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Abstract: Circular RNAs (circRNAs) have been reported to regulate the hepatocellular carcinoma (HCC) chemore-
sistance and tumor progression by regulating gene expression. However, the underlying molecular mechanisms of
HCC sorafenib resistance regulated by circRNAs remain unclear. Here, higher expression of circUBE2D2 was directly
associated with low survival rate in HCC patients. Functional experiments showed that circUBE2D2 promoted the
glycolysis (Warburg effect) and sorafenib resistance in vitro, and knockdown of circUBE2D2 repressed the tumor
growth in vivo. Mechanistically, circUBE2D2 was predominantly localized in the cytoplasm and sponged miR-889-
3p, which in turn targeted the 3’-UTR of LDHA mRNA. Therefore, circUBE2D2 exerted an oncogenic role through miR-
889-3p/LDHA axis. In conclusion, these findings demonstrate that circUBE2D2 accelerated the HCC glycolysis and
sorafenib resistance via circUBE2D2/miR-889-3p/LDHA axis, which provides a novel approach for HCC treatment.
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Introduction

Hepatocellular carcinoma (HCC) is the most
common subtype of liver cancer (about 90%
occurrence rate), causing the second leading
pathogenesis of global cancer-related death [1,
2]. Recent advanced in therapeutic methods
have been achieved, however, the mortality of
HCC is still enormous. The high mortality of
HCC frequently caused by metastasis and
recurrence, which is be characterized by
unclear pathogenesis and molecular mecha-
nism [3, 4]. The most essential cause for the
HCC tumorigenesis is primarily unclear etiology
and partially responsible for the clinical thera-
peutic strategy [5, 6]. Therefore, the main treat-
ment for the HCC should be focused on the in-
depth molecular mechanism investigation.

Circular RNAs (circRNAs) are a group of noncod-
ing RNAs with closed covalent loop structure [7,
8]. CircRNAs is different from traditional linear

MRNAs which are accompanied with 5" and 3’
terminal structures [9, 10]. Benefiting from the
closed loop structure, circRNAs are able to
resist to the exonucleolytic RNA decay, thereby
improving the abundance as compared to
parental mRNA. In HCC tumorigenesis, cir-
cRNAs regulate the multiple pathophysiological
processes. For example, the highly expressed
circRNA Cdrlas expression accelerated the
proliferation and migration of HCC cells by
sponging miR-1270 [11]. High circABCB10
expression is directly associated with HCC
patients’ poor survival in clinical investigation
through acting as a sponge of miR-670-3p to
increase HMG20A level [12]. Hence, these data
support the pivotal role of circRNAs in the HCC.

Sorafenib is the first targeted drug for the
advanced HCC therapy and the sorafenib resis-
tance is a major obstacle for the treatment [13].
However, sorafenib resistance is widespread
for the advanced HCC due to the aerobic gly-
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colysis enhancement. Hence, in-depth study
of the molecular mechanisms involved HCC
tumorigenesis is significant for the accurate
treatment. The current view indicates that
sorafenib resistance is closely correlated with
glycolysis. In tumor progression, this phenome-
non is termed as aerobic glycolysis (Warburg
effect) and characterized by enhanced glucose
uptake and lactate production. Here, present
research focuses on the potential roles of cir-
cRNAs in the HCC sorafenib resistance and gly-
colysis. circUBE2D2 is a novel circRNA gener-
ated from exon 4/5/6 (hsa_circ_0006716,
216 bp). These findings demonstrate that cir-
cUBE2D2 accelerated the HCC glycolysis and
sorafenib resistance, which provides a novel
approach for HCC treatment.

Materials and methods
Clinical specimens’ collection

Clinical samples were collected from patients
who were diagnosed as pathological HCC from
June 2018 to May 2019 at Wuming Hospital.
Tissue samples were taken during operation
that surgically removed and from liver tumor
and paired adjacent normal tissue. None che-
motherapy or radiotherapy was administrated
prior to surgical excision. The ethical approval
was obtained for Ethics Committee of Wuming
Hospital (Table 1).

Cell culture

Normal liver cell lines (Lo-2) and HCC cell lines
(SMMC-7721, Huh7, HepG2) were identified
from the Chinese Academy of Medical Sciences
(Beijing, China). All cell lines were cultured in
DMEM (Dulbecco’s modified Eagle’s medium)
supplemented with 10% FBS (fetal bovine
serum, Gibco) in a humidified atmosphere with
5% CO, at 37°C. For hypoxia culture, cells were
cultured under 37°C condition with 5% O, for
48 h.

Transfection

Small hairpin RNA (shRNA) and complementary
DNA (cDNA) plasmids of circUBE2D2 were
designed and synthesized by Genomeditech
Co., Ltd. (Shanghai, China). Stable transfection
cell lines were filtrated using puromycin (2 pg/
ml). The miR-889-3p mimics and controls were
provided by GeneChem Co., Ltd. (Shanghai,
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China) and transiently transfected using lipo-
fectamine 2000 (Invitrogen, NY, USA) accord-
ing to the manufacturer’s instructions. LDHA
overexpression (LDHA OE) and controls were
designed by GenePharma (Shanghai, China)
and transfected using Lipofectamine 2000
(Thermo Fisher Scientific, USA) according to the
manufacturer’s instructions. The sequences
were shown in Table S1.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

The total circRNA or mRNA was separated us-
ing TRIzol reagent following the instructions
provided by manufacturer (Invitrogen, USA).
Reverse transcription was carried out using
Prime Script RT reagent kit (Takara, Japan).
gRT-PCR was performed by SYBR Prime Script
RT-PCR kit (Takara, Japan) or HiScript Il 1st
Strand cDNA Synthesis Kit (Vazyme, Nanjing,
China) according to the manufacturer’s in-
struction. All circular RNA, miRNA, mRNA
expression levels were calculated using the
288t method normalized to B-actin expression.

Western blot analysis

Cellular lysates were collected using the lysis
buffer (Beyotime Biotechnology, Shanghai,
China). The whole proteins were scattered
through SDS-PAGE on 10% gel and were
transferred to (PVDF) poly vinylidene difluoride
membranes (Millipore, Bedford, MA, USA).
Membranes were blocked using 5% non-fat
milk in PBS-Tween 20 and incubated with
primary antibodies (anti-LDHA, ab125683,
1:1000) at 4°C overnight. Subsequently, the
PVDF membrane was incubated with second-
ary antibody rabbit anti-actin (1:2500, Abcam)
for 1 h at room temperature. Enhanced chemi-
luminescence (ECL, Beyotime, Shanghai, China)
was used for protein visualization, and the blots
were quantified by densitometry (Quantity One
software, Bio-Rad).

Actinomycin D and RNase R assay

Total RNA (5 pg) was extracted from HCC cells
(HepG2) using RNeasy Mini Kit (Qiagen Inc.,
Redwood City, CA). RNA was added with 2 mg/
ml Actinomycin D or DMSO (Sigma-Aldrich, St.
Louis, MO, USA) as the negative control. RNA
was incubated with RNase R at 37°C for 10
min. RNase-free water was added to the RNA.
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Table 1. Correlation of circUBE2D2 level with HCC

patients’ clinicopathological characteristic

(K627, BioVision) according to the manu-
facturer’s instructions.

Extracellular acidification rate (ECAR)
analysis

Total (30 circUBE2D2
- p value
samples) low (n=15) high (n=15)
Age (years)
>60 14 8 6 0.426
<60 16 7 9
Gender
Male 16 9 7 0.682
Female 14 6 8
Cirrhosis
Absent 13 8 5 0.121
Present 17 7 10
TNM
-1 15 7 8 0.0*
-1\v 15 8 7
Tumor size
>5cm 20 9 11 0.001~*
<5cm 10 6 4

ECAR was analyzed using the XF96
Bioenergetic Analyzers (Seahorse Biosci-
ence, Agilent Technologies, Santa Clara,
CA, USA) as previously described [15].
Subsequently, cells (1x10* cells/well)
were seeded into 96-well XF cell culture
microplates in selective medium. Cells
were administrated with 10 mM glucose,
1 mM oligomycin and 50 mM 2-deoxyglu-
cose (2-DG) was according to the manu-
facturers’ instructions. ECAR measure-
ment was normalized to total protein con-
tent (mpH/min) for ECAR. After 24 h, medi-
um was replaced by XF base medium (pH
7.4).

*P<0.05 represents statistical difference.

Random primer (1 ul) and mRNA primers were
used for RT-PCR using RevertAid First Strand
cDNA Synthesis Kit (Roche, Indianapolis, IN,
USA).

Sorafenib sensitivity assay

The sorafenib sensitivity was detected using
CCK-8 assay as previously described [14].
Briefly, HCC cells (1x10* cells/well) were seed-
ed to the 96-well plates. After 24 h incubation,
medium was replaced and HCC cells were
treated with various doses (0, 0.1, 1, 2, 5, 10,
20 umol/L) of sorafenib for 24 h. After incuba-
tion with 10 pl of CCK-8 kit (Beyotime Institute
of Biotechnology, shanghai, China) for 2 h or 4
h. Then, the optical density (OD) value was
measured at 450 nm according to the manu-
facturer’s instructions. The sorafenib sen-
sitivity was determined using the IC,  value
(50% decreasing in absorbance normalized to
control).

Glucose uptake and lactate production

HCC cells were transfected with sh-circUBE-
2D2 plasmids or controls for 24 hours. Glucose
concentration was detected using Colorimetric
Glucose Assay Kit (BioVision, USA) according to
the manufacturer’s instructions. Lactate con-
centration was detected using lactate assay kit
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Subcellular location analysis

The nuclear or cytoplasmic fraction was isolat-
ed using PARIS Kit (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s protocol. The
RNAs in nuclear or cytoplasmic fraction were
eluted with Elution Solution and detected using
RT-PCR. U1 and GAPDH were respectively
employed as negative control or positive con-
trol for nuclear and cytoplasmic fractions.

Dual-luciferase reporter assay

The sequences of circUBE2D2 and LDHA
MRNA 3’-UTR containing miR-889-3p comple-
mentary sites were sub-cloned into pGL3 lucif-
erase vector (Promega, Madison, WI, USA),
which were respectively named as circUBE-
2D2-WT or circUBE2D2-Mut, and LDHA-WT or
LDHA-Mut. 293T cells were seeded into 96-
well plates and co-transfected with pRL-CMV
Renilla (6 ng), luciferase reporter (60 ng) and
miR-889-3p mimic. After 48 h incubation, the
relative luciferase activity was measured based
on Firefly/Renilla ration using dual-luciferase
reporter assay (Promega, Madison, WI, USA).

Xenograft tumorigenesis

The animal assays were approved by the
Wuming Hospital. Male BALB/C nude mice (10
mice, 6-8 weeks) were provided from Beijing
Vital River Laboratory Animal Technology Co.,
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Ltd. (Beijing, China). Mice were housed under
SPF conditions and free access to water/food
according to the Guide for the Care and Use of
Laboratory Animals. Total 2x10° Huh7 cells
were suspended in 100 yL DMEM medium and
subcutaneously injected into the same flank of
mice. The tumors’ volume was measured every
three days after injection using the formula: vol-
ume = (length x width?)/2. Three weeks later,
mice were sacrificed and tumors were weighed.

Statistical analysis

Results were presented as mean + standard
deviation (SD). Statistical analysis was per-
formed using GraphPad Prism 6.0 software
(GraphPad Software, USA) and SPSS software
version 19.0 (SPSS, Inc., Chicago, IL). Com-
parison between two groups was performed
using two-tailed Student’s t-test. Pearson’s
correlation analysis was performed for correla-
tion. Overall survival probability analysis for dif-
ferent circUBE2D2 expression was performed
using Kaplan-Meier survival curve and log-rank
test. P values less than 0.05 were considered
as statistical significance.

Results

circUBE2D2 was identified to be upregulated
in HCC

In the hypoxia induced HCC cells (HepG2), cir-
cRNA microarray analysis was performed to
screen the up-regulated or down-regulated cir-
cRNA (Figure 1A). Based on the results of
high-throughput sequencing, several circRNAs
were selected for further examination using
gRT-PCR (Figure 1B). Results showed that a
novel circRNA, named as circUBE2D2, was sig-
nificantly up-regulated in the HCC cells
(HepG2). For the stability analysis of cir-
cUBE2D2, actinomycin D and RNase R treat-
ment were performed. Data showed that cir-
cUBE2D2 was stable when treated with actino-
mycin D (Figure 1C) and RNase R (Figure 1D).
In HCC cell lines (SMMC-7721, Huh7, HepG2),
circUBE2D2 expression was detected using
RT-PCR and data showed that circUBE2D2
expression was significantly up-regulated (Fi-
gure 1E). In HCC tissue samples, circUBE2D2
expression was found to be up-regulated as
comparing to normal tissue samples (Figure
1F). Kaplan-Meier method was used to calcu-
late the survival curves, showing that higher
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circUBE2D2 expression indicated the lower sur-
vival rate and unfavorable prognosis (Figure
1G). Overall, these findings showed that cir-
cUBE2D2 was identified to be up-regulated in
HCC.

circUBE2D2 sensitizes HCC cells sorafenib re-
sistance and glycolysis in vitro

In order to investigate the roles of circUBE2D2
on HCC cells’ biological behavior, the cir-
cUBE2D2 knockdown transfection were con-
structed in HCC cells (HepG2), as well as the
overexpression of circUBE2D2 plasmids
(Figure 2A). RT-PCR data showed that cir-
cUBE2D2 expression was significantly up-regu-
lated or decreased in these transfections
(Figure 2A). Sorafenib sensitivity assay show-
ed that circUBE2D2 overexpression sensitized
the HCC cells (HepG2) sorafenib resistance,
however, circUBE2D2 knockdown transfection
reduced the sorafenib resistance (Figure 2B).
In other words, circUBE2D2 sensitized the
sorafenib resistance of HCC cells. As regard-
ing to the aerobic glycolysis (Warburg effect),
glycolytic capacity was detected, including glu-
cose consumption, lactate production and
extracellular acidification rate (ECAR). Results
illustrated that circUBE2D2 overexpression
enhanced the glucose consumption (Figure
2C), lactate production level (Figure 2D) and
ECAR quantity (Figure 2E, 2F). Besides, cir-
cUBE2D2 knockdown reduced the glucose
consumption, lactate production level and
ECAR quantity. In conclusion, these findings
show that circUBE2D2 sensitizes HCC cells
sorafenib resistance and glycolysis in vitro.

circUBE2D2 targets the miR-889-3p

In HCC cell (HepG2), subcellular fraction
analysis found that circUBE2D2 was principally
located in the cytoplasm, rather than nuclear
(Figure 3A). Online bioinformatics tools (Circ-
Net, Circinteractome, TargetScan) indicated
that miR-889-3p were collectively identified
(Figure 3B). CircUBE2D2 containing miR-889-
3p complementary sites were constructed,
which were named as circUBE2D2-WT or cir-
cUBE2D2-Mut. Luciferase reporter assay
showed that circUBE2D2 was closely connect-
ed with miR-889-3p mimics (Figure 3C). RT-
PCR showed that miR-889-3p expression was
decreased in HCC cells transfected with cir-
cUBE2D2 overexpression plasmids, and in-
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Figure 1. circUBE2D2 was identified to be upregulated in HCC. A. CircRNA microarray analysis was performed to
screen the up-regulated or down-regulated circRNA in the hypoxia induced HCC cells (HepG2). B. Several candidate
circRNAs (6 circRNAs) were selected for further examination using qRT-PCR. C. Transcription inhibitor (Actinomycin
D, Act D) was administrated to measure the stability of circUBE2D2 and UBE2D2 mRNA. D. gRT-PCR was performed
to detect the expression of circUBE2D2 and UBE2D2 mRNA with RNase R treatment. E. circUBE2D2 expression
was detected using RT-PCR in normal cells (Lo-2) and HCC cell lines (SMMC-7721, Huh7, HepG2). B-E. Experiments
were performed in triplicate and were repeated three times. F. In HCC tissue samples, circUBE2D2 expression was
detected using RT-PCR as comparing to normal tissue samples (30 samples). G. Kaplan-Meier method was used to
calculate the survival curves to showing the survival rate and prognosis of HCC patients (90 cases). **P<0.01 vs.
control. *P<0.05 vs. control.

creased in HCC cells transfected with cir- relation analysis of circUBE2D2 and miR-889-
cUBE2D2 knockdown (Figure 3D). Pearson cor- 3p was detected in HCC tissues cohort, sug-
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Figure 2. circUBE2D2 sensitizes HCC cells sorafenib resistance and glycolysis in vitro. A. Overexpression of cir-
cUBE2D2 plasmids (UBE2D2 overexpression, UBE2D2 OE) and circUBE2D2 knockdown (sh-UBE2D2) were trans-
fected into HCC cells (HepG2) to enhance or silence UBE2D2 expression. Corresponding plasmids acted as controls.
RT-PCR detected the circUBE2D2 expression. B. Sorafenib sensitivity analysis using CCK-8 assay showed the rela-
tive cellular viability. C. Glucose consumption was detected in HCC cells (HepG2) using glucose assay kit. D. Lactate
production was detected using lactate colorimetric assay kit. A-D. Experiments were performed in triplicate and
were repeated three times. E, F. Extracellular acidification rate (ECAR) was detected using Seahorse XFe96 analyzer.

**P<0.01 vs. control. *P<0.05 vs. control.

gesting the negative relationship of circUBE2D2
and miR-889-3p (Figure 3E). In conclusion,
these data showed that circUBE2D2 targets
the miR-889-3p, acting as miRNAs sponge.

miR-889-3p targets the LDHA mRNA 3’-UTR

Furthermore, the downstream of miR-889-3p
was investigated using bioinformatics tools
(miRanda, miRBase, TargetScan) indicated that
LDHA may function as the target protein of miR-
889-3p (Figure 4A). LDHA mRNA 3-UTR con-
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taining miR-889-3p complementary sites was
constructed, which were named as LDHA-WT or
LDHA-Mut (Figure 4B). Luciferase reporter
assay showed that LDHA mRNA was closely
connected with miR-889-3p mimics (Figure
4C). RT-PCR showed that LDHA mRNA expres-
sion was decreased in HCC cells transfected
with miR-889-3p mimics, and recovered when
transfected with circUBE2D2 overexpression
(Figure 4D). Pearson correlation analysis of
LDHA and circUBE2D2 was detected in HCC tis-
sues cohort, suggesting the negative relation-
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Figure 3. circUBE2D2 targets the miR-889-3p. A. Subcellular fraction analysis showed the circUBE2D2 enrichment
in the cytoplasm or nuclear. Experiments were performed in triplicate and were repeated three times. B. Online
bioinformatics tools (CircNet, Circinteractome, TargetScan) indicated the collective miRNAs. CircUBE2D2 containing
miR-889-3p complementary sites were constructed, which were named as circUBE2D2-WT or circUBE2D2-Mut. C.
Luciferase reporter assay showed the luciferase activity of co-transfection of circUBE2D2 and miR-889-3p mimics.
D. RT-PCR showed the miR-889-3p expression in HCC cells transfected with circUBE2D2 overexpression plasmids or
circUBE2D2 knockdown. C, D. Experiments were performed in triplicate and were repeated three times. E. Pearson
correlation analysis showed the relationship of circUBE2D2 and miR-889-3p in HCC tissues cohort (30 samples).
**P<0.01 vs. control. *P<0.05 vs. control.

ship of circUBE2D2 and LDHA (Figure 4E). 5B) and lactate production (Figure 5C), and
Overall, these data suggest that miR-889-3p circUBE2D2 overexpression co-transfection
targets the LDHA mRNA 3’-UTR. recovered the glucose uptake and lactate pro-

duction. Moreover, LDHA overexpression up-
circUBE2D2/miR-889-3p/LDHA axis regulates regulated the glucose uptake and lactate pro-
the HCC sorafenib resistance and glycolysis duction, while circUBE2D2 knockdown co-

transfection inhibited them. In vivo xenograft
In previous research, our findings confirmed assay showed that circUBE2D2 knockdown
that circUBE2D2 could target the miR-889- remarkedly repressed the tumor weight (Figure
3p/LDHA axis. In further inVeStigation, rescue 5D) and volume (Figure 5E) oVera”, these find-
assays were performed to detect the coopera- ings supports that circUBE2D2/miR-889-3p/
tive roles of circUBE2D2 miR-889-3p/LDHA LDHA axis regulates the HCC sorafenib resis-

axis. Sorafenib sensitivity assay showed that

) o ) R tance and glycolysis.
miR-889-3p mimics transfection significantly

repressed the HCC cells (HepG2) sorafenib Discussion

sensibility, and circUBE2D2 overexpression

co-transfection recovered the sorafenib sensi- Sorafenib is a molecular targeted drug used in
tivity (Figure 5A). Besides, LDHA overexpres- the treatment of advanced HCC. It can inhibit
sion activated the sorafenib sensibility and cir- the proliferation of tumor cells and avoid tumor
cUBE2D2 knockdown co-transfection inhibited growth and recurrence. This multi-target drug
the sorafenib sensibility. Glycolytic capacity could extend the HCC patient’s life, however,
analysis found that miR-889-3p mimics trans- the clinical effect is not as good as we expect-
fection repressed the glucose uptake (Figure ed. The main reason for the dilemma is the
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Figure 4. miR-889-3p targets the LDHA mRNA 3’-UTR. A. Bioinformatics tools (miRanda, miRBase, TargetScan) in-
dicated that LDHA may function as the target protein of miR-889-3p. B. LDHA mRNA 3’-UTR containing miR-889-3p
complementary sites was constructed, which were named as LDHA-WT or LDHA-Mut. C. Luciferase reporter assay
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in HCC cells (HepG) transfected with miR-889-3p mimics and circUBE2D2 overexpression. C, D. Experiments were
performed in triplicate and were repeated three times. E. Pearson correlation analysis of LDHA and circUBE2D2 was
detected in HCC tissues cohort (30 samples). **P<0.01 vs. control.

sorafenib resistance. Thus, the solution to the
problem is to eliminate the resistance from
molecular level.

In this research, we focused on the potential
role of circRNA circUBE2D2 in the HCC sora-
fenib resistance. Firstly, in the hypoxia treated
HCC cells, we screened the dysregulated cir-
cRNAs using the circRNA microarray analysis.
Based on the results of high-throughput
sequencing, several circRNAs were selected
for further examination using qRT-PCR. Results
showed that a novel circRNA, named as cir-
cUBE2D2, was significantly up-regulated in the
HCC cells (HepG2). For the stability analysis of
circUBE2D2, actinomycin D and RNase R treat-
ment were performed. Data showed that cir-
cUBE2D2 was stable when treated with actino-
mycin D and RNase R. Moreover, the abnormal
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circUBE2D2 overexpression was closely corre-
lated with the unfavorable prognosis. Thus, we
identified this novel circRNA, which might be
oncogenic factor in the HCC.

Given that sorafenib resistance was reported
to be connected with aerobic glycolysis [16,
17], the hypoxia-related novel circUBE2D2
might be concerned with the sorafenib resis-
tance. In cellular research, we performed the
gain and loss of functional assays to detect the
sorafenib resistance IC,; and glycolytic capaci-
ty. Results illustrated that circUBE2D2 overex-
pression enhanced the glucose consumption,
lactate production level and ECAR quantity.
Besides, circUBE2D2 knockdown reduced the
glucose consumption, lactate production level
and ECAR quantity. Thus, our findings con-
firmed the conclusion that circUBE2D2 acceler-
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Figure 5. circUBE2D2/miR-889-3p/LDHA axis regulates the HCC sorafenib resistance and glycolysis. (A) Sorafenib
sensitivity assay was performed using HCC cells (HepG2). HepG2 cells were transfected with miR-889-3p mimics
and/or circUBE2D2 overexpression (circUBE2D2 OE), LDHA overexpression (LDHA OE) and/or circUBE2D2 knock-
down (sh-circUBE2D2). (B) Glucose consumption was detected in HCC cells (HepG2) using glucose assay kit. (C)
Lactate production was detected using lactate colorimetric assay kit. (A-C) Experiments were performed in triplicate
and were repeated three times. (D) Tumor weight and (E) volume were detected using in vivo mice xenograft assay

(10 mice). **P<0.01 vs. control. *P<0.05 vs. control.

ated the sorafenib resistance and aerobic
glycolysis.

The role of ncRNA in the HCC sorafenib resis-
tance has been wildly reported. circRNA ex-
pression profile was detected in sorafenib-
resistant HCC cells and the differentially
expressed circRNAs play critical roles in HCC
sorafenib resistance [18]. For example, high
IncRNA HOTAIR expression was found to be
increased in the sorafenib resistance, and
HOTAIR knockdown increased the sensitivity
of sorafenib by up-regulating miR-217 [19].
Another example, IncRNA H19 expression was
negatively related to HCC cells’ sorafenib sensi-
tivity [20]. LncRNA NEAT1 expression was sig-
nificantly associated with sorafenib chemore-
sistance patterns and HCC prognosis, demon-
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strating the regulation of miR-149-5p/AKT1
axis [21]. Overall, we could conclude the critical
role of ncRNA in the HCC sorafenib resistance.

CircRNA is a critical group RNA in the human
transcriptome [22]. In HCC tumorigenesis,
numerous circRNAs were found to participate
the pathophysiological process. For example,
circRNA circSLC3A2 is predominantly localized
in the cytoplasm and exhibits an oncogenic
role by sponging miR-490-3p and promoting
PPM1F protein expression, which indicates a
positive correlation with poor survival for HCC
patients [23]. CircRNA circFBX0O11 is associat-
ed with poor prognosis of HCC patients and its
overexpression promotes the proliferation and
oxaliplatin resistance through targeting miR-
605, thereby targeting FOXO3/ABCB1 axis [24].
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Overall, these results demonstrate that cir-
cRNAs function as critical oncogenic elements
in HCC.

In conclusion, we identified the novel hypoxia-
related circRNA circUBE2D2 in HCC, which is
up-regulated in tissue and cells and positively
correlates with HCC patients’ poor prognosis.
Results demonstrated that circUBE2D2 pro-
motes the glycolysis and sorafenib resistance
by targeting the miR-889-3p/LDHA axis. This
finding may provide an effective promising tar-
get for therapy in HCC.
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Table S1. Primers sequences for qRT-PCR and sequences
of shRNA

Sequences
circUBE2D2 forward, 5-CACAGTGGTCTCCAGCACTA-3’
reverse, 5’-TTGAAGGGGTAATCTGTTGGGAA-3’
sh-circUBE2D2-1 5’-TTCAAAAGTGTTCCATTGGCA-3’
sh-circUBE2D2-2 5’-TCAAAAGTGTTCCATTGGCAA-3’
sh-circUBE2D2-3 5’-ATTTCAAAAGTGTTCCATTGG-3’

LDHA forward, 5’-ATGGCAACTCTAAAGGATCAGC-3’
reverse, 5’-CCAACCCCAACAACTGTAATCT-3’

ue forward, 5-CTCGCTTCGGCAGCACA-3’
reverse, 3'-AACGCTTCACGAATTTGCG-5’

GAPDH forward, 5’-ACAACTTTGGTATCGTGGAAGG-3’

reverse, 5'-GCCATCACGCCACAGTTTC-3’




