MOLECULAR MEDICINE REPORTS 23: 329, 2021

miR-93-5p promotes insulin resistance to regulate type 2
diabetes progression in HepG2 cells by targeting HGF
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Abstract. Insulin resistance is a common feature of type 2
diabetes mellitus (T2DM). However, the mechanisms
underlying insulin resistance are not completely under-
stood. The present study aimed to investigate the effect of
microRNA (miR)-93-5p on insulin resistance in T2DM
cells. Human hepatocellular carcinoma (HCC; HepG2) cells
were cultured in medium with high glucose content (30 mM
glucose) to establish an in vitro insulin-resistant cell model (IR
group). Glucose consumption and glycogen synthesis assays
were performed to assess glucose consumption and glycogen
synthesis, respectively. By performing immunoprecipitation
assays, the abundance of the Met-insulin receptor complex
was detected in HepG2 cells. miR-93-5p and hepatocyte
growth factor (HGF) mRNA expression levels were measured
via reverse transcription-quantitative PCR, and HGF protein
expression levels were measured via western blotting. A
dual-luciferase reporter assay was conducted to investigate the
interaction between miR-93-5p and HGF. Cell Counting Kit-8,
BrdU and caspase-3 activity assays were performed to eval-
uate cell viability, proliferation and apoptosis, respectively, in
insulin-resistant HepG2 cells following transfection with small
interfering RNA-HGF, HGF overexpression vector, miR-93-5p
mimic or miR-93-5p inhibitor. The results demonstrated
that miR-93-5p expression was significantly increased and
HGF expression was significantly decreased in HCC tissues
isolated from patients with or without T2DM compared with
adjacent healthy tissues isolated from patients without T2DM.
Compared with the IR group, miR-93-5p overexpression
significantly increased cell proliferation, glucose consumption
and glycogen synthesis, but significantly inhibited apoptosis
in insulin-resistant HepG2 cells. By contrast, compared with
the IR group, HGF overexpression significantly inhibited cell
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proliferation, glucose consumption and glycogen synthesis,
but significantly enhanced cell apoptosis in insulin-resistant
HepG2 cells. Following co-transfection with HGF overexpres-
sion vector and miR-93-5p mimic, miR-93-5p mimic-mediated
induction of HepG2 cell proliferation, glucose consumption
and glycogen synthesis in insulin-resistant HepG2 cells was
inhibited. Collectively, the results of the present study indi-
cated that miR-93-5p enhanced insulin resistance to regulate
T2DM progression in HepG2 cells by targeting HGF.

Introduction

Diabetes mellitus refers to a complex metabolic syndrome that
is primarily characterized by hyperglycemia, and aggravation
of the disease can lead to symptoms, including weight loss,
blurry vision, extreme fatigue and increased hunger (1). It
was reported that there were >400 million individuals with
diabetes worldwide in 2017 (2), with the majority of patients
with diabetes suffering from type 2 diabetes mellitus (T2DM),
which occurs when the body fully resists the production of
insulin (3). The incidence rate of T2DM has increased
rapidly in the last ten years in Asia (4), and it is estimated
that >642 million individuals in Asia will be diagnosed with
T2DM in 2040 (5). Insulin resistance majorly contributes to
the development of T2DM (6). Hepatic cell dysfunction might
directly induce insulin resistance, thereby leading to T2DM
development (7). Although T2DM has been documented as one
of the risk factors of human hepatocellular carcinoma (HCC),
whether the occurrence of human HCC induces and aggra-
vates insulin resistance has not been previously reported (8,9).
Moreover, the pathogeneses of T2DM and HCC are not
completely understood. Therefore, identifying the molecular
mechanism underlying the mutually promoting effect between
T2DM and HCC would aid with the development of thera-
peutic strategies for the two diseases.

Hepatocyte growth factor (HGF) was first identified as a
mitogen of hepatocytes that promoted hepatocyte prolifera-
tion and differentiation (10). In 2011, the HGF/Met axis was
reported to facilitate hepatic glucose uptake and restrain
hepatic glucose output, thus restoring insulin responsive-
ness in an insulin-resistant mouse model (11). Moreover, the
HGF/Met axis was reported to be the key signaling pathway
inhibited during hepatic steatosis and insulin resistance caused
by mineralocorticoid receptor deficiency in macrophages (12).
Another study suggested that HGF activation in liver tissues
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prevented insulin resistance (13). Nevertheless, the effect of
HGF on insulin resistance and the molecule regulating the
functions of HGF in the human HCC cell line model are yet
to be explored.

MicroRNAs (miRNAs/miRs) are a class of single-stranded
RNAs that are 18-25 nucleotides in length (14). Although they
do not encode proteins, miRNAs suppress the expression
of protein-coding genes at the post-transcriptional level by
degrading target mRNAs or preventing mRNA translation,
thereby affecting pathophysiological processes, including
tumorigenesis, insulin resistance and the occurrence of
T2DM (15-20). Several studies have investigated the role of
miR-93-5p in human HCC formation. One study reported that
miR-93-5p expression was upregulated in human HCC, where
it exerted a positive effect on hepatoma progression (21).
Similarly, another study suggested that miR-93-5p overexpres-
sion facilitated hepatoma occurrence and development by
targeting PPARG coactivator la (22). In the present study, the
bioinformatics analysis results revealed that miR-93-5p was a
key aberrantly expressed miRNA in HCC tissues that might
directly target HGF. Given the regulatory function of HGF
in insulin resistance, investigating the role of miR-93-5p in
insulin resistance and human HCC is important.

The HepG2 cell line is a human hepatic embryonal tumor
cell line with a phenotype identical to hepatocytes (23). It
has been reported that high level insulin treatment stimulates
insulin receptors on the surface of HepG2 cells by 58%, but
the remaining receptors dampen insulin internalization (24).
The decreased number of surface insulin receptors on HepG2
cells was positively related to the insulin level and stimulation
duration, which indicated that HepG2 cells are an appropriate
model for studying the mechanism underlying the pathogen-
esis of insulin resistance in vitro. The present study aimed to
investigate whether miR-93-5p participated in insulin resis-
tance and tumorigenesis by using an insulin-resistant HepG2
cell model. The results of the present study may provide a
novel diagnostic and therapeutic strategy for T2DM and HCC.

Materials and methods

Bioinformatics analysis. The GSE84402 (25), GSE45050 (26)
and GSE15652 (27) datasets, which were downloaded from
Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.
gov/gds/), are mRNA expression microarrays involving liver
cancer and T2DM. The GSE108724 dataset (28), which was
downloaded from GEO, is a miRNA expression microarray
involving liver cancer. Limma 3.26.8 (https://bioconductor.
org/packages/release/bioc/html/limma.html) was employed to
identify downregulated differentially expressed genes (DEGs)
with an adjusted (adj.)P-value <0.05 and log fold change
(logFC) <-1. The upregulated differentially expressed miRNAs
with an adj.P-value <0.05 and logFC >1 were screened out
using Limma 3.26.8. Gene Expression Profiling Interactive
Analysis (GEPIA, http://gepia.cancer-pku.cn/index.html),
an online tool, was further used to analyze gene expres-
sion in liver HCC (LIHC) tumor and non-tumor samples.
StarBase (https:/string-db.org/) was also employed to predict
the miRNAs targeting the gene of interest. Venny 2.1.0
(https://bioinfogp.cnb.csic.es/tools/venny/) was applied to
overlap the common genes and miRNAs.

Patient sample collection. A total of 62 patients (46-68 years
old) diagnosed with HCC with T2DM (n=31) or without T2DM
(n=31) were recruited from Wuhan Third Hospital (Wuhan,
China) between April 2015 and December 2019. HCC tissues
and adjacent healthy hepatic tissues (distance from tumor
margin, <3 cm) confirmed by pathology were collected by
performing a tumorectomy. Once the tissues were collected,
the patients received first-line chemotherapy. All patients
provided written informed consent. The present study was
approved by the Ethics Committee of Wuhan Third Hospital
(approval no. KY2020-015). The clinical characteristics of the
patients are presented in Table I.

Cell culture and insulin-resistant cell model. The HepG2
cell line, which was identified as a human HCC cell line by
STR profiling, was obtained from China Infrastructure of
Cell Line Resources, Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences. HepG2 cells were
cultured in Minimum Essential Medium Eagles with Earle's
Balanced Salts (MEM-EBSS; Table II) supplemented with
10% FBS (cat. no. 10093; Gibco; Thermo Fisher Scientific,
Inc.) and 1% non-essential amino acids (cat. no. 11140050;
Gibco; Thermo Fisher Scientific, Inc.) at 37°C with 5% CO,.
To establish the insulin-resistant cell model, HepG2 cells were
cultured for 48 h in high glucose content [30 mM glucose;
insulin resistance group (IR)] at 37°C with 5% CO,. In the
control group (CON), HepG2 cells were cultured for 48 h in
normal culture medium at 37°C with 5% CO,.

Glucose consumption assay. Glucose concentrations
in HepG2 cell culture medium were assessed using the
Glucose Colorimetric Detection kit (Invitrogen; Thermo
Fisher Scientific, Inc.). Briefly, HepG2 cells were seeded
(2x10° cells/well) into a 96-well plate with five blank wells.
Cells were cultured in high glucose solution (30 mM). At
80% confluence, culture conditions were returned to normal
culture conditions. Subsequently, 100 nM insulin (Gibco;
Thermo Fisher Scientific, Inc.) was added to cells and
incubated for 15 min at 37°C. Glucose consumption was
detected at 0, 4, 8, 12, 24 and 30 h. Glucose consumption
was calculated according to the following formula: Glucose
concentration of blank wells - glucose concentration of
cell-containing wells.

Glycogen synthesis assay. HepG2 cell glycogen synthesis
was determined using the EnzyChrom Glycogen Assay kit
(BioAssay Systems) according to the manufacturer's protocol.
HepG2 cells were cultured in high glucose medium or
normal glucose medium for 24 h. Subsequently, cells were
treated with 100 nM insulin for 15 min at 37°C. Cells were
then harvested, lysed in lysis buffer (BioAssay Systems) and
homogenized in 25 mM citrate. Following centrifugation
(37°C, 10,000 x g, 5 min) to remove debris, the supernatant
(10 ul) was seeded into each well. Subsequently, 90 xl working
reagent (containing 87 ul Assay Buffer, 1 ul Enzyme A, 1 ul
Enzyme B and 1 pl Dye Reagent) was added to each reac-
tion well and incubated at room temperature for 30 min. The
optical density at a wavelength of 570 nm was examined using
a microplate reader. Glycogen concentrations were calculated
according to the standard curve.
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Table I. Clinical characteristics of 62 patients with hepatocel-
lular carcinoma.

Table II. Formulation of Minimum Essential Medium Eagles
with Earle's Balanced Salts.

Characteristic Number of patients (n=62) A, Inorganic salts
Age, n (%) Component Quantity (g/1)
<55 34 (55)
55 28 (45) CaCl, (anhydrous) 0.20000
Sex.n (%) MgSO, (anhydrous) 0.09767
’ KCl 0.40000
Male 3353) NaHCO, 1.50000
Female 29047 NaCl 6.80000
Tumor size (cm), n (%) NaH,PO,-H,0 0.14000
=5 30 (48)
< 32(2) B, Vitamins
Histologic grade, n (%)
Gl 20 (32) Component Quantity (g/1)
G2 26 (42)
G3 16 (26) Choline Chloride 0.00100
-1 36 (58) m.yo—I.nosn.ol 0.00200
LIV 26 (42) N1c0t1nam1de; . o 0.00100
D-Pantothenic Acid (hemicalcium) 0.00100
T2bM Pyridoxine-HCI 0.00100
Absence, n (%) 31(30) Riboflavin 0.00010
HOMA-IR 1.8+0.5 Thiamine-HCI 0.00100
HbAlc (%) 74+0.3
Presence, n (%) 31 (50) C. Amino acids
HOMA-IR 43209 :
HbAlc (%) 5.1x0.4 Component Quantity (g/1)
L-Alanine 0.00890
T2DM, type 2 diabetes mellitus; HOMA-IR, Homeostatic Model L-Arginine-HCI 0.12640
Assessment of Insulin Resistance; HbA 1c, hemoglobin Alc. L-Asparagine-H,0 0.01500
L-Aspartic Acid 0.01330
L-Cystine-2HCI 0.03120
Reverse transcription-quantitative PCR (RT-gPCR). Total ~ L-Glutamic Acid 0.01470
RNA was extracted from tissues and cells using RNAiso  L-Glutamine 0.29200
reagents (Takara Bio, Inc.) according to the manufacturer's ~ Glycine 0.00750
protocol. Total RNA was quantified using a NanoDrop2000  L-Histidine-HCI-H,O 0.04190
spectrophotometer (Thermo Fisher Scientific, Inc.). L-Isoleucine 0.05250
Subsequently, RNA (2 ug) was reverse transcribed into cDNA  L-Leucine 0.05250
using the One Step PrimeScript miRNA c¢DNA synthesis kit L-Lysine-HCI 0.07250
(Takara Bio, Inc.) at 37°C for 20 min and 80°C for 2 min or  [.-Methionine 0.01500
the PrimeScript™ Double Strand cDNA Synthesis kit (Takara | ,-phenylalanine 0.03250
Bio, Inc.) at 65°C for 5 min and 42°C for 1 h. Next, gPCR was [ _proline 0.01150
performed using ChamQ Universal SYBR qPCR Master MiX [ _Serine 0.01050
(Vazyme BioTech Co., Ltd.) with thermocycling conditions 1 Threonine 0.04760
as fo{lows: Initial denatuoration at 95°C for 30 sec, 40 cycles L-Tryptophan 0.01000
at .95 C for 5 sec and 60°C for 20 sec. The sequences .Of the L-Tyrosine-2Na-2H,0 0.05190
primers used for qPCR are presented in Table III. miRNA L-Valine 0.04680
and mRNA expression levels were quantified using the 2444 :
method (29) and normalized to the internal reference genes U6
and GAPDH, respectively. D, Other
Cell transfection. The HGF overexpression (OE) vector Component Quantity (g/1)
(OE-HGF), HGF small interfering RNA (si; si-HGF),
D-Gl 1.
miR-93-5p mimic, miR-93-5p inhibitor and their corre- Glucose . 00000
sponding negative controls (NCs) were purchased from Phenol Red, Sodium Salt 0.01000
poncing nes P Sodium Pyruvate 0.11000

Shanghai GenePharma Co., Ltd. (Table SI). pcDNA3.1 empty
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vector was used as the NC for OE-HGF. HepG2 cells were
seeded (2x10* cells/well) into a 6-well plate. Subsequently,
cells were transfected with OE-HGF (2.5 ug), si-HGF (2.5 pug),
miR-93-5p mimic (50 nM), miR-93-5p inhibitor (50 nM) or
the corresponding NCs (50 nM) using Lipofectamine® 3000
Transfection Reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) at 37°C for 48 h. The transfection efficiency and the
subsequent assays were performed 48 h after transfection.
Cells in the NC group were transfected with mimic-NC and
inhibitor-NC, or empty vector and si-NC due to the similar
transfection efficiency of their NC (Figs. S1 and S2).

Western blotting. Total protein was extracted from tissue
lysates or HepG2 cells using RIPA lysis buffer (Beyotime
Institute of Biotechnology) according to the manufacturer's
protocol. Protein concentrations were determined using the
BCA protein assay kit (Beyotime Institute of Biotechnology).
Proteins (10 ug) were separated via 10% SDS-PAGE, and subse-
quently transferred onto PVDF membranes (EMD Millipore).
Following blocking with 5% skimmed milk for 1 h at 25°C, the
membranes were washed three times with PBS. Subsequently,
the membranes were incubated with anti-HGF (1:500;
cat. no. ab83760; Abcam) and anti-GAPDH (1:5,000; cat.
no. ab181602; Abcam) primary antibodies at 4°C overnight.
After washing with PBS, the membranes were incubated with
a Goat Anti-Rabbit IgG H&L secondary antibody (1:5,000;
cat. no. ab205718; Abcam) for 1 h at 25°C. Protein bands were
visualized using the ECL Substrate kit (cat. no. ab133406;
Abcam). Protein expression levels were semi-quantified using
Image-Pro Plus software (version 6.0; Media Cybernetics,
Inc.) with GAPDH as the loading control.

Immunoprecipitation. To detect the Met-INSR complex
in HepG2 cells, the Protein A/G Immunoprecipitation kit
(Beijing Solarbio Science & Technology Co., Ltd.) was used
according to the manufacturer's protocol. HepG2 cells were
cultured in high glucose or normal glucose medium for 24 h.
Subsequently, cells were treated with 100 nM insulin for 15 min
at 37°C. Cells were harvested and lysed using 200 ul RIPA
lysis buffer (Beyotime Institute of Biotechnology). After lysing
the cells for 10 min, the cells were centrifuged at 10,000 x g,
4°C for 5 min. INSR-f} antibody-conjugated magnetic beads
(1:30; cat. no. ab227831; Abcam) were prepared, added to the
whole-cell protein extracts and incubated overnight at 4°C.
Immunoprecipitates were collected using a magnetic separator
and washed three times with lysis buffer. Subsequently, immu-
noprecipitates were separated via SDS-PAGE and subjected
to western blotting with INSR-f (1:1,000; cat. no. ab227831;
Abcam) and HGF antibodies as described above.

Dual-luciferase reporter assay. The wild-type (WT) sequence
of HGF 3'UTR (HGF-WT) and the mutant (MUT) type
sequence of HGF 3'UTR (HGF-MUT) were synthesized
by GeneCreate. HGF-MUT was generated by altering the
sequence of the binding sites from ‘CACGAAC’ to ‘GUGCUU’
and ‘CACUUU’ to ‘GUGAAA’. Subsequently, HGF-WT
and HGF-MUT were cloned into the pmiR-GLO vector
(Promega Corporation). HepG2 cells were co-transfected
with 2.5 ug HGF-WT or HGF-MUT and 50 nM miR-93-5p
mimic or mimic NC using Lipofectamine 3000 reagent. At

48 h post-transfection, cells were treated with lysis buffer
(GeneCreate). Relative luciferase activities were detected
with a Dual-Luciferase Reporter Assay System (Promega
Corporation) and normalized against Renilla luciferase
activity.

RNA pull-down assay. Both miR-93-5p mimic-biotin (Bio;
Bio-miR-93-5p, 5'-CAAAGUGCUGUUCGUGCAGGUAG-
biotin-3') and mimic-Bio-NC (Bio-NC, 5-UCACAACCUCCU
AGAAAGAGUAGA-biotin-3") were synthesized by Guangzhou
RiboBio Co., Ltd. HepG2 cells were cultured in a 6-well plate.
At 70-80% confluence, cells were transfected with 50 nM
Bio-miR-93-5p mimic or Bio-NC for 48 h using
Lipofectamine 3000 reagent at 37°C. Subsequently, HepG2 cells
were collected and treated with Cell Lysis Buffer (EMD
Millipore). Proteinase K solution and DNase I (EMD Millipore)
were added to remove the protein and DNA at 4°C for 20 min.
After the protein and DNA were removed, samples were incu-
bated with streptavidin magnetic beads (Invitrogen; Thermo
Fisher Scientific, Inc.) at 4°C for 4 h. Streptavidin magnetic
beads were absorbed using a magnetic grate (Thermo Fisher
Scientific, Inc.). Subsequently, RNA was extracted and evalu-
ated via RT-qPCR.

Cell Counting Kit-8 (CCK-8) assay. HepG2 cells were seeded
into a 96-well plate at a density of 2x10* cells/ml. At 12, 24,48
and 72 h post-transfection, cell proliferation was assessed by
performing the CCK-8 assay (Abcam). Briefly, 10 ul CCK-8
solution was added to each well and incubated at 37°C for 4 h.
The optical density was measured at a wavelength of 450 nm
using a microplate reader (BioTek Instruments, Inc.).

BrdU cell proliferation assay.BrdU Cell Proliferation Assay kit
(cat. no. 6813; Cell Signaling Technology, Inc.) was purchased
to perform the BrdU cell proliferation assay. HepG2 cells
(2x10* cells/ml) were seeded into a 96-well plate. Following
culture for 48 h at 37°C, the culture medium was replaced with
BrdU solution and incubated for 1 h. Subsequently, the culture
medium was replaced with 100 ul fixing/denaturing solution
and incubated for 30 min at room temperature. The solution
was removed and the BrdU detection antibody (1:100) was
added to the cells for 1 h at room temperature. Subsequently,
anti-mouse IgG secondary antibody (1:100) and HRP solution
were successively added to the cells to induce the chromogenic
reaction at 25°C. Absorbance was measured at a wavelength of
450 nm using a microplate reader.

Caspase-3 activity assay. To assess cell apoptosis, the caspase-3
Activity Assay kit (Beyotime Institute of Biotechnology) was
used. At 48 h post-transfection, 2.5% trypsin (Gibco; Thermo
Fisher Scientific, Inc.) was used for the digestion and collec-
tion of cells. Subsequently, total protein was extracted from
cells using lysis solution. Then, 40 pl buffer solution, 50 ul
sample and 10 ul Ac-DEVD-pNA were gently mixed and
then incubated for 2 h at 37°C. Absorbance was measured at a
wavelength of 405 nm using a microplate reader.

Statistical analysis. Statistical analyses were performed
using SPSS software (version 23.0; IBM Corp.). For each
experiment, three independent tests were performed. Data
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Table III. Sequences of primers used for reverse transcription-quantitative PCR.

Gene Primer sequences (5'-3)
HGF F: GTAAATGGGATTCCAACACGAACAA
R: TGTCGTGCAGTAAGAACCCAACTC
GAPDH F: GGGTGGTGCAAAGAGAGTCA
R: GCAGGAGGCATTGCTTACAAC
miR-93-5p F: ACACTCCAGCTGGGCAAAGTGCTGTTCGTGC
R: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCTGC
u6 F: GATTAGCATGGCCCCTGC
R: GTCGTATCCAGTGCGTGTCGTCCAGTCGGCAATTGCACTGGATACGACAAAATATG

HGF, hepatocyte growth factor; miR, microRNA; F, forward; R, reverse.

are presented as the mean + SD. An unpaired Student's t-test
was used to analyze comparisons between two groups.
One-way or two-way ANOVA followed by Tukey's post hoc
test were used to analyze comparisons among multiple groups.
Pearson's correlation coefficient analysis was performed to
assess the correlation between miR-93-5p expression and HGF
expression. P<0.05 was considered to indicate a statistically
significant difference.

Results

HGF is a biomarker of insulin resistance. To analyze down-
regulated DEGs associated with liver cancer and T2DM
(adj.P <0.05 and logFC <-1), three datasets (GSE8442,
GSE45050 and GSE15653) were downloaded from GEO. After
performing Venny 2.1.0 analysis, the only overlapping gene
among all three microarrays was HGF (Fig. 1A). Subsequently,
GEPIA was used to assess HGF expression in LIHC. The
GEPIA results demonstrated that HGF expression was signifi-
cantly reduced in LIHC samples compared with non-tumor
samples (Fig. 1B). RT-qPCR analysis of HGF mRNA expres-
sion levels in HCC and adjacent healthy samples from patients
with HCC with or without T2DM was performed. The results
demonstrated that HGF expression was significantly lower in
both HCC tissues and adjacent healthy tissues isolated from
patients with T2DM compared with adjacent healthy tissues
isolated from patients without T2DM (Fig. 1C).

Furthermore, western blotting was performed to measure
HGF protein expression levels in HCC tissues and adjacent
healthy tissues isolated from patients with or without T2DM.
The results demonstrated that HGF protein expression levels
were significantly lower in HCC tissues isolated from patients
with or without T2DM and in adjacent healthy tissues isolated
from patients with T2DM compared with adjacent healthy
tissues isolated from patients without T2DM (Fig. 1D).
Subsequently, HepG2 cells were treated with glucose (30 mM)
to establish an insulin-resistant model in vitro. Glucose
consumption was measured to assess the insulin-resistant
model. The results demonstrated that compared with the 0 h
time point group, glucose consumption significantly peaked
within 1 h after adding insulin. Compared with the 0 h time
point, glucose consumption significantly decreased to a
minimum level after 12 h and then significantly increased

after 24 h (Fig. 1E); therefore, 24 h was selected as the insulin
intervention period for the HepG2 insulin-resistant model.

To further verify insulin resistance in HepG2 cells treated
with high glucose concentration, insulin-stimulated glucose
consumption and glycogen synthesis in HepG2 cells treated
with high glucose (IR group) or normal (CON group) culture
medium for 24 h were compared. The results demonstrated
that both glucose consumption and glycogen synthesis were
significantly decreased in the IR group compared with the
CON group, which indicated the occurrence of insulin resis-
tance in HepG2 cells treated in medium with high glucose
concentration (Fig. 1F and G). It has been reported that HGF
regulates hepatic glucose metabolism via the HGF/Met axis.
As the receptor of HGF, Met can transmit the HGF signal to
directly engage INSR and form a Met-INSR hybrid complex,
which in turn activates a series of insulin responses to promote
glucose catabolism (11). In this context, the abundance of the
Met-INSR complex can serve as a marker influencing an
insulin response (30). By performing immunoprecipitation
assays, the results demonstrated that there was an abundance
of the Met-INSR complex in the IR group. The abundance of
the Met-INSR complex was significantly lower by ~50% in
the IR group compared with the CON group, suggesting that
insulin sensitivity was reduced in the IR group (Fig. 1H).
Subsequently, RT-qPCR and western blotting were performed
to detect the expression levels of HGF in the CON and IR
groups in HepG2 cells. HGF mRNA and protein expression
levels were significantly decreased in the IR group compared
with the CON group (Fig. 1I and J). Overall, the results
suggested that HGF was associated with insulin resistance
and that it might serve as a biomarker of insulin resistance in
HepG2 cells.

HGF inhibits insulin resistance and cell proliferation, but
promotes cell apoptosis in HepG2 cells. Based on the hypoth-
esis that the HGF gene might serve as a biomarker of insulin
resistance in HepG2 cells, the role of HGF in insulin-resistant
HepG?2 cells was investigated. HepG2 cells transfected with
si-HGF or OE-HGF were cultured with 30 mM glucose
(IR + si-HGF or IR + OE-HGF, respectively). For the control
group, HepG2 cells were cultured in normal culture medium.
Western blotting and RT-qPCR were performed to detect trans-
fection efficiency. si-HGF significantly reduced HGF mRNA
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Figure 1. HGF is a biomarker of insulin resistance. (A) HGF was the only overlapping gene among the GSE84402, GSE45050 and GSE15653 datasets.
GSEB84402, GSE45050 and GSE15653 profiles are mRNA microarrays involved in liver cancer and T2DM. (B) By performing Gene Expression Profiling
Interactive Analysis, the results indicated that HGF expression was reduced in LIHC samples. HGF (C) mRNA and (D) protein expression levels in HCC
tissues and adjacent healthy tissues isolated from patients with or without T2DM were measured via RT-qPCR and western blotting, respectively. (E) Period

of glucose consumption in HepG2 cells. (F) Glucose consumption in HepG2 ¢
consumption assays. (G) Glycogen synthesis in HepG2 cells with or without
(H) Met-INSR complex abundance in insulin-resistant HepG2 cells was detecte

ells with or without insulin resistance was examined by performing glucose
insulin resistance was examined by performing glycogen synthesis assays.
d via immunoprecipitation assays. HGF (I) mRNA and (J) protein expression

levels in HepG2 cells with or without insulin resistance were detected via RT-qPCR and western blotting, respectively. Data are presented as the mean + SD.
“P<0.05 and “P<0.001 vs. CON. HGF, hepatocyte growth factor; LIHC, liver hepatocellular carcinoma; T2DM, type 2 diabetes mellitus; RT-qPCR, reverse
transcription-quantitative PCR; Met-INSR, Met-insulin receptor; CON, normal culture; IR, insulin resistance; HCC, hepatocellular carcinoma; IB, immunob-

lotting; IP, immunoprecipitation; T, tumor; N, non-tumor.

and protein expression levels by ~70% in insulin-resistant HepG2
cells compared with the IR group (Fig. 2A and B). Moreover,
OE-HGF significantly increased HGF mRNA expression in
insulin-resistant HepG2 cells by >200% compared with the IR

group (Fig. 2A). The western blotting results demonstrated that
OE-HGEF also significantly increased the protein expression
levels of HGF in insulin-resistant HepG2 cells to a level almost
twice as high compared with the IR group (Fig. 2B). Consistent
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Figure 2. Effect of HGF on insulin resistance and tumorigenesis in HepG2 cells. Insulin-resistant HepG2 cells were transfected with si-HGF or OE-HGF. HGF
(A) mRNA and (B) protein expression levels were measured via reverse transcription-quantitative PCR and western blotting, respectively. Cell (C) viability,
(D) proliferation, (E) apoptosis, (F) glucose consumption and (G) glycogen synthesis were assessed by performing Cell Counting Kit-8, BrdU, caspase-3
activity, glucose consumption and glycogen synthesis assays, respectively. (H) Met-INSR complex abundance was assessed by performing immunoprecipita-
tion assays. Data are presented as the mean + SD. "P<0.05 and “"P<0.001 vs. CON; “P<0.05 and *"P<0.001 vs. IR. HGF, hepatocyte growth factor; si, small
interfering RNA; OE, overexpression; Met-INSR, Met-insulin receptor; CON, blank control; IR, insulin resistance; NC, negative control (mimic-NC + inhib-

itor-NC); IB, immunoblotting; IP, immunoprecipitation.

with aforementioned results in insulin-resistant cells, control
HepG2 cells (non-IR) transfected with si-HGF displayed signif-
icantly reduced HGF mRNA and protein expression levels,
whereas transfection with OE-HGF significantly elevated HGF
mRNA and protein expression levels compared with the CON
and combined NC groups (Fig. S1). The aforementioned results
suggested high transfection efficiency of si-HGF and OE-HGF
in control and insulin-resistant HepG2 cells.

In terms of insulin resistance, OE-HGF significantly
suppressed HepG2 cell viability compared with the IR and
CON groups (Fig. 2C). By contrast, si-HGF significantly

enhanced HepG?2 cell viability compared with the IR and
CON groups. A BrdU assay was performed to assess HepG2
cell proliferation. Furthermore, OE-HGF significantly
suppressed cell proliferation by 40%, whereas si-HGF signifi-
cantly enhanced cell proliferation by ~30% compared with
the IR group (Fig. 2D). The caspase-3 activity assay results
demonstrated that si-HGF significantly decreased cell apop-
tosis by 50%, whereas OE-HGF significantly enhanced cell
apoptosis by 5-fold compared with the IR group (Fig. 2E).
Similarly, compared with the IR group, glucose consumption
and glycogen synthesis were significantly decreased by 30% in
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the IR + si-HGF group, but significantly increased by 40% in
the IR + OE-HGF group (Fig. 2F and G).

To further determine the effect of HGF on insulin resistance,
Met-INSR complex abundance in HepG2 cells under different
treatment conditions was determined. HGF knockdown signif-
icantly decreased Met-INSR complex abundance by 50%,
but HGF overexpression significantly increased Met-INSR
complex abundance by 2-fold increase in insulin-resistant
HepG2 cells compared with the IR group (Fig. 2H). Overall,
the results indicated the inhibitory effect of HGF on insulin
resistance and tumorigenesis in HepG2 cells.

HGF is a downstream target gene of miR-93-5p in HepG2
cells. To identify the key miRNA that participated in insulin
sensitivity by targeting HGF, the GSE108724 miRNA expres-
sion microarray was used to identify upregulated miRNAs in
liver cancer. starBase was also used to identify miRNAs that
bound to HGF 3'UTR. miR-93-5p was the only miRNA that
overlapped between the analysis of the GSE108724 dataset
and the starBase analysis (Fig. 3A). Based on the starBase
results, it was hypothesized that miR-93-5p might target HGF;
therefore, WT and MUT sequences of HGF 3'UTR were
constructed (Fig. 3B). The dual-luciferase reporter assay results
demonstrated that miR-93-5p mimic significantly suppressed
the luciferase activity of HGF-WT by ~50% compared with
the mimic NC group, which further indicated that miR-93-5p
targeted HGF in insulin-resistant HepG2 cells (Fig. 3C). In
addition, the RNA pull-down assay results demonstrated that
that miR-93-5p mimic effectively pulled down HGF (Fig. 3D).

Although miR-93-5p expression was significantly higher in
HCC tissues compared with adjacent healthy tissues without
T2DM, it was not significantly different between adjacent
healthy tissues isolated from patients with T2DM and adjacent
healthy tissues isolated from patients without T2DM (Fig. 3E).
Subsequently, a correlation analysis between miR-93-5p
expression and HGF expression was conducted. The results
demonstrated that miR-93-5p expression was negatively
correlated with HGF expression (Fig. 3F). Furthermore,
in insulin-resistant HepG2 cells, miR-93-5p inhibitor
significantly downregulated miR-93-5p expression by ~70%,
whereas miR-93-5p mimic significantly increased miR-93-5p
expression by 2.5-fold compared with the CON group or
combined NC group (Figs. 3G and S2). Moreover, miR-93-5p
inhibitor significantly increased HGF protein expression
levels in insulin-resistant HepG2 cells by >50%, whereas
miR-93-5p mimic significantly suppressed HGF expression by
~50% compared with the CON group (Fig. 3H).

miR-93-5p promotes insulin resistance and the progression
of HepG?2 cells by restraining HGF. To investigate whether
miR-93-5p promoted insulin resistance in HepG2 cells, several
experiments were conducted. HepG2 cells co-transfected
with miR-93-5p mimic or OE-HGF + miR-93-5p mimic were
cultured with in high concentration glucose (IR + mimic or
IR + OE-HGF + mimic, respectively). RT-qPCR and western
blotting were performed to detect HGF mRNA and protein
expression levels following miR-93-5p or HGF overexpression.
miR-93-5p mimic significantly downregulated HGF mRNA
and protein expression levels in insulin-resistant HepG2 cells
compared with the IR group. However, co-transfection of

miR-93-5p mimic and OE-HGF resulted in HGF expression
levels in insulin-resistant HepG2 cells that were comparable
with the IR group (Fig. 4A and B). Based on the CCK-8 assay
results, HepG2 cell viability was significantly increased by
miR-93-5p mimic compared with the IR group (Fig. 4C).
However, co-transfection of OE-HGF and miR-93-5p mimic
restored HepG2 cell viability to a similar level compared with
the IR group. Similarly, the BrdU assay results demonstrated
that HepG2 cell proliferation was significantly increased
by 22% by miR-93-5p mimic compared with the IR group,
which was reversed by co-transfection with OE-HGF (Fig. 4D).

Furthermore, the caspase-3 activity assay results demon-
strated that miR-93-5p mimic significantly decreased
HepG?2 cell apoptosis under insulin resistance conditions by
~30% compared with the IR group (Fig. 4E). Co-transfection
of miR-93-5p mimic and OE-HGF induced similar levels
of cell apoptosis in insulin-resistant HepG2 cells compared
with the IR group. miR-93-5p mimic also significantly
reduced glucose consumption and glycogen synthesis in
insulin-resistant HepG2 cells compared with the IR group,
but co-transfection with OE-HGF reversed miR-93-5p
mimic-mediated effects (Fig. 4F and G). Moreover, miR-93-5p
mimic significantly downregulated the abundance of the
Met-INSR complex by 50% in insulin-resistant HepG2 cells
compared with the IR group, and co-transfection with OE-HGF
reversed miR-93-5p mimic-mediated effects (Fig. 4H). Overall,
the results demonstrated the inhibitory effect of HGF on insulin
resistance and tumorigenesis in HepG2 cells. Furthermore, the
results indicated that miR-93-5p enhanced insulin resistance
and the progression of HepG2 cells by inhibiting HGF.

Discussion

T2DM is a serious health condition characterized by high
blood sugar and can trigger the development of other diseases,
including HCC (8). Therefore, identifying molecular targets
that can neutralize the negative effects of T2DM is important.
Despite displaying different pathogeneses, T2DM has a mutually
reinforcing effect with HCC (8). By identifying the molecular
mechanism underlying insulin resistance in cells with HCC
important, patients with HCC can be effectively protected against
T2DM. In the present study, miR-93-5p expression was signifi-
cantly increased and HGF expression was significantly decreased
in HCC tissues isolated from patients with or without T2DM
compared with adjacent healthy tissues isolated from patients
without T2DM. The present study indicated that miR-93-5p could
accelerate the tumor phenotype of HepG2 cells and promote
insulin resistance in HepG2 cells by directly targeting HGF.

In the case of human HCC, the homeostasis of the liver is
not well regulated, resulting in impaired metabolic function,
including dysregulated glucose metabolism, which further
leads to insulin resistance and T2DM (31). HGF, the dominant
molecule activating Met signaling, has been widely reported
to display cancer suppressive effects (32-34). However, the
role of HGF in HCC is not completely understood. Following
injury, HGF is a key factor in the maintenance of hepatic
homeostasis (35), suggesting that HGF could serve as a puta-
tive factor in the prevention of insulin resistance and T2DM.
Similarly, previous studies reported that HGF could stimu-
late glucose uptake, and protect against obesity and insulin
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Figure 3. HGF is a downstream target gene of miR-93-5p in HepG2 cells. (A) miR-93-5p was the only overlapping miRNA between the GSE108724 dataset and
starBase analyses. GSE108724 is a miRNA expression microarray. starBase was used to predict the miRNAs targeting HGF. (B) starBase was used to predict
the binding sites between HGF and miR-93-5p. (C) Dual-luciferase reporter assays were performed to assess the interaction between HGF and miR-93-5p.
“P<0.001. (D) RNA pull-down assays were conducted to verify the target relationship between HGF and miR-93-5p. (E) miR-93-5p expression levels in HCC
tissues and adjacent healthy tissues isolated from patients with or without T2DM. (F) Pearson's correlation coefficient analysis was performed to assess the
correlation between miR-93-5p expression and HGF expression. (G) miR-93-5p expression levels in insulin-resistant HepG2 cells following transfection with
miR-93-5p inhibitor or miR-93-5p mimic. (H) HGF protein expression levels in insulin-resistant HepG2 cells following transfection with miR-93-5p inhibitor
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diabetes mellitus; WT, wild-type; MUT, mutant; NC, negative control (mimic-NC + inhibitor-NC); HCC, hepatocellular carcinoma; CON, blank control.

resistance (36,37). Therefore, it was hypothesized that HGF
might participate in the regulation of insulin resistance and
T2DM in HepG?2 cells.

In the present study, the results demonstrated that HGF
suppressed the tumor phenotype progression of HepG2
cells, which was consistent with previous studies on other

types of cancer, such as bladder, head and neck, and cervical
cancer (32-34). Moreover, the results indicated that HGF
decreased insulin resistance in HepG2 cells, which was also
consistent with previous studies (36,37). Therefore, the present
study identified HGF as a potential molecule that protected
against HCC and T2DM.
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Figure 4. miR-93-5p promotes insulin resistance to regulate the progression of HepG2 cells by targeting HGF. Insulin-resistant HepG2 cells were transfected
with miR-93-5p mimic or miR-93-5p mimic + OE-HGF. HGF (A) mRNA and (B) protein expression levels were measured via reverse transcription-quan-
titative PCR and western blotting, respectively. Cell (C) viability, (D) proliferation (E) apoptosis, (F) glucose consumption and (G) glycogen synthesis were
assessed by performing Cell Counting Kit-8, BrdU, caspase-3 activity, glucose consumption and glycogen synthesis assays, respectively. (H) Met-INSR
complex abundance was assessed by performing immunoprecipitation assays. Data are presented as the mean + SD. "P<0.05 and “P<0.001 vs. CON; “P<0.05
and “P<0.001 vs. IR. miR, microRNA; HGF, hepatocyte growth factor; OE, overexpression; Met-INSR, Met-insulin receptor; CON, blank control; IR, insulin

resistance; NC, negative control (mimic-NC + pcDNA3.1).

miRNAs are a class of regulatory molecules that affect
glucose metabolism and cancer development (19,38). The
bioinformatics analysis conducted in the present study
indicated that miR-93-5p might target HGF and participate
in the development of liver cancer. Based on the literature,
miR-93-5p has been reported to serve considerable roles in
tumorigenesis in multiple types of cancer, including gastric
cancer (39), small cell lung cancer (40), and squamous cell
carcinoma of the head and neck (41). The aforementioned

studies demonstrated that miR-93-5p promoted tumorigenesis.
Apart from its tumorigenesis role, miR-93-5p also enhanced
human HCC cell proliferation (22,42). Given the mutually
promoting action between human HCC and insulin resis-
tance triggered T2DM, it was hypothesized that miR-93-5p
might mediate the occurrence of insulin resistance in HCC
cell lines. Similar to previous studies, the results of the
present study demonstrated that compared with the IR group,
miR-93-5p mimic significantly promoted cell proliferation,
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but significantly inhibited cell apoptosis in insulin-resistant
HepG2 cells, which indicated a tumor promoting effect of
miR-93-5p in HCC. Furthermore, in the present study, several
assays, including glucose consumption and glycogen synthesis
assays, were performed to determine the role of miR-93-5p
in insulin resistance. miR-93-5p expression was significantly
increased in HCC tissues isolated from patients with T2DM
compared with adjacent tissues isolated from patients without
T2DM. Moreover, the results indicated that miR-93-5p
promoted insulin resistance in HepG2 cells. Furthermore, the
results of the present study indicated that miR-93-5p mediated
its effects on insulin-resistant HepG2 cells by inhibiting HGF.

The present study had a number of limitations. First, the
effect of the miR-93-5p/HGF axis on insulin resistance in vivo
was not assessed. In future studies, an appropriate animal model
should be constructed to assess the effect of the miR-93-5p/HGF
axis on insulin resistance in vivo. Moreover, the present study
only used HCC cell lines and tissues isolated from patients with
HCC, which made it difficult to assess whether the proposed
mechanism was only suitable for patients with diabetes.
According to the results of the present study, HGF expression
was downregulated and miR-93-5p expression was upregulated
in HCC tissues with or without T2DM compared with adjacent
healthy hepatic tissues of patients with HCC without T2DM.
Although the results did not entirely represent the expression
patterns of HGF and miR-93-5p in patients with T2DM and
healthy controls, the results suggested that there might be a
similar regulatory mechanism in patients with T2DM alone.

In summary, the present study suggested that miR-93-5p
enhanced insulin resistance to regulate T2DM progression in
HepG?2 cells by targeting HGF. The results of the present study
further suggested that miR-93-5p or HGF might serve as novel
therapeutic targets for T2DM.
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