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circ-PRKCI targets miR-1294 and miR-186-5p
by downregulating FOXK1 expression to suppress
glycolysis in hepatocellular carcinoma
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Abstract. Numerous human circular RNAs (circRNAs/circ)
have been functionally characterized. However, the potential
role of circ-protein kinase C iota (PRKCI) in hepatocellular
carcinoma (HCC) remains unknown. The effects of each
transfection and expression levels of circ-PRKCI, microRNA
(miR)-1294, miR-186-5p and forkhead box K1 (FOXK1) in
HCC cells were analyzed using reverse transcription-quantitative PCR analysis. The interactions between circ-PRKCI and
miR-1294 or miR-186-5p, and miR-1294 or miR-186-5p and
FOXK1 were validated using dual luciferase reporter assays.
The viability, invasion and migration of HCC cells were
determined using Cell Counting Kit-8, Transwell and wound
healing assays, respectively. The expression levels of FOXK1,
hexokinase-2 (HK2), glucose transporter 1 (GLUT1) and
lactate dehydrogenase A (LDHA) in HCC cells were analyzed
using western blotting. The levels of glucose and lactic acid
in the cultured supernatant were detected using commercially
available kits. The results of the present study revealed that
miR-1294 and miR-186-5p expression levels were downregulated in the HCC cell line, HCCLM3, and were subsequently
downregulated by circ-PRKCI overexpression and upregulated
by the knockdown of circ-PRKCI. circ-PRKCI overexpression
promoted the viability, invasion and migration of HCCLM3
cells, which was also reversed by the overexpression of
miR-1294 and miR-186-5p. In addition, the overexpression of
circ-PRKCI upregulated FOXK1 expression levels, while the
overexpression of miR-1294 and miR-186-5p downregulated
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FOXK1 expression levels. Conversely, the knockdown of circPRKCI expression downregulated FOXK1 expression levels,
while the knockdown of miR-1294 and miR-186-5p upregulated FOXK1 expression levels. Furthermore, circ-PRKCI was
identified to target miR-1294 and miR-186-5p, and miR-1294
and miR-186-5p were subsequently found to target FOXK1.
The overexpression of circ-PRKCI also increased glucose and
lactic acid levels, while the knockdown of FOXK1 decreased
glucose and lactic acid levels. The knockdown of circ-PRKCI
decreased glucose and lactic acid levels, which were reversed
by FOXK1 overexpression. In conclusion, the findings of the
present study suggested that circ-PRKCI may promote the
viability, invasion and migration of HCC cells by sponging
miR-1294 and miR-186-5p to upregulate FOXK1 expression
levels.
Introduction
Primary liver cancer refers to the primary malignant cancer
located in the hepatocytes or bile duct cells in the liver (1).
In China, liver cancer has the fifth highest incidence rate
(accounting for 9% of all cancer-related incidences) and is
the second leading cause of death (accounting for 13% of all
cancer-related mortalities); therefore, liver cancer has a significant impact on the life and health of individuals (2). Amongst
the subtypes of liver cancer, hepatocellular carcinoma (HCC)
has the highest incidence and accounts for >80% of primary
liver cancer types (3). Currently, there are various therapeutic
approaches available for HCC, including surgical resection, cryotherapy, laser therapy and interventional surgery;
however, due to the highly invasive and metastatic nature of
HCC, the median survival time of patients with advanced
HCC is only 3-6 months, and the 5-year survival rate remains
at 12.5% (4,5). Therefore, the pathological mechanisms of
HCC at the molecular level should be further investigated to
determine effective treatment targets for HCC.
Circular RNAs (circRNAs/circs) are a type of non-coding
RNA formed by the covalent bonding between the 5' and
3' ends of linear precursor RNA through a reverse splicing
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mechanism, which is associated with gene transcription
and post-transcriptional gene expression regulation (6). The
expression levels of circ-protein kinase C iota (PRKCI) have
been discovered to be upregulated in gastric cancer and
promoted the proliferation, invasion and migration of gastric
cancer cells (7). circ-PRKCI was also found to bind with
microRNA (miRNA/miR) as a competitive RNA to promote
the progression of esophageal squamous cell carcinoma (8).
Furthermore, the upregulation of circ-PRKCI expression
levels was discovered to enhance the proliferation and migration of HCC cells. The upregulated expression levels were also
positively associated with an increase in infiltration depth and
tumor node metastasis classification (9). In the present study,
StarBase was used to predict the target genes of circ-PRKCI.
Notably, the upregulation of miR-1294 expression levels
was demonstrated to inhibit the proliferation and promote
the apoptosis of HCC cells (10). miR-186-5p expression
levels were reported to be downregulated in HCC tissues
and cells, which promoted the tumorigenesis and metastasis
of HCC, while the overexpression of miR-186-5p suppressed
the viability and increased the apoptosis and autophagy of the
cancer cells (11,12). In addition, multiple previous studies have
suggested that both miR-1294 and miR-186-5p could regulate
the expression levels of forkhead box K1 (FOXK1) (13,14).
FOXK1 expression levels were discovered to be upregulated in
liver cancer cells, which regulated glycolysis and subsequently
affected the viability of liver cancer cells (15).
However, whether circ-PRKCI can regulate FOXK1
through miR-1294 and miR-186-5p to affect glycolysis in HCC
cells remains to be determined.
Materials and methods
Plasmids. For the stable overexpression (Ov) of circ-PRKCI
and FOXK1, sequences were cloned into pcDNA3.1 vectors
(Invitrogen; Thermo Fisher Scientific, Inc.); empty plasmids
were used as the negative control (NC) for the overexpression
plasmids. The following small interfering RNAs (siRNA/si)
and miRNA oligonucleotides were obtained from Guangzhou
RiboBio Co., Ltd.: Si-NC (cat. no. siB06525141922-1-5),
si-circ-PRKCI-1 (cat. no. siB0804170942011-1-5), si-circPRKCI-2 (cat. no. siB0804170942012-1-5), si-FOXK1-1
(cat. no. siG151012011528-1-5), si-FOX K1-2 (cat.
no. siG151012011536-1-5), mimic-NC (cat. no. miR1N0000001-1-5),
miR-1294 mimic (cat. no. miR10005884-1-5), miR-186-5p
mimic (cat. no. miR10000456-1-5), miR-1294 inhibitor
(cat. no. miR20005884-1-5) and miR-186-5p inhibitor (cat.
no. miR20000456-1-5).
Cell culture. The human hepatic epithelial cell line, THLE-3,
was obtained from the American Type Culture Collection and
the HCC cell line, HCCLM3, was purchased from Procell Life
Science & Technology Co., Ltd. THLE-3 and HCCLM3 cells
were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin, and
maintained in a humidified atmosphere at 37˚C with 5% CO2.
Cell transfection. HCCLM3 cells were cultured until reaching
the logarithmic stage and then seeded at a cell density of

1x105 cells/ml into a 6-well plate. The cells were subsequently
incubated in an incubator at 37˚C for 24 h until the cells
adhered to the wall and the confluence reached 70%. The
HCCLM3 cells were subsequently transfected with plasmids,
siRNAs or oligonucleotides using Lipofectamine ® 2000
transfection reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) at 37˚C for 48 h, and cells then were used for subsequent
experimentation.
Reverse transcription-quantitative PCR (RT-qPCR). Total
RNA was extracted from cells using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) A total of 2 µg
RNA was reverse transcribed into cDNA using a Transcriptor
First Strand cDNA Synthesis kit (Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. qPCR was
subsequently performed using a SYBR-Green Real-time PCR
kit (Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocol. The following thermocycling conditions were used for the qPCR: Initial denaturation at 95˚C for
5 min; followed by 40 cycles of denaturation at 95˚C for 15 sec,
annellation at 60˚C for 15 sec and extension at 72˚C for 45 sec.
The following primer sequences were used for the qPCR: circPRKCI forward, 5'-CGGAGGTTCCAGCTCGTTAGTC-3'
and reverse, 5'-GCAACCGGAATGTGGAATTGA-3';
FOXK1 forward, 5'-GCCACAAAGGCTGGCAGAATT-3'
and reverse, 5'-TGGCTTCAGAGGCAGGGTCTAT-3';
GAPDH forward, 5'-TCGACAGTCAGCCGCATCTT-3'
and reverse, 5'-GAGTTAAAAGCAGCCCTGGTG-3';
miR-1294 forward, 5'-TATGATCTCACCGAGTCCT-3'
a nd r ever se, 5'- CACC T TCC TA ATCC TCAGT T-3';
miR‑186-5p forward, 5'-AAGAATTCTCCTTTTGGGCT-3'
and reverse, 5'-GTGCGTGTCGTGGAGTCG-3'; and U6
forward, 5'-AGGTGTGTGCTGCTATGAAC-3' and reverse,
5'-CAGGGCATTTGTCATTATTG-3'. GAPDH or U6 were
used as the internal reference genes for mRNA and miRNA,
respectively, and the 2-∆∆Cq method (16) was used to quantify
the relative expression levels of circ-PRKCI, miR-1294, miR186-5p and FOXK1.
Dual luciferase reporter assay. circ-PRKCI-wild-type (WT),
circ-PRKCI-mutant (MUT), FOXK1-WT and FOXK1-MUT
3'-untranslated region (UTR) sequences were cloned into
pmirGLO plasmids (Promega Corporation). The pmirGLO
plasmids were subsequently co-transfected into HCCLM3
cells with the miR-1294, miR-186-5p mimic or miR-NC using
Lipofectamine 2000 reagent. After transfection for 48 h, the
relative luciferase (Luc) activity was measured using a Dual
Luciferase Reporter assay system (Promega Corporation)
and the Luc value was normalized to the Renilla (R)-Luc
value.
Cell Counting Kit-8 (CCK-8) assay. HCCLM3 cells from each
group were plated into a 96-well plate (5x103 cells/well) and
cultured overnight at 37˚C. Following incubation for 24 h, the
medium was removed and HCCLM3 cells were rinsed with
PBS. Subsequently, 10 µl CCK-8 solution (Beyotime Institute
of Biotechnology) was added/well and incubated at 37˚C with
5% CO2 for 2 h. The absorbance of each group at 24 h was
measured at a wavelength of 450 nm with a microplate reader
to reflect the change in the cell viability.
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Wound healing assay. HCCLM3 cells from each group were
seeded into 12-well plates (5x104 cells/well) and cultured in
DMEM with 5% FBS at 37˚C. After reaching 100% confluence, a 200-µl sterile pipette tip was used to scratch the
confluent monolayer; the cells were then washed with PBS to
remove the non-adherent cells. The cells were subsequently
cultured with serum-free DMEM at 37˚C for 24 h. The wound
area at 0 and 24 h was imaged using a light microscope
(magnification, x100).
Transwell assay. A total of 3x104 cells from each group were
seeded in serum-free DMEM into the upper chamber of
Transwell plates precoated with Matrigel at 37˚C for 30 min
and then cultured at 37˚C for 24 h. DMEM supplemented
with 10% FBS was plated into the lower chamber. Following
incubation for 24 h at 37˚C, the cells remaining on the upper
surface of the membrane were removed. The invasive cells in
the lower chamber were fixed with 4% paraformaldehyde at
room temperature for 30 min and stained with 0.2% crystal
violet solution for 10 min at room temperature. Finally, the
membrane was washed with PBS once and visualized under a
light microscope (magnification, x100).
Western blotting. HCCLM3 cells from each group were
collected and total protein was extracted using RIPA lysis
buffer (Beyotime Institute of Biotechnology) at 3,000 x g
at 4˚C for 15 min. Total protein was quantified using a
BCA assay kit (Pierce; Thermo Fisher Scientific, Inc.) and
20 µg protein/lane was separated via 12% SDS-PAGE. The
separated proteins were transferred onto PVDF membranes
and blocked at room temperature with 5% skimmed milk
for 30 min. The membranes were then incubated overnight
at 4˚C with the following primary antibodies: Anti-FOXK1
(1:1,000; cat. no. ab18196; Abcam), anti-hexokinase-2 (HK2;
1:1,000; cat. no. ab209847; Abcam), anti-glucose transporter 1
(GLUT1; 1:200; cat. no. ab150299; Abcam), anti-lactate dehydrogenase A (LDHA; 1:1,000; cat. no. ab101562; Abcam) and
anti-GAPDH (1:1,000; cat. no. ab8245; Abcam). Following the
primary antibody incubation, the membranes were incubated
with an anti-rabbit IgG HRP-conjugated antibody (1:2,000;
cat. no. ab6721; Abcam) or anti-mouse IgG HRP-conjugated
antibody (1:1,000; cat. no. 7076; Cell Signaling Technology,
Inc.) for 1 h at room temperature. Protein bands were visualized in a darkroom using ECL reagent (Bio-Rad Laboratories,
Inc.). Densitometric analysis was performed using Image-Pro
Plus software (version 6.0; Media Cybernetics, Inc.)
Detection of glucose and lactic acid levels. Following transfection for 24 h, HCCLM3 cells were centrifuged at 3,000 x g
at 4˚C for 15 min to obtain the supernatant. The levels of
glucose and lactic acid in the supernatant of each group were
analyzed with a Glucose Assay kit (cat. no. E-BC-K234-S;
Elabscience) and a L-Lactic Acid Colorimetric Assay kit (cat.
no. E-BC-K044-S; Elabscience), according to the manufacturers' protocols, respectively, as previously described (17,18).
Statistical analysis. All experiments were repeated three
times. Statistical analysis was performed using SPSS 18.0
software (SPSS, Inc.) and data are presented as the mean ± SD.
Statistical differences between two groups were determined
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using an unpaired Student's t-test, while a one-way ANOVA
with a Tukey's post hoc test was used to determine the
statistical differences between multiple groups. P<0.05 was
considered to indicate a statistically significant difference.
Results
circ-PRKCI regulates the expression levels of miR-1294 and
miR-186-5p in HCC cells. circ-PRKCI expression levels were
significantly upregulated in HCCLM3 cells transfected with
Ov-circ-PRKCI vector compared with the control and Ov-NC
groups (Fig. 1A), while circ-PRKCI expression levels were
downregulated in HCCLM3 cells transfected with si-circPRKCI-1 and si-circ-PRKCI-2 compared with the control and
si-NC groups (Fig. 1B). circ-PRKCI expression levels were
lower in HCCLM3 cells transfected with si-circ-PRKCI-1,
thus si-circ-PRKC1-1 was selected for use in subsequent
experiments. The expression levels of miR-1294 (Fig. 1C) and
miR-186-5p (Fig. 1D) in HCCLM3 cells were downregulated
compared with THLE-3 cells. circ-PRKCI overexpression
significantly downregulated the expression levels of miR-1294
compared with the Ov-NC and control groups (Fig. 1E) and
miR-186-5p (Fig. 1F), while the knockdown of circ-PRKCI
upregulated the expression levels of miR-1294 (Fig. 1G) and
miR-186-5p (Fig. 1H) in HCCLM3 cells compared with the
control and si-NC groups.
circ-PRKCI targets miR-1294 and miR-186-5p. The predicted
binding sites between circ-PRKCI and miR-1294 are shown
in Fig. 2A. The relative Luc activity of cells was significantly decreased following the co-transfection of cells with
miR-1294 mimic and circ-PRKCI-WT compared with cells
co-transfected with miR-NC and circ-PRKCI-WT. There were
no significant differences observed in the relative luciferase
activity of MUT reporter plasmids between cells transfected
with the miRNA mimics and miR-NCs (Fig. 2B). The
predicted binding sites between circ-PRKCI and miR-186-5p
are presented in Fig. 2C. The relative Luc activity was significantly decreased following the co-transfection of cells with
miR-186-5p mimic and circ-PRKCI-WT compared with cells
co-transfected with miR-NC and circ-PRKCI-WT (Fig. 2D).
circ-PRKCI promotes the viability, invasion and migration of
HCC cells by targeting miR-1294 and miR-186-5p. Following
the transfection of HCCLM3 cells with the miR-1294 mimic
or miR-186-5p mimic, the expression levels of miR-1294
(Fig. 3A) and miR-186-5p (Fig. 3B), respectively, were upregulated in HCCLM3 cells compared with cells transfected with
the mimic-NC or the control group. Following the transfection
of HCCLM3 cells with the miR-1294 inhibitor or miR-186-5p
inhibitor, the expression levels of miR-1294 (Fig. 3C) and miR186-5p (Fig. 3D), respectively, were downregulated in HCCLM3
cells compared with cells transfected with inhibitor-NC or
the control group. circ-PRKCI overexpression significantly
promoted the viability of HCCLM3 cells compared with the
Ov-NC and control groups, which was subsequently reversed
following the overexpression of miR-1294 or miR-186-5p
(Fig. 3E). The inhibition of circ-PRKCI also significantly
suppressed the viability of HCCLM3 cells compared with
the si-NC and control groups, which was partially reversed
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Figure 1. circ-PRKCI regulates the expression levels of miR-1294 and miR-186-5p in HCC cells. (A) circ-PRKCI expression levels in HCCLM3 cells following the transfection with Ov-circ-PRKCI were analyzed using RT-qPCR. ***P<0.001 vs. Control; ###P<0.001 vs. Ov-NC. (B) circ-PRKCI expression levels
in HCCLM3 cells following the transfection with si-circ-PRKCI-1 or si-circ-PRKCI-2 were analyzed using RT-qPCR. ***P<0.001 vs. Control; ###P<0.001
vs. si-NC. Expression levels of (C) miR-1294 and (D) miR-186-5p in HCCLM3 and THLE-3 cells were analyzed using RT-qPCR. **P<0.01 vs. THLE-3.
Expression levels of (E) miR-1294 and (F) miR-186-5p in HCCLM3 cells following the transfection with Ov-circ-PRKCI were analyzed using RT-qPCR.
**
P<0.01, ***P<0.001 vs. Control; ##P<0.01, ###P<0.001 vs. Ov-NC. Expression levels of (G) miR-1294 and (H) miR-186-5p in HCCLM3 cells following transfection with si-circ-PRKCI-1 were analyzed using RT-qPCR. ***P<0.001 vs. Control; ###P<0.001 vs. si-NC. circ, circular RNA; PRKC1, protein kinase C iota;
RT-qPCR, reverse transcription-quantitative PCR; si, small interfering RNA; NC, negative control; miR, microRNA; Ov, overexpression.
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Figure 2. circ-PRKCI targets miR-1294 and miR-186-5p. (A) Binding sites between circ-PRKCI and miR-1294 are shown. (B) Dual luciferase reporter assay
was used to validate the direct binding relationship between circ-PRKCI and miR-1294. (C) Binding sites between circ-PRKCI and miR-186-5p are shown.
(D) Dual luciferase reporter assay was used to validate the direct binding relationship between circ-PRKCI and miR-186-5p. ***P<0.001 vs. miR-NC + circPRKCI WT. circ, circular RNA; PRKC1, protein kinase C iota; miR, microRNA; NC, negative control; WT, wild-type; MUT, mutant.

by miR-1294 inhibition or miR-186-5p inhibition (Fig. 3F).
As shown in Fig. 3G-J, circ-PRKCI overexpression significantly promoted the migration and invasion of HCCLM3
cells compared with the Ov-NC and control groups, which
was subsequently reversed following the overexpression of
miR-1294 or miR-186-5p. Conversely, the inhibition of circPRKCI significantly suppressed the migration and invasion of
HCCLM3 cells compared with the Ov-NC and control groups,
which was subsequently reversed following the knockdown of
miR-1294 or miR-186-5p (Fig. 3K-N)
circ-PRKCI regulates FOXK1 expression levels by targeting
miR-1294 and miR-186-5p. The overexpression of circ-PRKCI
upregulated the expression levels of FOXK1 compared with
the control and Ov-NC groups, while the promoting effect of
circ-PRKCI overexpression on FOXK1 expression levels was
significantly suppressed by the overexpression of miR-1294
or miR-186-5p (Fig. 4A). The knockdown of circ-PRKCI
expression significantly downregulated FOXK1 expression
levels compared with the si-NC and control groups, which was
partially reversed following the knockdown by miR-1294 or
miR-186-5p (Fig. 4B). The predicted binding sites between
FOXK1 and miR-1294 are shown in Fig. 4C. The Luc/R-Luc
value was significantly decreased in HCCLM3 cells co-transfected with the miR-1294 mimic and FOXK1-WT vector
compared with the cells co-transfected with miR-NC and
FOXK1-WT. There were no significant differences observed
in the relative luciferase activity of MUT reporter plasmids
between cells transfected with the miRNA mimics and
miR-NCs (Fig. 4D). The binding sites between FOXK1 and
miR-186-5p are presented in Fig. 4E. The Luc/R-Luc value
was also significantly decreased in HCCLM3 cells co-transfected with the miR-186-5p mimic and FOXK1-WT compared
with the cells co-transfected with miR-NC and FOXK1-WT
(Fig. 4F).

circ-PRKCI suppresses glycolysis in HCC cells by regulating FOXK1 expression. FOXK1 expression levels were
significantly upregulated in HCCLM3 cells transfected with
Ov-FOXK1 compared with the Ov-NC and control groups
(Fig. 5A). The mRNA expression levels of FOXK1 were also
significantly downregulated in HCCLM3 cells transfected
with si-FOXK1-1 and si-FOXK1-2 compared with the si-NC
and control groups (Fig. 5B). The overexpression of circPRKCI significantly increased the levels of glucose (Fig. 5C)
and lactic acid (Fig. 5E) compared with Ov-NC and control
groups, which were subsequently reversed following the
knockdown of FOXK1. Conversely, the knockdown of circPRKCI expression levels significantly decreased the levels of
glucose (Fig. 5D) and lactic acid (Fig. 5F) compared with the
Ov-NC and control groups, which was subsequently reversed
following the overexpression of FOXK1. As shown in Fig. 5G,
circ-PRKCI overexpression upregulated the expression levels
of HK2, GLUT1 and LDHA compared with the Ov-NC
and control groups, which were subsequently reversed by
FOXK1 inhibition. Conversely, the knockdown of circ-PRKCI
expression significantly downregulated the expression levels
of HK2, GLUT1 and LDHA compared with the si-NC and
control groups, which were subsequently reversed by the over
expression of FOXK1 (Fig. 5H).
Discussion
It is estimated that ~50% of ATP in tumor cells is synthesized
through glycolysis (19). Although aerobic glycolysis occurs at
low levels, it is a rapid process. The intermediate products can
provide nutrients for cell proliferation and protect tumor cells,
thereby promoting the excessive proliferation and metastasis
of malignant tumor cells (20,21). Therefore, the effective
inhibition of glycolysis may suppress the progression of liver
cancer.
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Figure 3. circ-PRKCI promotes the viability, invasion and migration of hepatocellular carcinoma cells by targeting miR-1294 and miR-186-5p. Expression
levels of (A) miR-1294 and (B) miR-186-5p in HCCLM3 cells following the transfection with miR-1294 mimic or miR-186-5p mimic, respectively, were
analyzed using RT-qPCR. ***P<0.001 vs. Control; ###P<0.001 vs. mimic-NC. Expression levels of (C) miR-1294 and (D) miR-186-5p in HCCLM3 cells following the transfection with miR-1294 inhibitor or miR-186-5p inhibitor were analyzed using RT-qPCR. ***P<0.001 vs. Control; ###P<0.001 vs. inhibitor-NC.
(E) Viability of HCCLM3 cells following the transfection with Ov-circ-PRKCI and/or miR-1294 mimic or miR-186-5p mimic was analyzed using a CCK-8
assay. *P<0.05, ***P<0.001 vs. Control; ###P<0.001 vs. Ov-NC; ∆∆∆ P<0.001 vs. Ov-circ-PRKCI. (F) Viability of HCCLM3 cells following the transfection with
si-circ-PRKCI and/or miR-186-5p inhibitor or miR-186-5p inhibitor was analyzed using a CCK-8 assay. ***P<0.001 vs. Control; ###P<0.001 vs. si-NC; ∆∆ P<0.01
vs. si-circ-PRKCI. (G and H) Migration of HCCLM3 cells following the transfection with Ov-circ-PRKCI and/or miR-1294 mimic or miR-186-5p mimic
was determined using a wound healing assay (magnification, x100). *P<0.05, ***P<0.001 vs. Control; ###P<0.001 vs. Ov-NC; ∆∆ P<0.01 vs. Ov-circ-PRKCI.
(I and J) Invasion of HCCLM3 cells following the transfection with Ov-circ-PRKCI and miR-1294 mimic or miR-186-5p mimic was determined using
a Transwell assay (magnification, x100). ***P<0.001 vs. Control; ###P<0.001 vs. Ov-NC; ∆∆ P<0.01, ∆∆∆ P<0.001 vs. Ov-circ-PRKCI. (K and L) Migration of
HCCLM3 cells following the transfection with si-circ-PRKCI and miR-1294 inhibitor or miR-186-5p inhibitor was determined using a wound healing assay
(magnification, x100). *P<0.05, ***P<0.001 vs. Control; ###P<0.001 vs. si-NC; ∆∆ P<0.01 vs. si-circ-PRKCI. (M and N) Invasion of HCCLM3 cells following
the transfection with si-circ-PRKCI and miR-1294 inhibitor or miR-186-5p inhibitor was determined using a Transwell assay (magnification, x100). **P<0.01,
***
P<0.001 vs. Control; ###P<0.001 vs. si-NC; ∆ P<0.05 vs. si-circ-PRKCI. circ, circular RNA; PRKC1, protein kinase C iota; miR, microRNA; NC, negative
control; RT-qPCR, reverse transcription-quantitative PCR; CCK-8, Cell Counting Kit-8; si, small interfering RNA; Ov, overexpression; OD, optical density.
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Figure 4. circ-PRKCI regulates FOXK1 expression levels by targeting miR-1294 and miR-186-5p. (A) FOXK1 expression levels in HCCLM3 cells following
the transfection with Ov-circ-PRKCI and miR-1294 mimic or miR-186-5p mimic were analyzed using western blotting. ***P<0.001 vs. Control; ###P<0.001
vs. Ov-NC; ∆∆∆ P<0.001 vs. Ov-circ-PRKCI. (B) FOXK1 expression levels in HCCLM3 cells following the transfection with si-circ-PRKCI and miR-1294
inhibitor or miR-186-5p inhibitor were analyzed using western blotting. **P<0.01, ***P<0.001 vs. Control; ###P<0.001 vs. si-NC; ∆∆∆ P<0.001 vs. si-circ-PRKCI.
(C) Binding sites between FOXK1 and miR-1294 are shown. (D) Dual luciferase reporter assay was used to validate the direct binding relationship between
FOXK1 and miR-1294. ***P<0.001 vs. miR-NC + FOXK1 WT. (E) Binding sites between FOXK1 and miR-186-5p are shown. (F) Dual luciferase reporter
assay was used to validate the direct binding relationship between FOXK1 and miR-186-5p. ***P<0.001 vs. miR-NC + FOXK1 WT. circ, circular RNA; PRKCI,
protein kinase C iota; FOXK1, forkhead box K1; miR, microRNA; Ov, overexpression; NC, negative control; WT, wild-type; MUT, mutant; R, Renilla; Luc,
luciferase.

Cancer is increasingly being regarded as a metabolismrelated disease, and tumor-related energy regulation has been
investigated as a biochemical pathway and drug target for
tumor therapy (22). In the past decade, molecular and cellular
studies have highlighted the association between oncogenes,
tumor suppressors and cancer glycolysis (23). For example,
Guo et al (24) reported that miR-199a-5p directly targeted
HK2 to suppress glycolysis and the tumorigenesis of liver
cancer cells. The expression levels of pyruvate kinase M1/2
(PKM2) were also found to be highly expressed in HCC, which
was essential for the aerobic glycolysis of HCC cells (25).
Liang et al (26) demonstrated that the expression levels of
miR-122 were closely associated with numerous glycolytic
genes, such as PKM2, hexokinase, LDHA and GLUT1,
through the comprehensive gene expression analysis of 94
liver cancer tissues. The same study also revealed that miR-122
targeted PKM2, which affected the metabolism of HCC.
Numerous previous studies have reported the role of miR-186
in mediating glycolysis in several types of cancer; for example,
miR-186 inhibited aerobic glycolysis in osteosarcoma cells by

decreasing hypoxia-inducible factor 1 expression levels (27);
circ-nuclear receptor interacting protein 1 promoted glycolysis
and gastric cancer progression by downregulating miR-186-5p
expression levels (28); and FOXK1 and/or FOXK2 were
discovered to regulate aerobic glycolysis (29). In the present
study, bioinformatics analysis predicted that circ-PRKCI
targeted miR-186-5p and in turn, miR-186-5p targeted FOXK1.
circ-PRKCI was revealed to suppress glycolysis in HCC cells
by upregulating FOXK1 expression levels via miR-186-5p.
Previous studies reported that miR-1294 expression levels
were downregulated in gastric, esophageal, epithelial ovarian
and cervical cancers, while miR-1294 overexpression inhibited the cell proliferation and cell cycle progression of cancer
cells (13,30-32). The results of the current study revealed that
the expression levels of miR-1294 and miR-186-5p were downregulated in HCC cells. circ-PRKCI promoted the viability,
migration and invasion of HCC cells by downregulating the
expression levels of miR-1294 and miR-186-5p. In addition,
circ-PRKCI was discovered to target miR-1294 and miR-1294
was identified to target FOXK1. Inhibition of circ-PRKCI also
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Figure 5. circ-PRKCI suppresses glycolysis in hepatocellular carcinoma cells by targeting miR-1294 and miR-186-5p. (A) FOXK1 expression levels in HCCLM3
cells following the transfection with Ov-FOXK1 were analyzed using western blotting. **P<0.01 vs. Control; ###P<0.001 vs. Ov-NC. (B) FOXK1 mRNA
expression levels in HCCLM3 cells following the transfection with si-FOXK1-1 and si-FOXK1-2 were analyzed using reverse transcription-quantitative PCR.
***
P<0.001 vs. Control; ###P<0.001 vs. si-NC. (C) Glucose levels in the supernatant of HCCLM3 cells following the transfection with (C) Ov-circ-PRKCI and
si-FOXK1 and (D) si-circ-PRKCI and Ov-FOXK1 were determined using a commercially available kit. *P<0.05, **P<0.01, ***P<0.001 vs. Control; ###P<0.001
vs. Ov-NC/si-NC; ∆∆ P<0.01, ∆∆∆ P<0.001 vs. Ov-circ-PRKCI/si-circ-PRKCI. Lactic acid levels in the supernatant of HCCLM3 cells following the transfection
with (E) Ov-circ-PRKCI and si-FOXK1 and (F) si-circ-PRKCI and ov-FOXK1 were determined using a commercially available kit. ***P<0.001 vs. Control;
###
P<0.001 vs. Ov-NC/si-NC; ∆∆ P<0.01, ∆∆∆ P<0.001 vs. Ov-circ-PRKCI/si-circ-PRKCI. Expression levels of HK2, GLUT1 and LDHA in HCCLM3 cells
following the transfection with (G) Ov-circ-PRKCI and si-FOXK1 and (H) si-circ-PRKCI and Ov-FOXK1 were analyzed using western blotting. **P<0.01,
***
P<0.001 vs. Control; ###P<0.001 vs. Ov-NC/si-NC; ∆ P<0.05, ∆∆ P<0.01, ∆∆∆ P<0.001 vs. Ov-circ-PRKCI/si-circ-PRKCI. Circ, circular RNA; PRKCI, protein
kinase C iota; miR, microRNA; FOXK1, forkhead box K1; Ov, overexpression; si, small interfering RNA; NC, negative control; HK2, hexokinase-2; GLUT1,
glucose transporter 1; LDHA, lactate dehydrogenase A.
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suppressed glycolysis in the HCC cells by downregulating
FOXK1 expression levels via miR-1294. A previous study also
showed that the knockdown of FOXK1 suppressed glycolysis
in liver cancer cells (15).
In conclusion, the findings of the present study suggested
that circ-PRKCI may promote the viability, migration and
invasion and glycolysis of HCC cells by upregulating FOXK1
expression levels by targeting miR-1294 and miR-186-5p.
These results supported that circ-PRKCI may represent a novel
target for the treatment of HCC. Due to the present study being
limited by only performing in vitro cell experiments, which
do not mimic the in vivo environment, the expression levels of
circ-PRKCI, miR-1294 and miR-186-5p will be further investigated in tumor tissues and the present results will be further
verified in in vivo animal experiments.
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