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Simple Summary: The mechanism of resistance to multikinase inhibitors in hepatocellular carcinoma (HCC) remains unclear. We analyzed miRNA expression profiles in sorafenib-resistant HCC
cell lines (PLC/PRF5-R1/R2) and parental cell lines (PLC/PRF5) to identify the responsible miRNAs
and target genes involved in the mechanism of resistance. Four miRNAs were significantly upregulated. Among them, we found that miR-125-5p induced sorafenib resistance in HCC cells and in a
mouse model. We also revealed that miR-125-5p suppressed ataxin-1 as a target gene and consequently induced Snail-mediated epithelial-mesenchymal transition (EMT) and cancer stemness.
Moreover, we demonstrated that ataxin-1 expression has an impact on the prognosis of patients
with HCCs. In the future, by comparing the expression status of miR-125b-5p/ataxin-1 and the effect
of sorafenib in the clinical setting, it is expected that miR-125b-5p will be established as an effective
drug selection marker for treatment selection in patients with HCC.
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Abstract: The mechanism of resistance to sorafenib in hepatocellular carcinoma (HCC) remains unclear. We analyzed miRNA expression profiles in sorafenib-resistant HCC cell lines (PLC/PRF5R1/R2) and parental cell lines (PLC/PRF5) to identify the miRNAs responsible for resistance. Drug
sensitivity, migration/invasion capabilities, and epithelial-mesenchymal transition (EMT) properties were analyzed by biochemical methods. The clinical relevance of the target genes to survival in
HCC patients were assessed using a public database. Four miRNAs were significantly upregulated
in PLC/PRF5-R1/-R2 compared with PLC/PRF5. Among them, miR-125b-5p mimic-transfected
PLC/PRF5 cells (PLC/PRF5-miR125b) and showed a significantly higher IC50 for sorafenib compared with controls, while the other miRNA mimics did not. PLC/PRF5-miR125b showed lower Ecadherin and higher Snail and vimentin expression—findings similar to those for PLC/PRF5-R2—
which suggests the induction of EMT in those cells. PLC/PRF5-miR125b exhibited significantly
higher migration and invasion capabilities and induced sorafenib resistance in an in vivo mouse
model. Bioinformatic analysis revealed ataxin-1 as a target gene of miR-125b-5p. PLC/PRF5 cells

ativecommons.org/licenses/by/4.0/).
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transfected with ataxin-1 siRNA showed a significantly higher IC50, higher migration/invasion capability, higher cancer stem cell population, and an EMT phenotype. Median overall survival in the
low-ataxin-1 patient group was significantly shorter than in the high-ataxin-1 group. In conclusion,
miR-125b-5p suppressed ataxin-1 and consequently induced Snail-mediated EMT and stemness,
leading to a poor prognosis in HCC patients.
Keywords: miR-125b-5p; sorafenib; hepatocellular carcinoma; ataxin-1; drug resistance

1. Introduction
Hepatocellular carcinoma (HCC) is reportedly the fifth most commonly diagnosed
malignancy and the second leading cause of cancer-related death worldwide [1]. For patients with unresectable advanced HCC, sorafenib has been the first recommended systemic therapy to demonstrate a survival benefit with an adequate safety profile [2,3]. Sorafenib is an oral tyrosine-kinase inhibitor (TKI) that targets RAF kinase, c-KIT kinase,
vascular endothelial growth factor (VEGF) receptors, and platelet-derived growth factor
(PDGF) receptors. The phase III SHARP trial showed a median overall survival (OS) of
10.7 months and a disease control rate (DCR) of 43% in the sorafenib treatment group of
unresectable HCC patients with well-preserved liver function. The recent phase III REFLECT study demonstrated that lenvatinib was noninferior to sorafenib as a first-line systemic therapy for unresectable HCC [4]. Based on these results, several guidelines positioned sorafenib and lenvatinib as first-line treatments for unresectable HCC. However,
currently there is no consensus as to which drug should be used first [5].
To improve OS in unresectable HCC, it is critical to select the appropriate therapeutic
agent. Therefore, it is important to identify an appropriate biomarker to distinguish patients who are sensitive to sorafenib. Elucidation of the mechanisms underlying sorafenib
resistance and evaluation of resistance factors before treatment would help in selecting an
effective drug and developing individualized therapeutic strategies.
In our previous study, we established two sorafenib-resistant cell lines (PLC/PRF5R1, PLC/PRF5-R2) from PLC/PRF5 cells and reported that high expression of ABCC3
transporter (MRP3) is one of the mechanisms of sorafenib resistance [6]. Moreover, recent
studies have revealed that there are several mechanisms underlying acquired resistance
to sorafenib, such as activation of PI3K/Akt [7] and JAK–STAT pathways, which are alternative pathways to the MAP kinase signaling pathway [8], activation of hypoxia-inducible
pathways [9], and induction of epithelial-mesenchymal transition (EMT) [10]. Although
various mechanisms have been suggested, there are no predictive factors that are useful
in clinical practice. All of these previous studies utilized liver biopsy tissue to evaluate
candidate biomarkers—a method which is difficult to apply clinically. Thus, the development of blood biomarkers is needed for personalized medicine in HCC.
MicroRNAs (miRNA) are small non-coding RNA molecules of 20–25 nt that regulate
gene expression through transcriptional repression and mRNA degradation [11–15]. It has
been reported that miRNAs are involved in carcinogenesis, invasion/metastasis, and EMT
in various types of cancers [16,17]. For example, miR-125b-5p is abnormally expressed in
multiple cancers and is identified as both a tumor promoter and a tumor suppressor in
different kinds of cancers [18]. In HCC, miR-125b-5p has been reported to act as a tumor
suppressor, exerting inhibitory effects on EMT by small mothers against decapentaplegic
(SMAD)2 and 4 [19]. In colorectal cancer, it has been reported that several small non-coding RNAs or miRNAs regulate the epithelial phenotype and EMT by inhibiting the expression of EMT regulators [20]. miRNAs have been used as targets for liquid biopsies,
which allow for easy and safe sample collection. Moreover, the development of miRNA
microarray assays has made it possible to evaluate the expression of >3000 miRNAs simultaneously [21]. Using this method, Lin and associates reported that miR-378a expression
was downregulated in sorafenib-resistant cell lines, and that its target gene IGF1-R was

Cancers 2021, 13, 4917

3 of 23

overexpressed, and consequently resistance to sorafenib-induced apoptosis was acquired
[22]. However, the association of miR-378a with EMT, cancer stem cell phenotype, and the
mechanism of apoptosis resistance to sorafenib is unclear. Moreover, because miR-378a
was shown to be downregulated in a resistant cell line, it cannot be used as a biomarker
for liquid biopsy.
EMT is associated with poor patient survival because it is a key step in the development of metastasis in cancer. It has been reported that epithelial cells with EMT lose cell
adhesion molecules (such as E-cadherin) and gain mesenchymal cell markers (such as vimentin and Snail), resulting in the loss of polarity and cell-to-cell contacts, enhancement
of tumor cell migration and invasion, and resistance to anti-cancer drugs including sorafenib [23–25]. Different studies have demonstrated that EMT may be one of the mechanisms of sorafenib resistance [24,26], but the mechanism of EMT regulation remains
largely unknown. Therefore, in the process of acquiring resistance to sorafenib, it has been
postulated that abnormal miRNA expression is responsible for inducing EMT of HCC,
resulting in the acquisition of resistance to sorafenib and enhancement of cell proliferation, metastasis, and invasion capabilities. However, the mechanism by which miRNA
regulates EMT in HCC remains poorly understood.
Ataxin-1 (ATXN1) is a ubiquitous polyglutamine protein expressed primarily in the
nucleus where it binds chromatin and interacts with a number of known transcriptional
repressors, indicating a role in the regulation of gene expression [27]. ATXN1 loss-of-function is implicated in cancer pathogenesis. In colorectal cancer, it has been reported that
ATXN1 is a putative cancer gene and expression of ATXN1 in tumor cells is downregulated compared with normal colon cells [28,29]. However, the full spectrum of ATXN1
functions is far from being fully characterized.
In this study, we investigated miRNA expression profiles in sorafenib-resistant HCC
cell lines (PLC/PRF5-R1/R2) to clarify relevant miRNA expression related to sorafenib resistance in comparison with parental PLC/PRF5 cells. We ultimately found upregulation
of miRNA125b-5p in resistant cells and identified ATXN1 as the target gene. We also analyzed the potential role of miRNA125b-5p and ATXN1 in EMT, invasion, migration, and
stemness in HCC. Moreover, we used a public database to evaluate the clinical relevance
of ATXN1 expression in patients with HCC in association with their survival.
2. Materials and Methods
2.1. Cell Culture and Compounds
The representative HCC cell line, PLC/PRF5, and Hep3B cells were purchased from
American Tissue Culture Collection (ATCC, Manassas, VA, USA). HLF was obtained
from the Japanese Cancer Research Resource Bank (JCRB, Osaka, Japan). Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS). Sorafenib (LKT Laboratory, St
Paul, MN, USA) was dissolved in 100% dimethyl sulfoxide at 40 mM and stored at −20 °C.
Sorafenib-resistant cell lines (PLC/PRF5-R1, PLC/PRF5-R2) were established as in our previous report [6]. PLC/PRF5-R1/R2 cells were routinely maintained under constant culture
conditions including 10 μM sorafenib. JHH6, HCC cell lines derived from an HCV-positive patient by Dr. Seishi Nagamori, was purchased from JCRB and cultured in Williams
E medium (Life Technologies, Gaithersburg, Maryland). The medium was supplemented
with 10% FBS, 2 mM L-glutamine, and 1% penicillin–streptomycin (Life Technologies).
2.2. Cell Viability Analysis
Drug sensitivity of cells to sorafenib was estimated using the WST assay as previously described [30]. In brief, cells were seeded in 96-well plates (3 × 103 cells/well) and
incubated for 24 h at 37 °C. Sorafenib was then added to the wells at various concentrations and the plates were incubated for another 72 h at 37 °C. Cell viability was measured
using a cell counting kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan). CKK-
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8 solution was added to the wells and the plates were incubated for 3 h at 37 °C. Absorbance at 450 nm was determined using a Spectra Max i3x Platform (Molecular Devices, Inc.,
Danaher Corporation, Sunnyvale, CA, USA). IC50 values were determined by non-linear
regression analysis. Values are presented as the mean ± standard deviation of five experiments.
2.3. MicroRNA Microarray Analysis
A human miRNA microarray (based on miRbase release 21.0; Agilent Technologies,
Palo Alto, CA, USA) was used for measuring global miRNA expression in cell lines, as
previously described [30]. In brief, total RNA was labeled with cyanine 3-cytidine bisphosphate by T4 RNA ligase and hybridized to SurePrint G3 human miRNA microarray release 21.0 using miRNA complete labeling reagent and a hybridization kit (Agilent Technologies). Subsequently, each sample was scanned by a DNA microarray scanner
(G2505C; Agilent Technologies), and the fluorescence signal was extracted using feature
extraction software (version 10.7.3.1). Raw intensity miRNA data were analyzed using
GeneSpring GX version 12 software (Agilent Technologies, Santa Clara, CA, USA).
2.4. RT-PCR Analysis
Quantitative real-time PCR was performed as described previously [30]. Total RNA
of cell lines, including miRNAs, was extracted using a Qiagen miRNeasy Mini kit (Qiagen,
Hilden, Germany). RNA was then reverse transcribed into cDNA using a High Capacity
RNA-to-cDNA kit (Applied Biosystems, Waltham, MA, USA). Quantitative real-time PCR
was then carried out in 96-well plates in a StepOnePlus Real-Time PCR System (Applied
Biosystems) using TaqMan Universal PCR Master Mix (Applied Biosystems) to monitor
the PCR amplification. The real-time PCR mixtures using TaqMan Universal PCR Master
Mix consisted of 5.0 μL of TaqMan Gene Expression Master Mix (2×) and 0.5 μL TaqMan
Gene Expression Assay (20×) (Table S1). The following two-step cycling program was
used for PCR reactions: 50 °C for 2 min and 95 °C for 10 min, and 40 cycles of (95 °C, 15 s;
and 60 °C, 1 min). All samples were amplified in triplicate and relative quantification of
the expression level of each gene was calculated. GAPDH was used as the endogenous
reference gene.
2.5. Overexpression and Knockdown Experiments
The miRNA mimics and random miRNA used as a control were purchased from
Thermo Fisher Scientific (Waltham, MA, USA) (Table S2). Each miRNA was transfected
into cells at a concentration of 10 nM, as we previously described [31]. Sorafenib was
added to the cells after 24 h, followed by incubation for 72 h. Cell viability was then determined by WST assay. ATXN1 expression plasmid or negative control vector (vector
NC) (Table S2) was transiently transfected to the cells using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. For knockdown
experiments, cells were transfected with 10 nM of ATXN1 specific small interfering RNA
(siRNA) or random siRNA as a control (Table S2). Sorafenib was added to the cells after
24 h, followed by incubation for 72 h. Cell viability was then determined by WST assay.
2.6. In Silico Identification of miRNA Target Genes
Target genes were bioinformatically predicted based on the miRNA seed sequence
by using miRDB [32], an online database for miRNA target prediction and functional annotations [33], and Target Scan [34].
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2.7. miRNA Luciferase Reporter Assay
Double-stranded oligonucleotides for the 3′-UTR of ATXN1 harboring miR-125b-5p
binding sites 1 and 2, respectively, were prepared by heating equal amounts of complementary single strands at 95 °C for 15 min and gradually cooling to room temperature
(Table S3). The DNA fragments were subcloned into psiCHECK-2 vector (Promega, Madison, WA, USA) using XhoI and NotI restriction sites. The plasmids with two mutant types
for each miR-125b-5p binding site were also prepared by replacing six base pairs at the 3′UTR of the seed sequence.
HEK293T (ATTC, #CRL-3216) cells (8.0 × 104) were cultured on 24-well plates. After
24 h incubation, miR-125b-5p (10 nM) or control mimic miRNA (10 nM) was transfected.
Twelve hours after the transfection of mimic miRNAs, psiCHECK-2 constructs with various site-directed mutations were transfected. Another 12 h after the second transfection,
cells were harvested and the firefly and Renilla luciferase activities were measured using
the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA).
2.8. Promoter Assay
The 5′-flank of the human ATXN1 gene was cloned into the pGL4.21-basic luciferase
reporter vector (Promega, Madison, WI, USA). In brief, the first PCR was performed using
human genomic DNA as a template. The ATXN1 proximal promoter region between 834
bp upstream and 151 bp downstream from the transcriptional start site was amplified
using primer sets listed in Table S3. The amplified products were subcloned into the
pGL4.21-basic vector using NheI and HindIII restriction sites. HEK293T cells (8.0 × 104)
were cultured on 24-well plates. After 24 h incubation, miR-125b-5p (10 nM) or control
mimic miRNA (10 nM) was transfected. Twelve hours after the transfection of mimic miRNAs, pGL-4.21 luciferase constructs with or without the promoter region (100 ng) were
cotransfected with pGL4.74 vector (50 ng) using X-tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland). Twenty-four hours after the transfection, cells were harvested, and the firefly and Renilla luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA).
2.9. Western Blot Analysis
Expression of proteins was analyzed by western blot analysis, as described previously [35]. Briefly, cells were washed with phosphate buffered saline (PBS) and lysed in
RIPA buffer containing protease inhibitors (Sigma–Aldrich). Cell lysates were analyzed
for protein content, resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE), and transferred to polyvinylidene fluoride membranes using a semi-dry
transfer apparatus (Bio-Rad, Hercules, CA, USA). Blots were blocked with 5% fat-free dry
milk in Tris-buffered saline with Tween 20 (TBS–T) for 1 h and then incubated overnight
with rabbit anti-human E-cadherin monoclonal antibody, rabbit anti-vimentin monoclonal antibody, rabbit anti-human Snail monoclonal antibody (Cell Signaling Technology,
Tokyo, Japan), mouse anti-ATXN1 monoclonal antibody (Santa Cruz Biotechnology,
Dallas, TX, USA), and mouse anti-β-actin monoclonal antibody (Sigma–Aldrich, Tokyo,
Japan) as primary antibodies. The membranes were washed with TBS–T and incubated
with secondary horseradish conjugated sheep anti-mouse antibody or donkey anti-rabbit
antibody (GE Healthcare UK Limited, Buckinghamshire, UK). The proteins were visualized by standard procedures including an ECL detection system (GE Healthcare UK Limited). To ensure equal protein loading, the same blot was developed for β-actin (SigmaAldrich) as a loading control. The expression levels of each protein were quantified by
densitometric analysis using Image Lab Software (Bio-Rad, Hercules, CA, USA).
2.10. Wound Healing Assay
Cells (1.0 × 106) for the wound healing assay were seeded in 6-well plates. When the
cell confluence reached about 80%, scratch wounds were made by scraping the cell layer
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across each culture plate using the tip of a 200 μL pipette. After wounding, the debris was
removed by washing the cells with PBS. Wounded cultures were incubated in the culture
medium containing 10% FBS with miRNA mimic or siRNA. Wound healing was imaged
every 24 h for 72 h using a BZ-X710 fluorescence microscope (Keyence, Osaka, Japan).
Wound healing ability was determined by measuring the mean migration distance, which
was calculated by dividing the wound repair area by the width. Experiments were carried
out three times.
2.11. Cell Invasion Assay
Cell invasion assays were performed as described previously [31]. In brief, cells transfected with miRNA mimic or siRNA were seeded at 5 × 105 cells/well in the upper chamber
of a CytoSelect 24-Well Cell Invasion Assay kit (Cell Biolabs, San Diego, CA, USA). The
number of invading cells was counted in three randomly selected views under a microscope.
2.12. Flow Cytometry Analysis
CD44 and CD133 are well-known cancer stem cell (CSC) surface markers commonly
used in HCC [36]. Cells were tested for CD44 and CD133 by incubating them with mouse
anti-human CD44 monoclonal antibody (APC) (17044181, Thermo Fisher Scientific) and
mouse anti-human CD133 monoclonal antibody (PE) (372803, BioLegend, San Diego, CA,
USA). After washing the cells two times with PBS containing 1% BSA and 1% sodium
azide, the expression of CD44 and CD133 was assessed using a BD FACS Verse flow cytometer (BD Biosciences, San Jose, CA, USA). Annexin V and propidium iodide (PI) were
used for the detection of apoptosis.
2.13. Tumor Xenograft Experiments
Female 6-week-old BALB/c nu/nu mice (CLEA Japan Inc., Tokyo, Japan) were used
for all studies. PLC/PRF5 cells were infected with MISSION® Lenti microRNA expressing
miR125b-5p or negative control virus (Table S2) according to the manufacturer’s instructions. Tumor cells (0.5 × 107) were then inoculated into the flanks of mice. Sorafenib or
vehicle control was administered orally, once a day, for 21 days at dose levels of 30 mg/kg,
as reported previously [37]. Treatment began when tumors reached a volume of 200 mm3.
Tumor size was calculated using the equation (l × w2)/2, where l and w refer to the larger
and smaller dimensions collected at each measurement. Tumor dimensions were recorded
three times a week starting on the first day of treatment. All animal experiments were
carried out according to the Guidelines for Animal Experiments at Tokushima University.
2.14. ATXN1 Expression from RNA-Chip Data
The profiling expression of ATXN1 in HCC tissues from microarray studies was acquired from the Genomic Data Commons data portal [38]. Three studies (TCGA–LIHC
[39], GSE76427 [40], and GSE10141 [41]) were available for analyzing both ATXN1 mRNA
expression and useable survival data. However, since GSE76427 and GSE10141 contained
small study populations (24 and 80 patients, respectively), only data from TCGA–LIHC
(377 patients) were used. Fragments Per Kilobase Million with Upper Quantile (FPKM–
UQ) values normalized by RNA-seq counts were used to perform survival analysis. The
cutoff value was set at 50,000 FPKM–UQ based on the median ATXN1 mRNA expression;
cases with ≥50,000 FPKM–UQ were designated as the high expression group, and cases
with lower FPKM–UQ (<50,000) as the low expression group. OS in the high- versus lowATXN1 expression group was compared using the Kaplan–Meier method and log-rank
test.
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2.15. Statistical Analysis
Data are presented as mean ± SD. The statistical significance of the difference between
the values of the control and treatment groups was evaluated by either Student’s t-test or
ANOVA, followed by Dunnett’s test using Prism version 5 (GraphPad Software, San Diego, CA, USA). Values of p < 0.05 were considered statistically significant.
3. Results
3.1. Differential miRNA Expression Profile between Sorafenib-Resistant PLC/PRF5-R1/R2 and
PLC/PRF5 Cells
In our previous study, we established two sorafenib-resistant cell lines (PLC/PRF5R1, PLC/PRF5-R2) from PLC/PRF5 cells [6]. To identify miRNAs involved in sorafenib
resistance for HCC cells, we first performed miRNA microarray analysis and compared
miRNA expression profiles of PLC/PRF5-R1 and PLC/PRF5-R2 cells with those of parental
PLC/PRF5 cells. When analyzing the upregulated miRNAs in sorafenib-resistant cells
(fold change > 2, signal intensity > 100), PLC/PRF5-R1 and PLC/PRF5-R2 showed higher
expression of six miRNAs and seven miRNAs, respectively, compared with parental
PLC/PRF5. (Figure 1a; Tables S4 and S5). The common four miRNAs showing increased
expression in the two resistant cell lines were miR-100-5p, miR-125b-5p, miR-193b-3p, and
miR-210-3p (Figure 1a). To validate the expressions of those miRNAs, we performed RTPCR and found significantly higher expression levels of miR-100-5p, miR-125b-5p, miR193b-3p, and miR-210-3p in PLC/PRF5-R1 and PLC/PRF5-R2 cells compared with parental
PLC/PRF5 cells (Figure S1a).
In the analysis of downregulated miRNAs, PLC/PRF5-R1 and PLC/PRF5-R2 showed
lower expressions of three miRNAs (miR-192-5p, miR-194-5p, and miR-215-5p) compared
with PLC/PRF5 cells (Figure 1b). RT-PCR also revealed significantly lower expression levels of miR-192-5p, miR-194-5p, and miR-215-5p in PLC/PRF5-R1 and PLC/PRF5-R2 cells
compared with parental PLC/PRF5 cells (Figure S1b).
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Figure 1. Differentially expressed miRNAs in sorafenib-resistant hepatocellular carcinoma (HCC) cell lines PLC/PRF5-R1
and PLC/PRF5-R2. The miRNA expression profile was compared between PLC/PRF5-R1 or PLC/PRF5-R2 and parental
PLC/PRF5. Venn diagram of the differentially expressed miRNAs in PLC/PRF5-R1 and PLC/PRF5-R2 cells (fold change >
2, signal intensity > 100), and the miRNA list identified in the common part of the Venn diagram are shown. (a) Upregulated miRNAs. (b) Downregulated miRNAs.

3.2. miR-125b-5p Confers Resistance to Sorafenib in PLC/PRF5 Cells
To investigate the relevance of upregulated miRNAs in sorafenib resistance, we
transfected mimics of miR-100-5p, miR-125b-5p, miR-193b-3p, and miR-210-3p into parental PLC/PRF5 cells and examined the change in sensitivity to sorafenib in those transfected cells by calculating the IC50 by WST assay. The expression levels of these four miRNAs were 3 × 103 to 4 × 105-fold higher in PLC/PRF5 cells transfected with their mimics
compared with those in control cells by RT-PCR, indicating high transfection efficiency
(Figure 2a, Figure S2a). Of the four miRNAs, miR-125b-5p mimic-transfected PLC/PRF5
cells (PLC/PRF5-miR125b) showed significantly higher IC50 values for sorafenib (6.59
μM, 95%Cl: 6.40–6.81 μM) compared with those transfected with negative control miRNA
mimic (PLC/PRF5-miNC) (5.05 μM (95%Cl: 4.83–5.29 μM); p < 0.05) (Figure 2b), whereas
transfectants of other mimics did not show any significant change in IC50 values compared with PLC/PRF5-miNC (Figure S2b).
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Figure 2. Forced expression of miR-125b-5p confers sorafenib resistance and epithelial-mesenchymal transition (EMT)
phenotype in PLC/PRF5 cells. (a) The relative expression levels of miR-125b-5p in PLC/PRF5 cells transfected with
miR125b-5p mimic (PLC/PRF5-miR125b) and PLC/PRF5 cells transfected with negative control miRNA (PLC/PRF5-miNC)
were determined by quantitative real-time PCR (RT-PCR). ** p < 0.01. (b) The cell viability of PLC/PRF5-miR125b and
PLC/PRF5-miNC cells treated with various concentrations of sorafenib was determined by WST assay. (c) Expression of
EMT markers (E-cadherin, Snail, vimentin) in PLC/PRF5-miNC, PLC/PRF5-miR-125b, and PLC/PRF5-R2 cells was examined by western blot analysis. Densitometry analysis indicates relative protein levels from one representative of three
independent experiments. Numbers below the bands represent protein expression normalized to β-actin. (d) Representative images of PLC/PRF5-miNC, PLC/PRF5-miR125b, and PLC/PRF5-R2 cells under observation with a stereoscopic microscope are shown. Scale bars, 100 μm.
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In the experiments examining downregulated miRNAs, we transfected miR-192-5p,
miR-194-5p, or miR-215-5p mimics in PLC/PRF5-R2 cells to determine whether these miRNAs rescue the resistance to sorafenib. The expression levels of these three miRNAs were
2 × 104 to 4 × 104-fold higher in PLC/PRF5-R2 cells transfected with their mimics compared
with control cells, indicating high transfection efficiency (Figure S3a). However, PLC/PRFR2 cells transfected with those mimics did not show any significant change in IC50 values
compared with PLC/PRF5-R2 cells transfected with negative control miRNA (PLC/PRF5R2-miNC), indicating that these miRNAs do not have any effects on impairment of resistance to sorafenib (Figure S3b). Accordingly, we selected miR-125b-5p for further experimental analysis.
3.3. miR-125b-5p Induces EMT in PLC/PRF5 Cells
Since drug resistance is one of the major phenotypes associated with EMT, we investigated expression of EMT-related proteins in PLC/PRF5-miR125b cells and sorafenib-resistant cells (PLC/PRF5-R2-miNC) in comparison with PLC/PRF5-miNC by western blot
analysis. The expression of E-cadherin in PLC/PRF5-R2-miNC cells was obviously lower
compared with PLC/PRF5-miNC cells, whereas expression of Snail and vimentin in
PLC/PRF5-R2-miNC cells was obviously higher compared with PLC/PRF5-miNC cells. In
PLC/PRF5-miR125b cells, the expression of E-cadherin was slightly lower and expression
of Snail and vimentin was higher compared with PLC/PRF5-miNC cells (Figure 2c). Thus,
the expression of EMT-related proteins in PLC/PRF5-miR125b cells was changed toward
that of PLC/PRF5-R2 cells.
In the microscopic analysis of the morphology, PLC/PRF5-R2 cells showed a fibroblast-like shape, which was morphologically distinct from the round or oval shape of
PLC/PRF5-miNC cells—findings characteristic of epithelial cells—suggesting that
PLC/PRF5-R2 cells acquired a mesenchymal phenotype. The morphology of PLC/PRF5miR125b cells was distinct from that of PLC/PRF5-miNC cells, but similar to PLC/PRF5R2 cells (Figure 2d). Taken together, these results indicate that miR-125b-5p has EMTinducing ability in PLC/PRL5 cells, leading to acquisition of sorafenib resistance.
3.4. Predicted Target Genes of miR-125b-5p
To elucidate the underlying regulatory mechanism of miR-125b-5p on EMT, we applied miRDB to screen potential targets of miR-125b-5p and selected the top 50 genes
sorted by the target scores (Table S6). Among them, we chose the genes that negatively
controlled EMT and were also downregulated in PLC/PRF5-R1/R2 cells compared with
PLC/PRF5 cells. As a result, we identified the ATXN1 gene as a potential target of miR125b-5p. Target Scan predicted two nucleotide sequences (position 2439-2445, 4097-4104)
in the 3′-UTR of the ATXN1 gene matching the miR-125b-5p sequence (Figure 3a). To verify the potential binding sequences of miR-125b-5p, we prepared the reporter plasmids
(psiCHECK2) that expressed chimeric RNAs containing the sequence for Renilla and 3′UTR sequence of ATXN1 and evaluated the effects of miRNA on the chimeric RNAs using
the dual luciferase assay system. The overexpression of miR-125b-5p significantly reduced
the luciferase activity of Renilla_ATXN1-3′-UTR (Figure 3b). Two mutant vectors (MT1
and MT2), which harbored seven-point mutations within each binding site for miR-125b5p (Figure 3a), did not show a change in luciferase activity (Figure 3b). To reveal whether
miR-125b-5p regulates the transcription of ATXN1, we assessed the promoter activity of
ATXN1 using a dual-luciferase reporter assay. Overexpression of miR-125b-5p resulted in
no decrease in luciferase activity (Figure 3c). These results suggested that miR-125b-5p
does not regulate the transcription of ATXN1, but is involved in translational regulation
including RNA degradation.
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Figure 3. ATXN1 as a target gene of miR-125b-5p in HCC cells. (a) Target Scan predicted two putative binding sites of
miR-125b-5p (position 2439-2445 and 4097-4104, shown in blue) in the ATXN1 3′-UTR region. The mutated sequences
(shown in red) of putative binding sites 1 and 2 are shown as ATXN1 3′-UTR Mutant 1 or Mutant 2, respectively. The
indicated sequences (Wild type and Mutant 1 and 2) of ATXN1 3′-UTR were cloned to psiCHECK2 vector. (b) psiCHECK2
vectors containing the wild type or mutant sequences, or the empty vector were co-transfected with miR-125b-5p. Renilla
luciferase activity was normalized to firefly luciferase. Fold-change values were normalized to empty vector and mimic
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control-treated cells. Data are expressed as the mean ± standard deviation (SD; n = 4). * Statistically significant difference
versus control miRNA treatment (unpaired Student’s t-test, p < 0.05). (c) HEK293T cells were co-transfected with microRNA mimics and luciferase reporter plasmids driven by the promoter fragments of ATXN1. Luciferase activities in
these cells were measured using the Dual-Luciferase Reporter Assay System. Data are expressed as the mean ± standard
deviation (SD; n = 4). No significant difference between control and miR-125b-5p mimics treated cells (unpaired Student’s
t-test). (d) The relative expression level of ATXN1 mRNA in PLC/PRF5-miR125b or PLC/PRF5-miNC was determined by
RT-PCR. (e) The expression of ATXN1 protein in PLC/PRF5-miNC and PLC/PRF5-miR125b cells was examined by western
blot analysis. Densitometry analysis indicates relative protein levels from one representative of three independent experiments. Numbers below the bands represent protein expression normalized to β-actin. (f) The relative mRNA levels of
Snail in PLC/PRF5 cells transfected with siRNA-ATXN1(PLC/PRF5-siATXN1) or control siRNA (PLC/PRF5-siNC) were
determined by RT-PCR. (g) Schematic diagram of miR-125-5p-ATXN1-axis and subsequent induction of EMT. ** p < 0.01.

The ATXN1 mRNA level in PLC/PRF5-miR125b determined by RT-PCR was decreased to 34% of control cells (p < 0.01; Figure 3d). The protein expression of ATXN1 in
PLC/PRF5-miR125b cells was lower than in PLC/PRF5-miNC (Figure 3e).
Since ATXN1 is known to suppress the transcription of Snail [42], we transfected
ATXN1 siRNA (siATXN1) or negative control siRNA (siNC) in PLC/PRF5 cells
(PLC/PRF5-siATXN1 and PLC/PRF5-siNC) and examined changes in Snail expression.
The ATXN1 mRNA level in PLC/PRF5-siATXN1 cells was suppressed to 16% of the level
in PLC-PRF5-siNC cells (Figure S4). The mRNA level of Snail in PLC/PRF5-siATXN1 cells
was significantly higher compared with PLC/PRF5-siNC cells (p < 0.01; Figure 3f). These
results indicate that ATXN1 is the target gene of miR-125b-5p and that knocking down
ATXN1 directly upregulates Snail, possibly leading to promotion of EMT and acquisition
of drug resistance (Figure 3g).
3.5. Downregulation of ATXN1 Induces EMT and Sorafenib Resistance
To examine the role of ATXN1 in EMT and drug resistance, we next examined EMTrelated protein expression, morphology, and sensitivity to sorafenib in PLC/PRF5siATXN1 cells compared with those in PLC/PRF5-siNC and PLC/PRF5-R2 cells transfected with siRNA negative control (PLC/PRF5-R2-siNC). The protein expression of
ATXN1 in PLC/PRF5-siATXN1 and PLC/PRF5-R2-siNC was substantially lower than that
of control cells. The expression of Snail and vimentin in PLC/PRF5-siATXN1 and
PLC/PRF5-R2-siNC cells was obviously higher compared with PLC/PRF5-siNC cells,
whereas the expression of E-cadherin in those cells was lower compared with PLC/PRF5siNC cells (Figure 4a). The morphology of PLC/PRF5-siATXN1 cells was distinct from that
of PLC/PRF5-siNC cells; the latter were adhesively contacted with each other and showed
an oval or round shape, but the former lost cell-cell adhesion and had a non-round
shape—findings similar to those for PLC/PRF5-miR125b cells (Figure 4b). These results
suggest that knockdown of the ATXN1 gene induced EMT in PLC/PRF5 cells.
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Figure 4. EMT and sorafenib resistance in PLC/PRF5-siATXN1 cells. (a) The protein expression of ATXN1 and EMT markers (E-cadherin, Snail, vimentin) in PLC/PRF5-siNC, PLC/PRF5-siATXN1, and PLC/PRF5-R2-siNC cells were examined
by western blot analysis. Densitometry analysis indicates relative protein levels from one representative of three independent experiments. Numbers below the bands represent protein expression normalized to β-actin. (b) Representative
images of PLC/PRF5-siNC and PLC/PRF5-siATXN1 cells under observation with a stereoscopic microscope are shown.
Scale bars, 100 μm. (c) The viability of PLC/PRF5-siNC and PLC/PRF5-siATXN1 cells treated with various concentrations
of sorafenib was determined by WST assay.

The IC50 value of sorafenib against PLC/PRF5-siATXN1 was significantly higher
compared with PLC/PRF5-siNC cells (6.87 μM (95%Cl: 6.49–7.47 μM) vs. 5.26 μM (95%Cl:
4.89–5.46 μM); p < 0.05) (Figure 4c). Thus, miR-125b-5p negatively regulated ATXN1, causing Snail-mediated EMT, consequently leading to drug resistance.
In the flow cytometry analysis, the percentage of annexin V (+) in PLC/PRF5-miR125b
cells (41.3 ± 1.3%) was significantly lower compared with control cells treated with mimic
negative control (46.8 ± 0.6%; p < 0.05) (Figure S5). Similarly, the percentage of annexin V
(+) in PLC/PRF5-siATXN1 cells (53.4 ± 2.3%) was significantly lower than that with siRNA
negative control (59.4 ± 1.4%, p < 0.05) (Figure S5).
3.6. miR-125b-5p and ATXN1 Modulate Cell Migration and Invasion
Because EMT is reportedly associated with cancer migration and invasion [43], we
examined the effects of miR-125b-5p mimic and siATXN1 on migration and invasion of
PLC/PRF5 cells using a wound healing assay and invasion assay, respectively. Representative images from the wound healing assay in PLC/PRF5-miNC, PLC/PRF5-miR125b,
and PLC/PRF5-R2-miNC cells are shown (Figure 5a). Quantitative analysis of images indicated that the migration distance in PLC/PRF5-miR125b (599 ± 55 μm) and PLC/PRF5R2-miNC cells (675 ± 72 μm) was significantly higher than in PLC/PRF5-miNC cells (381
± 46 μm; p < 0.05) (Figure 5a). Similarly, representative images from the wound healing
assay in PLC/PRF5-siNC, PLC/PRF5-siATXN1, and PLC-PRF5-R2-siNC cells are shown
(Figure 5b). Quantitative analysis of the images indicated that the migration distance in
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PLC/PRF5-siATXN1 (735 ± 25 μm) and PLC/PRF5-R2-siNC cells (781 ± 44 μm) was significantly higher than in PLC/PRF5-siNC cells (426 ± 36 μm; p < 0.05) (Figure 5b). The results
suggest that miR-125b-5p could induce CSCs through inhibition of ATXN1.
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Figure 5. Forced expression of miR-125b-5p or knockdown of ATXN1 gene increases migration, invasion capability, and
cancer stemness of HCC cell lines. (a) Representative image of the wound-healing assay in PLC/PRF5-miNC, PLC/PRF5miR125b, and PLC/PRF5-R2-miNC cells (upper panel). The average migration distance was calculated from the wound
healing area, and the time-dependent distance of migration is depicted in the lower panel (mean ± SD; n = 3). (b) Similarly,
representative images of the wound-healing assay and time-dependent distance of migration in PLC/PRF5-siNC,
PLC/PRF5-siATXN1, and PLC/PRF5-R2-siNC cells are shown in the lower panel (mean ± SD; n = 3). (c) Representative
images of the invasion assay in PLC/PRF5-miNC, PLC/PRF5-miR125b, and PLC/PRF5-R2-miNC cells (left panel). The
number of invading cells was counted, and the average numbers of invading cells are shown (right panel). (d) Similarly,
representative invasion assay images and quantified invading cells in PLC/PRF5-siNC, PLC/PRF5-siATXN1, and
PLC/PRF5-R2-siNC cells are shown. (e) Expression of CD44 and CD133 in PLC/PRF5-miNC and PLC/PRF5-miR125b cells
was evaluated by two-color flow cytometry using mouse anti-human CD44 monoclonal antibody (APC) and mouse antihuman CD133 monoclonal antibody (PE). The percentage of CD44 + CD133 + cells based on the analysis of 10,000 cells is
indicated. (f) Expression of CD44 and CD133 in PLC/PRF5-siNC and PLC/PRF5-siATXN1 cells was analyzed by flow
cytometry and the percentage of CD44 + CD133 + cells was determined. * p < 0.05.

Representative images from the invasion assay are shown (Figure 5c,d). Quantitative
analysis revealed that the number of invading cells in PLC/PRF5-miR125b (23.7 ± 2.5) and
PLC/PRF5-R2-miNC (24.3 ± 4.0) was significantly higher than in PLC/PRF5-miNC cells
(10 ± 1.4; p < 0.05) (Figure 5c). Similarly, the number of invading cells in PLC/PRF5siATXN1 (26 ± 4.2) and PLC-PRF5-R2-siNC (16 ± 3.7) was significantly higher than in
PLC/PRF5-miNC cells (5.7 ± 2.5; p < 0.05) (Figure 5d). These data suggest that miR-125b5p enhanced cell migration and invasion capabilities through inhibition of ATXN1.
3.7. miR-125b-5p and Downregulation of ATXN1 Confer Stemness Characteristic in HCC Cells
Since EMT is reportedly associated with CSC generation, which plays a critical role
in drug resistance [44], we performed a flow cytometric analysis of CSC markers in
PLC/PRF5-miR125b and PLC/PRF5-siATXN1 in comparison with control cells. In the flow
cytometry analysis of CD44 and CD133, the double positive cell subpopulation in
PLC/PRF5-miR-125b (4.22 ± 1.1%) was significantly higher than in PLC/PRF5-miNC cells
(1.67 ± 0.44%; p < 0.05), suggesting that miR-125b-5p enhances CSC population (Figure 5e).
Similarly, the double positive cell subpopulation in PLC/PRF5-siATXN1 (4.41 ± 1.37%)
was significantly higher than in PLC/PRF5-siNC cells (1.48 ± 0.49%; p < 0.05) (Figure 5f).
3.8. miR-125b-5p and siATXN1 Confer Drug Resistance by Inducing EMT in Various HCC
Cell Lines
To verify the function of miR-125b-5p in the other HCC cell lines, we transfected miR125b-5p or siATXN1 into Hep3B cells (hepatitis B virus-related HCC cell line; Hep3BmiR125b, Hep3B-siATXN1) and examined drug sensitivity and expression of EMT-related
proteins. The IC50 of sorafenib against Hep3B-miR125b was significantly higher compared with Hep3B cells transfected with miNC (Hep3B-miNC) (2.71 μM (95%Cl: 2.34–3.17
μM) vs. 1.28 μM (95%Cl: 0.95–1.65 μM); p < 0.05) (Figure 6a). Moreover, the IC50 of sorafenib against Hep3B-siATXN1 was significantly higher compared with Hep3B transfected
with siNC (Hep3B-siNC) (2.42 μM (95%Cl: 1.91–3.01 μM) vs. 1.41 μM (95%Cl: 1.19–1.65
μM), p < 0.05) (Figure 6b). In the western blot analysis of EMT-related proteins, the expression of ATXN1 in Hep3B-miR125b and Hep3B-siATXN1 cells was substantially lower
than in control cells. The expression of Snail and vimentin in those cells was higher, and
the expression of E-cadherin was slightly lower than in control cells (Figure 6c,d). These
results strongly suggest that miR-125b-5p conferred sorafenib resistance and EMT in
Hep3B cells.
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Figure 6. Forced expression of miR-125b-5p or knockdown of ATXN1 gene induces sorafenib resistance and EMT in Hep3B
and JHH6 cells. (a) Hep3B cells were transfected with miR-125b-5p mimic (Hep3B-miR125b) or miNC (Hep3B-miNC).
They were exposed to sorafenib, and cell viability was assessed by WST assay. (b) Hep3B cells were transfected with
siATXN1 (Hep3B-siATXN1) or siNC (Hep3B-siNC) and exposed to sorafenib. Cell viability was assessed by WST assay.
(c) Expression of ATXN1 and EMT markers (E-cadherin, Snail, vimentin) in Hep3B-miNC and Hep3B-miR125b cells was
examined by western blot analysis. Densitometry analysis indicates relative protein levels from one representative of three
independent experiments. Numbers below the bands represent protein expression normalized to β-actin. (d) Expression
of ATXN1 and EMT markers in Hep3B-siNC and Hep3B-siATXN1 cells was examined by western blot analysis. (e) JHH6
cells were transfected with miR-125b-5p mimic (JHH6-miR125b) or miNC (JHH6-miNC). They were exposed to sorafenib,
and cell viability was assessed by WST assay. (f) JHH6 cells were transfected with siATXN1 (JHH6-siATXN1) or siNC
(JHH6-siNC) and exposed to sorafenib. Cell viability was assessed by WST assay. (g) Expression of ATXN1 and EMT
markers (E-cadherin, Snail, vimentin) in JHH6-miNC and JHH6-miR125b cells was examined by western blot analysis. (h)
Expression of ATXN1 and EMT markers in JHH6-siNC and JHH6-siATXN1 cells was examined by western blot analysis.

Next, we transfected miR-125b-5p or siATXN1 into JHH6 cells (derived from hepatitis C virus positive HCC; JHH6-miR125b, JHH6-siATXN1). The IC50 of sorafenib against
JHH6-miR125b was significantly higher compared with JHH6 cells transfected with miNC
(JHH6-miNC) (8.36 μM (95%Cl: 8.09–8.67 μM) vs. 7.29 μM (95%Cl: 6.77–7.46 μM); p < 0.05)
(Figure 6e). Moreover, the IC50 of sorafenib against JHH6-siATXN1 was significantly
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higher compared with JHH6 transfected with siNC (JHH6-siNC) (9.02 μM (95%Cl: 8.58–
9.31 μM) vs. 7.76 μM (95%Cl: 7.12–8.03 μM), p < 0.05) (Figure 6f). The expression of ATXN1
in JHH6-miR125b and JHH6-siATXN1 cells was substantially lower than in control cells.
The expression of Snail and vimentin in those cells was higher, and the expression of Ecadherin was lower than in control cells (Figure 6g,h). The morphology of JHH6-miR125b
and JHH6-siATXN1 cells was distinct from that of JHH6-miNC and JHH6-siNC cells; the
latter were adhesively contacted with each other and showed an oval or round shape, but
the former lost cell-cell adhesion and had a non-round shape—findings similar to those
for PLC/PRF5-miR125b cells (Figure S6a). These results strongly suggest that the miR125b-5p-ATXN1 axis conferred sorafenib resistance and EMT in HCC cell lines with different etiologies.
3.9. Overexpression of ATXN1 Confer Drug Resistance and EMT in HCC Cells
To verify the function of ATXN1, PLC/PRF-R2 cells and HLF cells, which possess a
more mesenchymal phenotype [45], were transfected with ATXN1 expressing the plasmid
vector or negative control vector (PLC/PRF5-R2-ATXN1, PLC/PRF5-R2-vector NC, HLFATXN1, and HLF-vector NC, respectively). The IC50 of sorafenib against PLC/PRF5-R2ATXN1 cells was significantly lower compared with PLC/PRF5-R2-vector NC (14.9 μM
(95%Cl: 9.66–17.03 μM) vs. 16.53 μM (95%Cl: 14.99–17.96 μM); p < 0.05) (Figure 7a). Moreover, the IC50 of sorafenib against HLF-ATXN1 cells was significantly lower compared
with HLF-vector NC (7.81 μM (95%Cl: 5.99–8.80 μM) vs. 10.74 μM (95%Cl: 9.69–11.89
μM), p < 0.05) (Figure 7b). The expression of Snail and vimentin in those cells was lower,
and the expression of E-cadherin was higher than in control cells (Figure 7c,d). The morphology of PLC/PRF5-R2-ATXN1 and HLF-ATXN1 cells were more epithelial-like, adhesively contacted with each other, and showed an oval or round shape (Figure S6b,c). These
results strongly suggest that ATXN1 abrogated sorafenib resistance and EMT in
PLC/PRF5-R2 and HLF cells.

Figure 7. Forced expression of ATXN1 gene reduces sorafenib resistance and MET in PLC/PRF5-R2 and HLF cells. (a,b)
PLC/PRF5-R2 and HLF cells were transfected with ATXN1 expressing vector (PLC/PRF5-R2-ATXN1, HLF-ATXN1) or the
control vector (PLC/PRF5-R2-Vector NC, HLF-Vector NC). They were exposed to sorafenib, and cell viability was assessed
by WST assay. (c,d) Expression of ATXN1 and EMT markers (E-cadherin, Snail, vimentin) were examined by western blot
analysis. Densitometry analysis indicates relative protein levels from one representative of three independent experiments. Numbers below the bands represent protein expression normalized to β-actin.
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3.10. Overexpression of miR-125b-5p Confer Sorafenib Resistance In Vivo
To investigate whether miR-125b-5p could promote sorafenib resistance in vivo, we
established a xenograft mouse model. After establishing PLC/PRF5 cells stably expressing
miR-125b-5p using lentiviral vectors, cells were inoculated subcutaneously in the dorsal
flank of nude mice. After 21 sorafenib treatments (30 mg/kg/day), the volume of the experimental group was significantly larger than that in controls (n = 6, 773 ± 145 mm3 vs.
427 ± 84 mm3, p < 0.05). These results suggested that overexpression of miR-125b-5p increased the resistance to sorafenib in vivo (Figure 8a,b).

Figure 8. PLC/PRF/5 cells treated with miR-125b-5p expressing vector or negative control (NC) vector were implanted s.c.
in the flank of mice (5 × 106 per animal). Treatment was initiated on day 19 when all tumors reached 200 mm3 in size.
Sorafenib or vehicle control was administered orally, once a day, for 21 days at a dose of 30 mg/kg. There was no lethality
in any group. (a) Images of the tumors from all mice in each group (n = 6). (b) Tumor dimensions were recorded three
times a week starting with the first day of treatment (n = 6). Data represent mean ± SD. * p < 0.05 compared with the control
group.

3.11. ATXN1 Expression was Significantly Associated with Survival in Patients with Advanced
HCC
To investigate the clinical relevance of ATXN1 expression in patients with advanced
HCC, we performed a Kaplan–Meier analysis to determine the association between
ATXN1 expression and OS using the TCGA–LIHC dataset. Patients with Stage III and IV
HCC (n = 91) were chosen and 90 patients with ATXN1 data available were divided into
low-ATXN1 and high-ATXN1 groups (Figure 9a). The low-ATXN1 group exhibited significantly shorter survival than the high-ATXN1 group (p = 0.0153; Figure 9b). The median
OS in the low-ATXN1 group was much shorter than in the high-ATXN1 group (18.35 vs.
39.78 months, hazard ratio 0.49, 95%Cl: 0.28–0.87; p < 0.05).

Figure 9. ATXN1 expression was significantly associated with the overall survival of patients with advanced HCC. (a) A
flowchart of cohort selection from the public database. Among the TCGA–LIHC dataset, patients with Stage III or IV (n =
91) were selected, and one patient was excluded due to lack of array data. Ninety patients were divided into two groups
according to high or low expression of ATXN1. (b) Kaplan–Meier survival curves for overall survival. HR, hazard ratio;
CI, confidence interval. The p-value was calculated by log-rank test.
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4. Discussion
In this study, we used miRNA microarray analysis to identify 125b-5p as a pivotal
miRNA underlying sorafenib resistance in HCC cells. Using in vitro and in vivo approaches, we found that miR-125b-5p directly inhibited ATXN1 gene expression and consequently induced EMT through enhanced Snail expression, leading to resistance to sorafenib. We also found that miR-125b-5p and downregulation of ATXN1 enhanced migration/invasion capability and stemness of HCC cells, and that overexpression of ATXN1
reverses EMT and sorafenib resistance. Furthermore, patients with HCC in the lowATXN1 expression group exhibited a significantly shorter survival time than those in the
high-ATXN1 group, as indicated by Kaplan–Meier analysis. This is the first report to show
a pivotal role of the miR-125b-5p-ATXN1 axis in the process of EMT, including acquisition
of drug resistance, in HCC.
Our results showing that overexpression of miR-125b-5p was closely associated with
EMT and drug resistance in sorafenib-resistant HCC cells are consistent with previous
studies in other types of cancers. Lu and associates reported that miR-125b-5p augmented
cetuximab resistance through activation of the Wnt signaling pathway in colorectal cancer
[46]. Similarly, Yu and associates reported that miR-125b-5p enhanced 5-FU resistance in
colorectal cancer [47]. In contrast, Zhang and associates reported that decreased expression of miR-125b-5p promoted EMT and conferred resistance to paclitaxel in non-small
cell lung cancer [48]. These conflicting results have been explained by differences in the
target genes among different types of cancer cells. In addition, Jun-Nian and associates
reported that miR-125b-5p exerts inhibitory effects on EMT and EMT-associated traits in
HCC by inhibiting SMAD2 and SMAD4 mRNA expression [19]. However, in our analysis
of PLC/PRF5-R2 cells, SMAD2 mRNA expression was conversely upregulated, and
SMAD4 was unchanged compared with PLC/PRF5 cells despite higher expression of miR125b-5p (Figure S7). Importantly, we were able to show that the miR-125b-5p-ATXN1 axis
is associated with sorafenib resistance as well as EMT in various HCC cell lines, including
PLC/PRF5 and Hep3B which were infected with HBV and JHH-6, which was derived from
an HCV-positive patient.
We identified the ATXN1 gene as a target gene of miR-125b-5p in this study. The role
of ATXN1 in cancers has long remained unclear. However, Kang and associates reported
that ATXN1 inhibited Snail expression, which is a transcription factor for E-cadherin,
leading to EMT in cervical cancer [43]. In other words, reduced ATXN1 expression caused
EMT in cervical cancer cells. Our data indicated that miR-125b-5p inhibited ATXN1 expression and, therefore, induced Snail-mediated EMT, resulting in augmented drug resistance, enhanced invasion/migration capability, and a stem cell phenotype. Furthermore, overexpression of ATXN1 reversed EMT and sorafenib resistance. Thus, it is suggested that ATXN1 expressed in cancer cells protects the cells from EMT and subsequent
malignant progression. This is also supported by our clinical data showing that the OS
time in the low-ATXN1 HCC patient group was shorter than in the high-ATXN1 HCC
patient group.
Various mechanisms for acquiring resistance to sorafenib in HCC have been reported
to date. Activation of PI3K/Akt [7] and JAK–STAT pathways [8] due to crosstalk with
RAS/RAF/MEK pathways, activation of hypoxia-inducible pathways [49], and EMT [24]
have been implicated. Among these, EMT, which we observed in this study, is closely
associated with the malignant transformation of cancer, and it is reportedly associated
with acquisition of invasive capacity, drug resistance, and increased cell proliferation [50–
52]. Thus, EMT can be assumed to be one of the major mechanisms of resistance to sorafenib. Previously, we reported that the ABC transporter MRP3 is highly expressed in the
sorafenib-resistant cell line used in this study [6]. It has been reported that epithelial cells,
which undergo EMT, overexpress not only mesenchymal biomarkers but also CSC markers [53]. Furthermore, CSCs have been reported to acquire drug resistance through increased expression of ABC transporters [52,54]. In fact, we found that the transfection of
miR-125b-5p into PLC/PRF5 cells caused MRP3 gene upregulation (Figure S8). Thus, it
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was assumed that the increased expression of MRP3 in sorafenib-resistant (PLC/PRF5-R1,
PLC/PRF-R2) cells could be mediated by EMT-associated CSCs.
Systemic chemotherapy is recommended for HCC patients with Barcelona Clinic
Liver Cancer (BCLC) Stage C. In addition to sorafenib, lenvatinib and a combination of
atezolizumab and bevacizumab, are currently recommended as first-line therapy.
Regorafenib, cabozantinib, ramucirumab, nivolumab, ipilimumab, and pembrolizumab
are recommended as second-line therapy. In contrast, it is recommended that patients
with BCLC stage B undergo transcatheter arterial chemoembolization (TACE) as standard
care. Although it has been recently reported that TKIs are preferred over TACE to maintain hepatic functional reserve [55], guidelines for choosing among these drugs are lacking. Since the miR-125b-5p-ATXN1 axis has been implicated in sorafenib resistance and
EMT, it may be useful as a biomarker for drug selection in systemic therapy and the choice
between TACE and TKI therapy as an initial treatment.
To date, there are no available reports investigating the effect of miR-125b-5p on the
efficacy of sorafenib in clinical practice. Therefore, our finding needs to be validated clinically, ideally in prospective trials, by comparing the expression status of miR-125b-5p
and the effect of sorafenib in patient samples to see if our finding can be validated in real
life and determine that it is not simply a cell-line phenomenon, which could lead to miR125b-5p being established as an effective drug selection marker for patients with HCC.
5. Conclusions
In conclusion, the present study clarified the mechanism of sorafenib resistance in
HCC cells, in which miR-125b-5p suppresses ATXN1 and induces Snail-mediated EMT
and CSCs. Moreover, we demonstrated that ATXN1 expression has an impact on the prognosis of patients with HCC.
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SMAD2/4 expression in PLC/PRF5-R2 and PLC/PRF5 cells as revealed by microarray analysis; Figure S8: Expression of MRP3 in PLC/PRF5-miNC and PLC/PRF5-miR125b cells; Table S1: Taqman
assay of each miRNAs and genes; Table S2: miRNA mimics and siRNAs; Table S3: Primer sets; Table
S4: High expression of six miRNAs in PLC/PRF5-R1 compared with parent cells; Table S5: High
expression of seven miRNAs in PLC/PRF5-R2 compared with parent cells; Table S6: Potential targets
of miR-125b-5p. The whole western blots can be accessed in supplementary materials.
Author Contributions: Conceptualization, H.M., N.M., T.T. (Toshihito Tanahashi) and T.T. (Tetsuji
Takayama); methodology, T.T. (Tetsu Tomonari) ; software, K.N.; validation, A.H. and H.T.; formal
analysis, A.H., H.T. and K.N.; investigation, A.H., H.T., M.H., M.B., K.O., Y.K., T.T. (Takahiro
Tanaka), T.K., H.W. and T.T. (Tatsuya Taniguchi); resources, T.T. (Tetsu Tomonari); data curation,
A.H. and H.T.; writing—original draft preparation, A.H.; writing—review and editing, Y.S. and T.T.
(Tetsuji Takayama); visualization, A.H.; supervision, Y.S. and T.T. (Tetsuji Takayama); project administration, T.T. (Tetsuji Takayama); funding acquisition, T.T. (Tetsuji Takayama) All authors have
read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: The study was conducted according to the Declaration of
Helsinki, and approved by the Institutional Review Board of Tokushima University (protocol code
T2021-26 and date of approval in 26 May 2021).
Informed Consent Statement: Not applicable.

Cancers 2021, 13, 4917

21 of 23

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found here: [https://portal.gdc.cancer.gov/projects/TCGA-LIHC] accessed on 30 September 2021.
Acknowledgments: This study was supported by the Support Center for Advanced Medical Sciences, Tokushima University Graduate School of Biomedical Sciences.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.

5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.
23.
24.

25.

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 7–30.
Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.L.; Forner, A.; et
al. Sorafenib in advanced hepatocellular carcinoma. N. Engl. J. Med. 2008, 359, 378–390.
Cheng, A.-L.; Kang, Y.-K.; Chen, Z.; Tsao, C.-J.; Qin, S.; Kim, J.S.; Luo, R.; Feng, J.; Ye, S.; Yang, T.-S.; et al. Efficacy and safety of
sorafenib in patients in the Asia-Pacific region with advanced hepatocellular carcinoma: A phase III randomised, double-blind,
placebo-controlled trial. Lancet Oncol. 2009, 10, 25–34.
Kudo, M.; Finn, R.S.; Qin, S.; Han, K.H.; Ikeda, K.; Piscaglia, F.; Baron, A.; Park, J.W.; Han, G.; Jassem, J.; et al. Lenvatinib versus
sorafenib in first-line treatment of patients with unresectable hepatocel-lular carcinoma: A randomised phase 3 non-inferiority
trial. Lancet 2018, 391, 1163–1173.
NCCN Guidelines Version 3. 2021. Available online: https://www.nccn.org/professionals/physician_gls/pdf/hepatobiliary.pdf
(accessed on 23 August 2021).
Tomonari, T.; Takeishi, S.; Taniguchi, T.; Tanaka, T.; Tanaka, H.; Fujimoto, S.; Kimura, T.; Okamoto, K.; Miyamoto, H.; Muguruma, N.; et al. MRP3 as a novel resistance factor for sorafenib in hepatocellular carcinoma. Oncotarget 2016, 7, 7207–7215.
Morgensztern, D.; McLeod, H.L. PI3K/Akt/mTOR pathway as a target for cancer therapy. Anti-Cancer Drugs 2005, 16, 797–803.
Chen, K.-F.; Tai, W.-T.; Hsu, C.-Y.; Huang, J.-W.; Liu, C.-Y.; Chen, P.-J.; Kim, I.; Shiau, C.-W. Blockade of STAT3 activation by
sorafenib derivatives through enhancing SHP-1 phosphatase activity. Eur. J. Med. Chem. 2012, 55, 220–227,
doi:10.1016/j.ejmech.2012.07.023.
Méndez-Blanco, C.; Fondevila, F.; Palomo, A.G.; González-Gallego, J.; Mauriz, J.L. Sorafenib resistance in hepatocarcinoma:
Role of hypoxia-inducible factors. Exp. Mol. Med. 2018, 50, 1–9, doi:10.1038/s12276-018-0159-1.
Zhu, Y.-J.; Zheng, B.; Wang, H.-Y.; Chen, L. New knowledge of the mechanisms of sorafenib resistance in liver cancer. Acta
Pharmacol. Sin. 2017, 38, 614–622.
Lagos-Quintana, M.; Rauhut, R.; Lendeckel, W.; Tuschl, T. Identification of novel genes coding for small expressed RNAs. Science 2001, 294, 853–858.
Lau, N.C.; Lim, L.P.; Weinstein, E.G.; Bartel, D.P. An Abundant Class of Tiny RNAs with Probable Regulatory Roles in Caenorhabditis elegans. Science 2001, 294, 858–862, doi:10.1126/science.1065062.
Lee, R.C.; Ambros, V. An extensive class of small RNAs in Caenorhabditis elegans. Science 2001, 294, 862–864.
Guo, H.; Ingolia, N.T.; Weissman, J.S.; Bartel, D.P. Mammalian microRNAs predominantly act to decrease target mRNA levels.
Nature 2010, 466, 835–840.
Bazzini, A.A.; Lee, M.T.; Giraldez, A.J. Ribosome profiling shows that miR-430 reduces translation before causing mRNA decay
in Zebrafish. Science 2012, 336, 233–237.
Calin, G.; Croce, C.M. MicroRNA signatures in human cancers. Nat. Rev. Cancer 2006, 6, 857–866.
Croce, C.M. Causes and consequences of microRNA dysregulation in cancer. Nat. Rev. Genet. 2009, 10, 704–714.
Banzhaf-Strathmann, J.; Edbauer, D. Good guy or bad guy: The opposing roles of microRNA 125b in cancer. Cell Commun.
Signal. 2014, 12, 30.
Zhou, J.-N.; Zeng, Q.; Wang, H.-Y.; Zhang, B.; Li, S.-T.; Nan, X.; Cao, N.; Fu, C.-J.; Yan, X.-L.; Jia, Y.L.; et al. MicroRNA-125b
attenuates epithelial-mesenchymal transitions and targets stem-like liver cancer cells through small mothers against decapentaplegic 2 and 4. Hepatology 2015, 62, 801–815.
Vu, T.; Datta, P.K. Regulation of EMT in colorectal cancer: A culprit in metastasis. Cancers 2017, 9, 171.
Mestdagh, P.; Hartmann, N.; Baeriswyl, L.; Andreasen, D.; Bernard, N.; Chen, C.; Cheo, D.; D’Andrade, P.; DeMayo, M.; Dennis,
L.; et al. Evaluation of quantitative mirnA expression platforms in the micrornA quality control (mirQC) study. Nat Methods
2014, 11, 809–815.
Lin, Z.; Xia, S.; Liang, Y.; Ji, L.; Pan, Y.; Jiang, S.; Wan, Z.; Tao, L.; Chen, J.; Lin, C.; et al. LXR activation potentiates sorafenib
sensitivity in HCC by activating microRNA-378a tran-scription. Theranostics 2020, 10, 8834–8850.
Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420–1428.
van Malenstein, H.; Dekervel, J.; Verslype, C.; Van Cutsem, E.; Windmolders, P.; Nevens, F.; van Pelt, J. Long-term exposure to
sorafenib of liver cancer cells induces resistance with epithelial-to-mesenchymal transition, increased invasion and risk of rebound growth. Cancer Lett. 2013, 329, 74–83.
Maheswaran, T.; Rushbrook, S.M. Epithelial-mesenchymal transition and the liver: Role in hepatocellular carcinoma and liver
fibrosis. J. Gastroenterol. Hepatol. 2012, 27, 418–420.

Cancers 2021, 13, 4917

26.

27.
28.
29.

30.

31.

32.
33.
34.
35.

36.

37.

38.
39.
40.

41.
42.
43.
44.
45.
46.

47.

48.
49.

50.
51.
52.

22 of 23

Dazert, E.; Colombi, M.; Boldanova, T.; Moes, S.; Adametz, D.; Quagliata, L.; Roth, V.; Terracciano, L.; Heim, M.; Jenoe, P.; et al.
Quantitative proteomics and phosphoproteomics on serial tumor biopsies from a sorafenib-treated HCC patient. Proc. Natl.
Acad. Sci. USA 2016, 113, 1381–1386.
Lam, Y.C.; Bowman, A.; Jafar-Nejad, P.; Lim, J.; Richman, R.; Fryer, J.D.; Hyun, E.D.; Duvick, L.A.; Orr, H.; Botas, J.; et al.
ATAXIN-1 interacts with the repressor capicua in its native complex to cause SCA1 neuropathology. Cell 2006, 127, 1335–1347.
McGranahan, N.; Favero, F.; De Bruin, E.C.; Birkbak, N.; Szallasi, Z.; Swanton, C. Clonal status of actionable driver events and
the timing of mutational processes in cancer evolution. Sci. Transl. Med. 2015, 7, 283ra54, doi:10.1126/scitranslmed.aaa1408.
Asghari, M.; Abazari, M.F.; Bokharaei, H.; Aleagha, M.N.; Poortahmasebi, V.; Askari, H.; Torabinejad, S.; Ardalan, A.; Negaresh,
N.; Ataei, A.; et al. Key genes and regulatory networks involved in the initiation, progression and invasion of colorectal cancer.
Futur. Sci. OA 2018, 4, FSO278, doi:10.4155/fsoa-2017-0108.
Takehara, M.; Sato, Y.; Kimura, T.; Noda, K.; Miyamoto, H.; Fujino, Y.; Miyoshi, J.; Nakamura, F.; Wada, H.; Bando, Y.; et al.
Cancer-associated adipocytes promote pancreatic cancer progression through SAA1 expression. Cancer Sci. 2020, 111, 2883–
2894.
Okazaki, J.; Tanahashi, T.; Sato, Y.; Miyoshi, J.; Nakagawa, T.; Kimura, T.; Miyamoto, H.; Fujino, Y.; Nakamura, F.; Takehara,
M.; et al. MicroRNA-296-5p Promotes Cell Invasion and Drug Resistance by Targeting Bcl2-Related Ovarian Killer, Leading to
a Poor Prognosis in Pancreatic Cancer. Digestion. 2020, 101, 794–806.
miRDB. Available online: http://www.mirdb.org/ (accessed on 24 March 2020).
Wong, N.; Wang, X. miRDB: An online resource for microRNA target prediction and functional annotations. Nucleic Acids Res.
2015, 43, D146–D152.
TargetScanHuman Release 7.2. Available online: http://www.targetscan.orgvert_72/ (accessed on 24 March 2020).
Tanaka, H.; Okamoto, K.; Sato, Y.; Tanaka, T.; Tomonari, T.; Nakamura, F.; Fujino, Y.; Mitsui, Y.; Miyamoto, H.; Muguruma, N.;
et al. Synergistic anti-tumor activity of miriplatin and radiation through PUMA-mediated apoptosis in hepatocellular carcinoma. J. Gastroenterol. 2020, 55, 1072–1086.
Maehara, O.; Sato, F.; Natsuizaka, M.; Asano, A.; Kubota, Y.; Itoh, J.; Tsunematsu, S.; Terashita, K.; Tsukuda, Y.; Nakai, M.; et
al. A pivotal role of Krüppel-like factor 5 in regulation of cancer stem-like cells in hepatocellular carcinoma. Cancer Biol. Ther.
2015, 16, 1453–1461.
Liu, L.; Cao, Y.; Chen, C.; Zhang, X.; McNabola, A.; Wilkie, D.; Wilhelm, S.; Lynch, M.; Carter, C. Sorafenib blocks the
RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and induces tumor cell apoptosis in hepatocellular carcinoma Model
PLC/PRF/5. Cancer Res. 2006, 66, 11851–11858.
GDC DatePortal. Available online: http://portal.gdc.cancer.gov/ (accessed on 24 March 2020).
Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines human glioblastoma genes and
core pathways. Nature. 2008, 455, 1061–1068.
Grinchuk, O.V.; Yenamandra, S.P.; Iyer, R.; Singh, M.; Lee, H.K.; Lim, K.H.; Chow, P.K.; Kuznetsov, V.A. Tumor-adjacent tissue
co-expression profile analysis reveals pro-oncogenic ribosomal gene signature for prognosis of resectable hepatocellular carcinoma. Mol. Oncol. 2018, 12, 89–113.
Hoshida, Y.; Villanueva, A.; Kobayashi, M.; Peix, J.; Chiang, D.Y.; Camargo, A.; Gupta, S.; Moore, J.; Wrobel, M.J.; Lerner, J.; et
al. Gene expression in fixed tissues and outcome in hepatocellular carcinoma. N. Engl. J. Med. 2008, 359, 1995–2004.
Kang, A.-R.; An, H.-T.; Ko, J.; Kang, S. Ataxin-1 regulates epithelial-mesenchymal transition of cervical cancer cells. Oncotarget
2017, 8, 18248–18259.
Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15,
178–196.
Kabakov, A.; Yakimova, A.; Matchuk, O. Molecular chaperones in cancer stem cells: Determinants of stemness and potential
targets for antitumor therapy. Cells 2020, 9, 892.
Zhao, H.; Desai, V.; Wang, J.; Epstein, D.M.; Miglarese, M.; Buck, E. Epithelial–mesenchymal transition predicts sensitivity to
the dual IGF-1R/IR inhibitor OSI-906 in hepatocellular carcinoma cell lines. Mol. Cancer Ther. 2012, 11, 503–513.
Lu, Y.; Zhao, X.; Liu, Q.; Mingli, Y.; Graves-Deal, R.; Cao, Z.; Singh, B.; Franklin, J.L.; Wang, J.; Bhuminder, S.; et al. lncRNA
MIR100HG-derived miR-100 and miR-125b mediate cetuximab resistance via Wnt/β-catenin signaling. Nat. Med. 2017, 23, 1331–
1341.
Yu, X.; Shi, W.; Zhang, Y.; Wang, X.; Sun, S.; Song, Z.; Liu, M.; Zeng, Q.; Cui, S.; Qu, X. CXCL12/CXCR4 axis induced MIR-125b
promotes invasion and confers 5-fluorouracil re-sistance through enhancing autophagy in colorectal cancer. Sci. Rep. 2017, 7,
42226.
Zhang, Y.; Huang, S. Up-regulation of MIR-125b reverses epithelial-mesenchymal transition in paclitaxel-resistant lung cancer
cells. Biol. Chem. 2015, doi:10.1515/hsz-2015-0153.
Zhao, D.; Zhai, B.; He, C.; Tan, G.; Jiang, X.; Pan, S.; Dong, X.; Wei, Z.; Ma, L.; Qiao, H.; et al. Upregulation of HIF-2α induced
by sorafenib contributes to the resistance by activating the TGF-α/EGFR pathway in hepatocellular carcinoma cells. Cell. Signal.
2014, 26, 1030–1039, doi:10.1016/j.cellsig.2014.01.026.
Yilmaz, M.; Christofori, G. EMT, the cytoskeleton, and cancer cell invasion. Cancer Metastasis Rev. 2009, 28, 15–33.
Du, B.; Shim, J.S. Targeting Epithelial–Mesenchymal Transition (EMT) to overcome drug resistance in cancer. Molecules 2016,
21, 965.
Shibue, T.; Weinberg, R.A. EMT CSCs drug resistance. Nat. Rev. Clin. Oncol. 2017, 14, 611–629.

Cancers 2021, 13, 4917

53.
54.
55.

23 of 23

Biddle, A.; MacKenzie, I.C. Cancer stem cells and EMT in carcinoma. Cancer Metastasis Rev. 2012, 31, 285–293.
Lytle, N.K.; Barber, A.G.; Reya, T. Stem cell fate in cancer growth, progression and therapy resistance. Nat. Rev. Cancer 2018, 18,
669–680.
Kudo, M.; Ueshima, K.; Chan, S.; Minami, T.; Chishina, H.; Aoki, T.; Takita, M.; Hagiwara, S.; Minami, Y.; Ida, H.; et al. Lenvatinib as an initial treatment in patients with intermediate-stage hepatocellular carcinoma beyond up-to-seven criteria and
child-pugh a liver function: A proof-of-concept study. Cancers 2019, 11, 1084.

