 
hsa-miR-4793-3p Down -4.556744037 
hsa-miR-610 Down -4.539741026 
hsa-miR-4440 Down -4.535851264 
hsa-miR-195-3p Down -4.458473988 
hsa-miR-6877-3p Down -4.173369522 
hsa-miR-3148 Down -3.956889197 
hsa-miR-8071 Down -3.647623099 
hsa-miR-185-3p Down -3.48629987 
hsa-miR-3064-5p Down -3.347459653 
hsa-miR-595 Down -3.344313283 
hsa-miR-3907 Down -3.319532324 
hsa-miR-7844-5p Down -2.856073948 
hsa-miR-4455 Down -2.736743073 
hsa-mir-297 Down -2.606974853 

 

miR-193a-3p inhibited autophagy of HCC cell 
lines 

miR-193a-3p is reported to be related to various 
pathological processes of liver cancer, including 
proliferation, migration, invasion, apoptosis, radio-
resistance, and chemotherapeutic tolerance. However, 
the relationship between miR-193a-3p and autophagy 
has not been reported to date. In this study, we first 
detected the expression levels of miR-193a-3p in HCC 
cell lines (Figure 4A). Then, we used real-time 
polymerase chain reaction (RT-PCR) to measure the 
transfection efficiency in HepG-2 and HLE cells 
(Figure 4B). We used miR-193a-3p mimics and 
miR-193a-3p inhibitors to study the function of 
miR-193a-3p. Mimics of miR-193a-3p were 
synthesized by chemical synthesis, which can enhance 
the function of endogenous miR-193a-3p. The 
miR-193a-3p inhibitor is a chemically modified 
inhibitor specifically targeting miR-193a-3p in cells. 

 

 
Figure 3. Confirmation of Mig-6 regulated miRNAs. (A-D) Western blotting and quantitative analysis of transfection efficiency of Mig-6 plasmid and siMig-6 in HepG-2 and 
HLE cell lines. **P < 0.01; ***P < 0.001.(E) Quantitative RT-PCR analysis of the expression levels of miR-193a-3p in Mig-6 upregulated and downregulated groups. **P < 0.01. 
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Figure 4. Effect of miR-193a-3p on the apoptosis and autophagy-related proteins in HCC cell lines. (A) Expression levels of miR-193a-3p in HCC cell lines. (B) 
Quantitative RT-PCR analysis of the expression levels of miR-193a-3p in HepG-2 and HLE cells transfected with miR-193a-3p mimics, inhibitors, and negative control. **P < 0.01; 
***P < 0.001. (C) Apoptosis assay 48 h after four groups of HepG-2 and HLE cells were transfected with equal doses of mimic control, miR-193a-3p mimics, inhibitor control, and 
miR-193a-3p inhibitors; the percentage of apoptotic cells was quantified. The cells in the Q1LR (Annexin V+/PI−) and Q1UR (Annexin V+/PI+) quadrants were recognized as 
apoptotic cells. **P < 0.01. (D-G) Western blotting and quantitative analysis for Mig-6, LC3b, and p62 expression 48 h after transfection in HepG-2 and HLE cells in the 
aforementioned four groups. *P < 0.05; **P < 0.01. 

 

Then, apoptosis was inspected in HepG-2 and 
HLE cells using flow cytometric analysis. The 
percentage of apoptotic cells increased in cells 
transfected with miR-193a-3p mimics compared with 
the NC group; however, the cells transfected with 
miR-193a-3p inhibitors showed a decrease in the 
apoptotic rate (Figure 4C) Finally, the effect of 
miR-193a-3p on the autophagy capacity of HepG-2 

and HLE cells was verified using western blot 
analysis and evaluation of the fluorescent LC3 
experiment. The results showed that miR-193a-3p 
mimics inhibited autophagy, which was verified by 
the change in the expression of LC3b and p62 (Figure 
4D-G), and significantly decreased the formation of 
autolysosomes (Figure 5). The reverse consequence 
was also observed in the miR-193a-3p inhibitor. 
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Figure 5. Effect of miR-193a-3p on the autophagy of HCC cell lines. Each group was transfected with a tandem mRFP-GFP-LC3 adenovirus for 24 h.Autophagosomes 
and autolysosomes were respectively visualized as yellow- and red-only punctas under a fluorescence microscope. *P < 0.05; **P < 0.01. 

 

miR-193a-3p inhibited autophagy of HCC by 
decreasing the expression of TGF-β2 

The miR-193a-3p target predicted by all three 
target gene prediction software programs was 
regarded with high confidence (Table S2). Thus, 62 
nominated target genes were hit by miR-193a-3p. 
Among these, the TGF-β2 gene gained attention. 
Previous studies reported that TGF-β2 was regulated 
by multiple miRNAs and associated with apoptosis 
and autophagy in certain cell lines. In this study, the 
expression of TGF-β2 protein in both HepG-2 and 
HLE cells decreased after the transfection of 
miR-193a-3p mimics. The miR-193a-3p inhibitor 
significantly increased TGF-β2 protein expression 
(Figure 6A-D). After transfecting miR-193a-3p mimics 
or inhibitors into HCC cells, no obvious statistically 
significant difference was also found at the TGF-β2 
mRNA level (Figure 6E). Next, the impact of 
miR-193a-3p and TGF-β2 on the apoptosis and 
autophagy of HCC cells was examined. The HepG-2 
and HLE cells transfected with miR-193a-3p mimics 
showed an increased percentage of apoptotic cells and 

impaired the autophagy. However, TGF-β2 plasmid 
could not only inhibit apoptosis (Figure 6F) and 
enhance autophagy but also attenuated the decrease 
in autophagy caused by miR-193a-3p mimics (Figure 
7A-C). These results substantiated that miR-193a-3p 
affected apoptosis and autophagy at least partly by 
controlling the expression of TGF-β2 in HCC cells. 

Mig-6 modulated apoptosis and autophagy of 
HCC cells through the miR-193a-3p and 
TGF-β2 

The relationship between Mig-6 and TGF-β2 has 
not been reported to date. Therefore, the correlation 
between Mig-6 and TGF-β2 protein levels was 
analyzed in five HCC cell lines. As shown in Figure 
6A, Mig-6 was highly expressed with low levels of 
TGF-β2 in Huh7 and PLC/PRF/5 cells. In HepB3 and 
HLE cells with the low expression of Mig-6, the 
expression of TGF-β2 was high. Therefore, an inverse 
relationship was observed between the expression of 
Mig-6 and TGF-β2 (Figure 8A). A series of function 
experiments were performed in HepG-2 and HLE 
cells to assess further impacts of the overexpression of 
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Mig-6. As indicated by western blot analysis, the level 
of TGF-β2 protein decreased after HCC cells were 
transfected with Mig-6 plasmid, without any mRNA 
alteration (data not shown). Meanwhile, miR-193a-3p 
inhibitors reversed the decrease in TGF-β2 induced by 
the Mig-6 plasmid (Figure 8B). As shown in Figure 
1A, the overexpression of Mig-6 led to a large 
percentage of apoptotic cells; this phenomenon could 

be rescued by miR-193a-3p inhibitors (Figure 8C). The 
autophagy levels of HCC cells were tested by western 
blot analysis and fluorescent LC3 puncta assay. The 
decreased autophagy due to the overexpression of 
Mig-6was reversed by miR-193a-3p inhibitors (Figure 
8D). 

 

 

 
Figure 6. Effect of miR-193a-3p and TGF-β2 plasmid on the apoptosis of HCC cell lines. (A-D) Western blotting and the quantitative analysis of TGF-β2 protein 
levels in HepG-2 and HLE cells after transfection with equal doses of the miR-193a-3p mimics, inhibitors, and negative control. *P < 0.05; **P < 0.01. (E) Quantitative RT-PCR 
analysis of the expression levels of TGF-β2 mRNA in HepG-2 and HLE cells transfected with miR-193a-3p mimics, inhibitors, and negative control. (F) Apoptosis assay 48 h after 
four groups of HepG-2 and HLE cells were transfected with equal doses of mimic control plus plasmid control, miR-193a-3p mimics plus plasmid control, mimic control plus 
TGF-β2 plasmid, and miR-193a-3p mimics plus TGF-β2 plasmid. Cells in the Q1LR (Annexin V+/PI−) and Q1UR (Annexin V+/PI+) quadrants were recognized as apoptotic cells; 
the percentage of apoptosis cells was quantified. **P < 0.01. 
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Figure 7. Effect of miR-193a-3p and TGF-β2 plasmid on autophagy of the HCC cell lines. (A and B) Western blotting and quantitative analysis for TGF-β2, LC3b, and 
p62 expression 48 h after the transfection in HepG-2 and HLE cells in the aforementioned four groups. *P < 0.05; **P < 0.01; ***P < 0.001. (C) Each group was transfected with a 
tandem mRFP-GFP-LC3 adenovirus for 24 h. Autophagosomes and autolysosomes were respectively visualized as yellow- and red-only punctas under a fluorescence microscope. 
**P < 0.01; ***P < 0.001. 
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Figure 8. Relationship between miR-193a-3p and TGF-β2 and the effect of Mig-6 plasmid and miR-193a-3p inhibitors on TGF-β2. (A) Correlation of Mig-6 and 
TGF-β2in HCC cell lines. (B) Apoptosis assay 48 h after the transfection in HLE cells in the aforementioned four groups’ transfection. Cells in the Q1LR (Annexin V+/PI−) and 
Q1UR (Annexin V+/PI+) quadrants were recognized as apoptotic cells. *P < 0.05; **P < 0.01; ***P < 0.001. (C) Western blotting and quantitative analysis for Mig-6, TGF-β2, LC3b, 
and p62 expression 48 h after the four groups of HLE cells were transfected with equal doses of inhibitor control plus plasmid control, miR-193a-3p inhibitors plus plasmid 
control, inhibitor control plus Mig-6 plasmid, and miR-193a-3p inhibitors plus Mig-6 plasmid. **P < 0.01. (D) Each group was transfected with a tandem mRFP-GFP-LC3 adenovirus 
for 24 h. Autophagosomes and autolysosomes were respectively visualized as yellow- and red-only punctas under a fluorescence microscope. **P < 0.01; ***P < 0.001. 
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Discussion 
Autophagy is a tightly regulated and highly 

conserved self-degradative process for balancing the 
sources of energy and in response to nutrient stress. 
Recent accumulating researches revealed a close 
relationship between autophagy and various human 
diseases, such as cancer [22]. Apoptosis is widely 
known as programmed cell death. It is a highly 
regulated process by which cell death occurs in 
multicellular organisms. Apoptosis plays a crucial 
role in the pathogenesis of many cancer processes 
[23]. Cross-talk between autophagy and apoptosis 
exists at different levels. In several cases, autophagy 
constitutes a stress adaptation that avoids cell death, 
whereas in other situations, autophagy can cause 
autophagic cell death. A good understanding of the 
relationship between autophagy and apoptosis would 
be important in present and future therapeutics for 
treating cancer and other diseases [24]. This study 
elucidated that Mig-6 can inhibit the autophagy and 
then promote the apoptosis of HCC cells. Therefore, 
Mig-6 might exert its role by regulating the dynamic 
balance between apoptosis and autophagy in HCC 
cells. 

As reported, Mig-6 can be regulated by certain 
miRNAs[25-28]. In particular, miR-589-5p and 
miR-374a regulate the proliferation of HCC cells by 
targeting Mig-6[29, 30]. These studies led to exploring 
whether Mig-6 could affect the changes in miRNAs. 
The miRNA microarray profiling was used to identify 
miRNAs specifically regulated by Mig-6. A total of 44 
Mig-6-regulated miRNAs were identified, of which 11 
were upregulated and 33 downregulated. Among 
these miRNAs, four miRNAs were upregulated more 
than 2.5 times by Mig-6, and miR-193a-3p was one of 
them.  

A previous study indicated that miR-193a-3p 
was a tumor suppressor in many types of cancers [31]. 
It inhibited the migration and invasiveness of NSCLC 
[32].In colorectal cancer, miR-193a-3p inhibited cell 
proliferation and promoted apoptosis [33]. miR- 
193a-3p suppressed ovarian cancer cell growth and 
migratory and invasive capacities [34]. miR-193a-3p 
had also been proven to be related to the migration 
and invasion [17], proliferation and apoptosis [18, 19], 
radioresistance, and chemotherapeutic tolerance in 
HCC[35, 36]. In addition, the expression of 
miR-193a-3p was identified as a predictor of HCC 
progression-free survival [37, 38]. These results 
demonstrated the important role of miR-193a-3p in 
HCC. In this study, miR-193a-3p mimics induced a 
high level of apoptosis in HCC cell lines; however, 
miR-193a-3p inhibitors decreased the apoptotic rate, 
which was consistent with previous findings. Also, 

the autophagic capacity of HCC cell lines was found 
to be reduced by miR-193a-3p mimics, whereas 
miR-193a-3p inhibitor could enhance autophagy. 
Taken together, these results indicate that 
miR-193a-3p exerts its anti-cancer effect by 
influencing cell autophagy and apoptosis in HCC.  

miR-193a-3p has been reported to have multiple 
target genes[32, 34, 39, 40].In this study, TargetScan, 
miRNA.ORG, and miRDB software programs were 
used for predicting target genes. Finally, TGF-β2 was 
selected, which might play an important role in HCC 
as the target of miR-193a-3p. TGF-β has three different 
isoforms: TGF-β1, TGF-β2, and TGF-β3, with similar 
but not identical biologic activities [41]. The role of 
TGF-β signaling in HCC progression is not 
completely understood. Tumor cells could escape 
from immune surveillance by TGF-β2 induced 
immunosuppression [42]. TGF-β2 was also thought to 
be a promising therapeutic target in HCC owing to its 
overexpression [43]. Exogenous TGF-β2 resulted in a 
significant elevation of the epithelial-to-mesenchymal 
transition by enhancing autophagy in HCC [44]. This 
study eventually concluded that the upregulation of 
TGF-β2 could inhibit apoptosis and promote the 
autophagy of HCC cells. It also confirmed the inverse 
correlation between Mig-6 and TGF-β2. 

This study had some limitations that are worth 
mentioning. First, the clinical significance of the 
interaction among Mig-6, miR-193a-3p, and TGF-β2 in 
HCC needed to be analyzed, which could increase the 
value of Mig-6, miR-193a-3p, and TGF-β2 in the 
diagnosis. Second, the overexpression of Mig-6 or 
Mig-6 gene knockout mice could be applied to verify 
the relationship between Mig-6, miR-193a-3p, and 
TGF-β2 in vivo. Third, although the direct binding of 
miR-193a-3p and TGF-β2 was detected in the LX2 cell 
line [45] , we did not perform this experiment in the 
present study. Further experiments need to be carried 
out in the liver cancer cell line. Fourth, many miRNAs 
regulated by Mig-6 were also found in this study, but 
their mechanism was not studied. Subsequent 
experiments need to explore the new functions of 
Mig-6-regulated miRNAs in HCC. 

Specific challenges remain to our understanding 
of Mig-6 as the tumor suppressors in HCC. In this 
study, our data verified that Mig-6 and miR-193a-3p 
could promote the apoptosis and inhibition 
autophagy by regulating the expression of targeting 
TGF-β2. The Mig-6 regulated miRNAs and the 
correlation between Mig-6 and TGF-β2 were also 
confirmed in HCC for the first time. A study on Mig-6, 
miR-193a-3p, and TGF-β2 will provide more 
perspectives on the treatment of HCC. 



Int. J. Med. Sci. 2022, Vol. 19 

 
https://www.medsci.org 

350 

Supplementary Material  
Supplementary tables.  
https://www.medsci.org/v19p0338s1.pdf  

Acknowledgements 
This study was supported by grants from the 

National Natural Science Foundation of China (No. 
81501564). The authors thank Dr Oreste Segatto 
(Regina Elena Cancer Institute, Via Delle Messi d'Oro 
156, Rome 00158, Italy) for kindly providing the 
pcDNA3 vector- and pcDNA3-Mig-6 overexpression 
vector. We thank International Science Editing 
(http://www.internationalscienceediting.com) for 
editing this manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer 

statistics, 2012. CA: a cancer journal for clinicians. 2015;65:87-108. 
2. Schoenberg MB, Hao J, Bucher JN, Miksch RC, Anger HJW, Mayer B, et al. 

Perivascular Tumor-Infiltrating Leukocyte Scoring for Prognosis of Resected 
Hepatocellular Carcinoma Patients. Cancers. 2018;10. 

3. Kim TH, Lee DK, Cho SN, Orvis GD, Behringer RR, Lydon JP, et al. Critical 
tumor suppressor function mediated by epithelial Mig-6 in endometrial 
cancer. Cancer research. 2013;73:5090-9. 

4. Ying H, Zheng H, Scott K, Wiedemeyer R, Yan H, Lim C, et al. Mig-6 controls 
EGFR trafficking and suppresses gliomagenesis. Proceedings of the National 
Academy of Sciences of the United States of America. 2010;107:6912-7. 

5. Frosi Y, Anastasi S, Ballaro C, Varsano G, Castellani L, Maspero E, et al. A 
two-tiered mechanism of EGFR inhibition by RALT/MIG6 via kinase 
suppression and receptor degradation. The Journal of cell biology. 
2010;189:557-71. 

6. Reschke M, Ferby I, Stepniak E, Seitzer N, Horst D, Wagner EF, et al. 
Mitogen-inducible gene-6 is a negative regulator of epidermal growth factor 
receptor signaling in hepatocytes and human hepatocellular carcinoma. 
Hepatology. 2010;51:1383-90. 

7. Li Z, Qu L, Luo W, Tian Y, Zhai H, Xu K, et al. Mig-6 is down-regulated in 
HCC and inhibits the proliferation of HCC cells via the P-ERK/Cyclin D1 
pathway. Experimental and molecular pathology. 2017;102:492-9. 

8. Kim J, Zhang Y, Skalski M, Hayes J, Kefas B, Schiff D, et al. microRNA-148a is 
a prognostic oncomiR that targets MIG6 and BIM to regulate EGFR and 
apoptosis in glioblastoma. Cancer research. 2014;74:1541-53. 

9. Li C, Park S, Zhang X, Eisenberg LM, Zhao H, Darzynkiewicz Z, et al. Nuclear 
Gene 33/Mig6 regulates the DNA damage response through an ATM 
serine/threonine kinase-dependent mechanism. The Journal of biological 
chemistry. 2017;292:16746-59. 

10. Jansson MD, Lund AH. MicroRNA and cancer. Molecular oncology. 
2012;6:590-610. 

11. He L, Hannon GJ. MicroRNAs: small RNAs with a big role in gene regulation. 
Nature reviews Genetics. 2004;5:522-31. 

12. Wu J, Zhang T, Chen Y, Ha S. MiR-139-5p influences hepatocellular carcinoma 
cell invasion and proliferation capacities via decreasing SLITRK4 expression. 
Bioscience reports. 2020;40. 

13. Wang Y, Tai Q, Zhang J, Kang J, Gao F, Zhong F, et al. MiRNA-206 inhibits 
hepatocellular carcinoma cell proliferation and migration but promotes 
apoptosis by modulating cMET expression. Acta biochimica et biophysica 
Sinica. 2019;51:243-53. 

14. Heller G, Weinzierl M, Noll C, Babinsky V, Ziegler B, Altenberger C, et al. 
Genome-wide miRNA expression profiling identifies miR-9-3 and miR-193a as 
targets for DNA methylation in non-small cell lung cancers. Clinical cancer 
research : an official journal of the American Association for Cancer Research. 
2012;18:1619-29. 

15. Yong FL, Law CW, Wang CW. Potentiality of a triple microRNA classifier: 
miR-193a-3p, miR-23a and miR-338-5p for early detection of colorectal cancer. 
BMC cancer. 2013;13:280. 

16. Tahiri A, Leivonen SK, Luders T, Steinfeld I, Ragle Aure M, Geisler J, et al. 
Deregulation of cancer-related miRNAs is a common event in both benign and 
malignant human breast tumors. Carcinogenesis. 2014;35:76-85. 

17. Qian YY, Li K, Liu QY, Liu ZS. Long non-coding RNA PTENP1 interacts with 
miR-193a-3p to suppress cell migration and invasion through the PTEN 
pathway in hepatocellular carcinoma. Oncotarget. 2017;8:107859-69. 

18. Zhou HL, Zhou YF, Feng ZT. Long noncoding RNA ZFAS1 promotes 
hepatocellular carcinoma proliferation by epigenetically repressing 
miR-193a-3p. European review for medical and pharmacological sciences. 
2019;23:9840-7. 

19. Wang SS, Huang ZG, Wu HY, He RQ, Yang LH, Feng ZB, et al. 
Downregulation of miR-193a-3p is involved in the pathogenesis of 
hepatocellular carcinoma by targeting CCND1. PeerJ. 2020;8:e8409. 

20. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T, et al. LC3, 
a mammalian homologue of yeast Apg8p, is localized in autophagosome 
membranes after processing. The EMBO journal. 2000;19:5720-8. 

21. Tanida I, Minematsu-Ikeguchi N, Ueno T, Kominami E. Lysosomal turnover, 
but not a cellular level, of endogenous LC3 is a marker for autophagy. 
Autophagy. 2005;1:84-91. 

22. Devis-Jauregui L, Eritja N, Davis ML, Matias-Guiu X, Llobet-Navas D. 
Autophagy in the physiological endometrium and cancer. Autophagy. 
2020:1-19. 

23. Poon IK, Lucas CD, Rossi AG, Ravichandran KS. Apoptotic cell clearance: 
basic biology and therapeutic potential. Nature reviews Immunology. 
2014;14:166-80. 

24. Jaeschke H, Lemasters JJ. Apoptosis versus oncotic necrosis in hepatic 
ischemia/reperfusion injury. Gastroenterology. 2003;125:1246-57. 

25. Guo Y, Tian L, Liu X, He Y, Chang S, Shen Y. ERRFI1 Inhibits Proliferation and 
Inflammation of Nucleus Pulposus and Is Negatively Regulated by 
miR-2355-5p in Intervertebral Disc Degeneration. Spine. 2019;44:E873-E81. 

26. Wang W, Zheng Y, Wang M, Yan M, Jiang J, Li Z. Exosomes derived miR-126 
attenuates oxidative stress and apoptosis from ischemia and reperfusion 
injury by targeting ERRFI1. Gene. 2019;690:75-80. 

27. Migliore C, Morando E, Ghiso E, Anastasi S, Leoni VP, Apicella M, et al. 
miR-205 mediates adaptive resistance to MET inhibition via ERRFI1 targeting 
and raised EGFR signaling. EMBO molecular medicine. 2018;10. 

28. Santra M, Chopp M, Santra S, Nallani A, Vyas S, Zhang ZG, et al. Thymosin 
beta 4 up-regulates miR-200a expression and induces differentiation and 
survival of rat brain progenitor cells. Journal of neurochemistry. 
2016;136:118-32. 

29. Xu M, Wang Y, He HT, Yang Q. MiR-589-5p is a potential prognostic marker 
of hepatocellular carcinoma and regulates tumor cell growth by targeting 
MIG-6. Neoplasma. 2018;65:753-61. 

30. Li H, Chen H, Wang H, Dong Y, Yin M, Zhang L, et al. MicroRNA-374a 
Promotes Hepatocellular Carcinoma Cell Proliferation by Targeting 
Mitogen-Inducible Gene 6 (MIG-6). Oncology research. 2018;26:557-63. 

31. Grossi I, Salvi A, Abeni E, Marchina E, De Petro G. Biological Function of 
MicroRNA193a-3p in Health and Disease. International journal of genomics. 
2017;2017:5913195. 

32. Liu X, Min S, Wu N, Liu H, Wang T, Li W, et al. miR-193a-3p inhibition of the 
Slug activator PAK4 suppresses non-small cell lung cancer aggressiveness via 
the p53/Slug/L1CAM pathway. Cancer letters. 2019;447:56-65. 

33. Zhu Z, Du S, Yin K, Ai S, Yu M, Liu Y, et al. Knockdown long noncoding RNA 
nuclear paraspeckle assembly transcript 1 suppresses colorectal cancer 
through modulating miR-193a-3p/KRAS. Cancer medicine. 2019;8:261-75. 

34. Chen K, Liu MX, Mak CS, Yung MM, Leung TH, Xu D, et al. 
Methylation-associated silencing of miR-193a-3p promotes ovarian cancer 
aggressiveness by targeting GRB7 and MAPK/ERK pathways. Theranostics. 
2018;8:423-36. 

35. Ma H, Yuan L, Li W, Xu K, Yang L. The LncRNA H19/miR-193a-3p axis 
modifies the radio-resistance and chemotherapeutic tolerance of 
hepatocellular carcinoma cells by targeting PSEN1. Journal of cellular 
biochemistry. 2018;119:8325-35. 

36. Ma K, He Y, Zhang H, Fei Q, Niu D, Wang D, et al. DNA 
methylation-regulated miR-193a-3p dictates resistance of hepatocellular 
carcinoma to 5-fluorouracil via repression of SRSF2 expression. The Journal of 
biological chemistry. 2012;287:5639-49. 

37. Qin L, Huang J, Wang G, Huang J, Wu X, Li J, et al. Integrated analysis of 
clinical significance and functional involvement of microRNAs in 
hepatocellular carcinoma. Journal of cellular physiology. 2019;234:23581-95. 

38. Grossi I, Arici B, Portolani N, De Petro G, Salvi A. Clinical and biological 
significance of miR-23b and miR-193a in human hepatocellular carcinoma. 
Oncotarget. 2017;8:6955-69. 

39. Liu L, Li Y, Liu S, Duan Q, Chen L, Wu T, et al. Downregulation of 
miR-193a-3p inhibits cell growth and migration in renal cell carcinoma by 
targeting PTEN. Tumour biology : the journal of the International Society for 
Oncodevelopmental Biology and Medicine. 2017;39:1010428317711951. 

40. Kong L, Wei Q, Hu X, Chen L, Li J. miR-193a-3p Promotes Radio-Resistance of 
Nasopharyngeal Cancer Cells by Targeting SRSF2 Gene and Hypoxia 
Signaling Pathway. Medical science monitor basic research. 2019;25:53-62. 

41. Matsuzaki K, Date M, Furukawa F, Tahashi Y, Matsushita M, Sugano Y, et al. 
Regulatory mechanisms for transforming growth factor beta as an autocrine 
inhibitor in human hepatocellular carcinoma: implications for roles of smads 
in its growth. Hepatology. 2000;32:218-27. 

42. Maggard M, Meng L, Ke B, Allen R, Devgan L, Imagawa DK. Antisense 
TGF-beta2 immunotherapy for hepatocellular carcinoma: treatment in a rat 
tumor model. Annals of surgical oncology. 2001;8:32-7. 



Int. J. Med. Sci. 2022, Vol. 19 

 
https://www.medsci.org 

351 

43. Dropmann A, Dediulia T, Breitkopf-Heinlein K, Korhonen H, Janicot M, 
Weber SN, et al. TGF-beta1 and TGF-beta2 abundance in liver diseases of mice 
and men. Oncotarget. 2016;7:19499-518. 

44. Dash S, Sarashetti PM, Rajashekar B, Chowdhury R, Mukherjee S. 
TGF-beta2-induced EMT is dampened by inhibition of autophagy and 
TNF-alpha treatment. Oncotarget. 2018;9:6433-49. 

45. Ju B, Nie Y, Yang X, Wang X, Li F, Wang M, et al. miR-193a/b-3p relieves 
hepatic fibrosis and restrains proliferation and activation of hepatic stellate 
cells. Journal of cellular and molecular medicine. 2019;23:3824-32. 


