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The Warburg effect is a significant hallmark of gastric cancer
(GC), and increasing evidence emphasizes the crucial role of
circular RNAs (circRNAs) in GC tumorigenesis. However,
the precise molecular mechanisms by which circRNAs drive
the GC Warburg effect are still elusive. The present study was
designed to unveil the roles of circRNAs and the corresponding
potential mechanism. High-regulated expression of circCUL3
was observed in both GC tissues and cell lines. Clinically, the
high expression of circCUL3 was closely correlated with
advanced clinical stage and overall survival in GC patients.
Functionally, cellular experimental investigations demon-
strated that circCUL3 promoted the proliferation, glucose con-
sumption, lactate production, ATP quantity, and extracellular
acidification rate (ECAR) of GC cells. In vivo, circCUL3 knock-
down repressed tumor growth. Mechanistic analysis demon-
strated that circCUL3 promoted signal transducer and
activator of transcription (STAT)3 expression through
sponging miR-515-5p; moreover, transcription factor STAT3
accelerated the transcriptional level of hexokinase 2 (HK2).
In summary, the present findings provide mechanistic insights
into circCUL3/miR-515-5p/STAT3/HK2 axis regulation on the
GCWarburg effect, providing a novel possibility for an under-
standing of GC pathogenesis.

INTRODUCTION
Gastric cancer (GC) is one of the commonest malignancies and causes
of tumor-related deaths worldwide, which has emerged as incisive
public health issues characterized with an unfavorable curative effect
and poor prognosis.1,2 Because of the increasing morbidity and mor-
tality, GC brings about great difficulties for patients and a low 5-year
survival rate.3,4 Althoughmultiple methods have been applied for GC,
including surgery, chemotherapy, and radiotherapy, the prognosis of
patients with GC remains largely unsatisfactory.5 Increasing evidence
has demonstrated the complex etiology for GC tumorigenesis.6

Hence, elucidating the biologic characteristics and molecular mecha-
nism may be beneficial for the GC treatment.

With the development of high-throughput sequencing, the roles of
circular RNA (circRNA) have been adequately identified in GC.7,8
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This is an open access article under the CC BY-NC-ND license (http
circRNAs are generated from precursor mRNAs (pre-mRNAs)
through back-splicing. Evidence has revealed the biogenesis of circR-
NAs in eukaryocytes, including splicing factor, eukaryotic initiation
factor, and N6-methyladenosine (m6A).9–13 Abundant circRNAs are
ubiquitous in eukaryotes, and circRNAs have recently been identified
as a new class of regulatory RNAs with genes, including cellular devel-
opment, neural differentiation, energy metabolism, and occurrence.
Being benefited by the covalently closed loop, circRNAs are naturally
resistant to exonuclease degradation. Therefore, circRNAs are
capable of continuous regulation for tumorigenesis. For example,
circCCDC9 expression is downregulated in both GC tissues and
cell lines, and mechanistic analysis demonstrated that circCCDC9
acted as a miR-6792-3p sponge to relieve its target, CAV1.14

Energy metabolism reprogramming is a remarkable hallmark caused
by genomic abnormity.15–17 The Warburg effect, also known as
glycolysis, acts as a significant pathological process in the human
cancer.18 Tumor cells acquire the energy through the Warburg effect
to sustain tumor development, including GC. Studies have expli-
cated that the Warburg effect functions as an essential oncogene
in GC, and circRNAs could significantly regulate this progression.
For example, circNRIP1 acts as a tumor promotor to promote the
proliferation, migration, and invasion of GC cells through sponging
miR-149-5p to affect the AKT1 expression level in GC.19 Therefore,
it is of pivotal importance to identify the mechanism underlying tu-
mor the Warburg effect to develop effective therapeutic strategies
for GC.

In the present study, we report a novel circRNA, circCUL3 (circ-
Base ID: hsa_circ_0008309, 312 bp), in GC using circRNA
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Figure 1. circCUL3 Is Highly Expressed in GC

Tissues and Correlated with Unfavorable Prognosis

(A) circRNA microarray analysis was performed to screen

the circRNA expression profile as compared to the normal

tissue. (B) Schematic diagram demonstrates the identifi-

cation of the circular structure for circCUL3. (C) Sanger

sequencing determined the genomic size and sequence

of circCUL3 as reported in the circBase database (http://

www.circbase.org/). (D and E) (D) qRT-PCR showed the

expression level of back-spliced circCUL3 or canonical

linear CUL3 mRNA treated with RNase R administration

and (E) actinomycin D. (F) qRT-PCR showed the circ-

CUL3 expression level in GC cell lines and normal cells.

(G) qRT-PCR showed the circCUL3 expression level in

GC tissue specimens and normal specimens. (H) Survival

analysis by Kaplan-Meier survival curves showed the

survival rate for GC patients with high or low circCUL3

expression. Data are shown as mean ± SD. **p < 0.01.
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microarray analysis and qRT-PCR validation. Results illustrated
that circCUL3 was significantly upregulated in GC tissue and cells.
Overexpression of circCUL3 was associated with poor prognosis in
GC patients. Mechanistically, circCUL3 promoted the GC War-
burg effect and progression through the circCUL3/miR-515-5p/
signal transducer and activator of transcription (STAT)3/hexoki-
nase 2 (HK2) axis. These findings provide mechanistic insights
into the GC Warburg effect and bring a novel insight for under-
standing GC pathogenesis.

RESULTS
circCUL3 Is Highly Expressed in GC Tissues and Correlated with

Unfavorable Prognosis

In order to discover the dysregulated circRNA in GC, a circRNA
microarray analysis was performed to screen the circRNA expres-
sion profile as compared to the normal tissue (Figure 1A). circ-
CUL3 is a 312-bp-long circRNA generated from the CUL3 gene
exon 3 to exon 2 (Figure 1B). Subsequently, the head-to-tail
splicing of circCUL3 was confirmed by Sanger sequencing. The
genomic size was also determined as reported in the circBase data-
base (Figure 1C). Then, qRT-PCR was performed to detect the
expression level of back-spliced or canonical linear forms of
Molecular Therap
CUL3 with or without RNase R administra-
tion (Figure 1D) and actinomycin D (Fig-
ure 1E). Data showed that the head-to-tail
splicing form of circCUL3 was more stable
than the linear mRNA. In GC cell lines,
qRT-PCR demonstrated that circCUL3
expression was upregulated as compared to
normal cells (Figure 1F). In GC tissue speci-
mens, qRT-PCR demonstrated that circCUL3
expression was highly expressed as compared
to normal tissue (Figure 1G). Survival analysis
by Kaplan-Meier survival curves revealed that
GC patients with high circCUL3 expression
had lower survival rates (Figure 1H). In general, circCUL3 was
identified to be highly expressed in GC tissues and correlated
with unfavorable prognosis.

circCUL3 Promotes GC Cell Proliferation In Vitro, and

Knockdown of circCUL3 Inhibits the Tumor Growth In Vivo

For the functional experiments of circCUL3, the knockdown and
overexpression of circCUL3 were constructed, respectively, in
SGC-7901 and BGC-823 cells (Figure 2A). A Cell Counting Kit-
8 (CCK-8) proliferative assay demonstrated that the knockdown
of circCUL3 repressed the proliferation of GC cells and that circ-
CUL3 overexpression accelerated it (Figure 2B). An ethynyl deox-
yuridine (EdU) assay illustrated that the knockdown of circCUL3
repressed the EdU-positive cells and that circCUL3 overexpression
promoted the EdU-positive cells rate (Figure 2C). An in vivo het-
erograft mice assay illustrated that the knockdown of circCUL3
repressed tumor growth (neoplasm weight and volume) in mice
injected with SGC-7901 cells that were transfected with short
hairpin (shRNA) targeting circCUL3 (sh-circCUL3) (Figures 2D
and 2E). In general, data suggest that circCUL3 promotes GC
cell proliferation in vitro and that knockdown of circCUL3 inhibits
tumor growth in vivo.
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Figure 2. circCUL3 Promotes GC Cell Proliferation In Vitro, and Knockdown of circCUL3 Inhibits Tumor Growth In Vivo

(A) The knockdown and overexpression of circCUL3 were constructed respectively in SGC-7901 and BGC-823 cells. qRT-PCR was performed to detect circCUL3

expression. (B) A CCK-8 proliferative assay was performed to demonstrate the proliferation of GC cells transfected with sh-circCUL3 and circCUL3 overexpression

(OE-circCUL3). (C) An EdU assay was performed to illustrate the proliferation (EdU-positive cells) of GC cells transfected with sh-circCUL3 and OE-circCUL3. (D and E)

Neoplasmweight (D) and volume (E) were detected by an in vivo heterograft mice assay. Themice were injected with SGC-7901 cells that transfected with sh-circCUL3. Data

are shown as mean ± SD. *p < 0.05, **p < 0.01.
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circCUL3 Promotes the GC Cell Warburg Effect

To identify the role of circCUL3 on the GC cell Warburg effect,
glucose consumption and lactate production were detected, and
ATP quantity was determined. Results showed that circCUL3 knock-
down reduced glucose consumption (Figure 3A), lactate production
(Figure 3B), and ATP quantity (Figure 3C). In addition, circCUL3
overexpression (OE-circCUL3) promoted glucose consumption,
lactate production, and ATP quantity. Extracellular acidification
rate (ECAR) analysis for lactate-induced acidification of the medium
surrounding cells showed that circCUL3 knockdown repressed the
extracellular acidification rate and that circCUL3 overexpression pro-
moted it (Figure 3D). Oxygen consumption rate (OCR) analysis for
mitochondrial respiratory capacity showed that circCUL3 knock-
down increased the OCR relative to the control group and that circ-
CUL3 overexpression reduced it (Figure 3E). In general, data suggest
that circCUL3 promotes the GC cell Warburg effect.
312 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
circCUL3 Targets miR-515-5p/STAT3 in GC Cells

In GC cell lines (SGC-7901, BGC-823), subcellular analysis demon-
strated that circCUL3 was primarily located in the cytoplasmic portion,
suggesting potential post-transcriptional regulation (Figure 4A).
Online bioinformatics tools (TargetScan, RegRNA, CircNet) found
that several microRNAs (miRNAs) might effectively interact with
circCUL3, including miR-515-5p (Figure 4B). Subsequently, the
wild-type (WT) and corresponding mutant (Mut) were constructed
targeting miR-515-5p in GC cells. Moreover, a luciferase reporter assay
illustrated that circCUL3WT closely correlated with miR-515-5p (Fig-
ure 4C). The subcellular location analysis was measured using RNA-
fluorescence in situ hybridization (FISH), and results demonstrated
that circCUL3 and miR-515-5p were both mainly distributed in cyto-
plasm (Figure 4D). Moreover, online bioinformatics tools (StarBase,
http://starbase.sysu.edu.cn/) found that miR-515-5p targets the 30

UTR of HK2 mRNA (Figure 4E). qRT-PCR analysis showed that

http://starbase.sysu.edu.cn/


Figure 3. circCUL3 Promotes the GC Cell Warburg Effect

(A) Glucose consumption analysis revealed the glucose consumption in SGC-7901 and BGC-823 cells transfected with circCUL3 knockdown or OE-circCUL3. (B) Lactate

production analysis revealed the lactate production in SGC-7901 and BGC-823 cells transfected with circCUL3 knockdown or OE-circCUL3. (C) ATP quantity analysis

revealed the ATP quantity in SGC-7901 and BGC-823 cells transfected with circCUL3 knockdown or OE-circCUL3. (D) ECAR analysis for lactate-induced acidification of the

medium surrounding cells was performed. (E) OCR analysis for mitochondrial respiratory capacity was conducted using a Seahorse XFp assay. Data are shown as mean ±

SD. *p < 0.05, **p < 0.01.
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circCUL3 overexpression enforced the STAT3mRNA, while miR-515-
5p mimics reduced the STAT3 mRNA expression. In addition, the co-
transfection of circCUL3 overexpression and miR-515-5p mimics re-
cued the STAT3 mRNA expression (Figure 4F). In conclusion, these
finding indicate that circCUL3 targets miR-515-5p/STAT3 in GC cells.

Transcription Factor STAT3 Activates the Expression of HK2

Given that STAT3 is a critical transcription factor in GC, we presumed
that STAT3 might play a role on the Warburg effect. Online bioinfor-
matics predictive tools (JASPAR, http://jaspar.genereg.net/) hinted that
transcription factor STAT3 could target the promoter region of the
HK2 gene (Figure 5A). The binding relationship between STAT3
and the HK2 promoter was detected using a chromatin immunopre-
cipitation (ChIP) assay, showing the molecular interaction within
STAT3 and HK2 (Figure 5B). A luciferase reporter assay demonstrated
the luciferase activity of the HK2 promoter, and data showed that
STAT3 promoted the promoter luciferase activity of the WT sequence
(Figure 5C). STAT3 overexpression plasmids were transfected into
SGC-7901 cells to enhance STAT3 expression. Moreover, the overex-
pression of STAT3 also upregulated the HK2 protein level (Figure 5D).
In SGC-7901 and BGC-823 cells, qRT-PCR revealed that HK2 mRNA
levels were upregulated in the STAT3 overexpression transfection (Fig-
ure 5E). Pearson correlation analysis of STAT3 and HK2 detection in
the GC tissues cohort suggested the positive relationship of STAT3 and
HK2 (Figure 5F). In conclusion, these findings imply that transcription
factor STAT3 activates the expression of HK2 in GC.
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 313
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Figure 4. circCUL3 TargetsmiR-515-5p/STAT3 inGC

Cells

(A) Subcellular analysis demonstrated the circCUL3

location in the cytoplasm or nuclear material in GC cell

lines (SGC-7901, BGC-823). (B) Online bioinformatics

tools (TargetScan, RegRNA, CircNet) found that several

miRNAs might effectively interact with circCUL3, including

miR-515-5p. (C) The wild-type (WT) and corresponding

mutant (Mut) of circCUL3were constructed targetingmiR-

515-5p. A luciferase reporter assay illustrated the corre-

lation within circCUL3WT andmiR-515-5p. (D) RNA-FISH

demonstrated the distribution of circCUL3 and miR-515-

5p in cytoplasm and nuclear material. (E) The WT and

corresponding Mut of the STAT3 mRNA 30 UTR were

constructed targeting miR-515-5p. A luciferase reporter

assay illustrated the correlation within STAT3 mRNA WT

and miR-515-5p. (F) qRT-PCR analysis showed the

STAT3 mRNA in BGC-823 cells transfected with circ-

CUL3 overexpression and or miR-515-5p mimics. Data

are shown as mean ± SD. **p < 0.01.
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DISCUSSION
With the tremendous advancement of high-throughput sequencing
technology, great numbers of noncoding RNAs have been identified
in human cancer.20–22 In addition, bioinformatics tools bring greater
analytical capability to process the microarray data and unlock a
potential regulator for cancers. For GC tumorigenesis, numerous
circRNAs have been identified to participate in the pathophysiolog-
ical process and regulate different tumorigenic phenotypes.

The Warburg effect is a significant hallmark in GC tumorigenesis.23

More and more evidence emphasizes the crucial role of circRNAs in
the GCWarburg effect. In the present study, microarray analysis results
revealed the numerous dysregulated circRNAs in the GC tissue. Herein,
we report a novel circRNA, circCUL3 (circBase ID: hsa_
circ_0008309, 312 bp), which was upregulated in the GC tissue as
compared to the normal adjacent samples. The overexpression of circ-
CUL3 was closely correlated with the poor prognosis of GC patients,
indicating the risk factor of circCUL3 for the GC population. In the
314 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
cellular functions, gain- and loss-of-function
assay results found that circCUL3 promoted the
proliferation of GC cells. Therefore, these find-
ings indicated that circCUL3 might function as
an oncogenic factor for GC.

As this circRNA research has proceeded, the func-
tions and mechanism of circRNAs in GC have
been extensively investigated.24 The regulation
range of circRNAs relates to tumor cell differenti-
ation, invasiveness, metastasis, chemotherapy
resistance, and stemness characteristics.25 For
instance, circRNA circCYFIP2 (hsa_circ_
0003506, 366 nt) was spliced from the CYFIP2
gene. circCYFIP2was found tobe significantly up-
regulated in GC tissues, and the high expression was associated with
metastasis and poor prognosis of GC patients.26 Moreover, the evident
downregulation of circCCDC9 was closely correlated with tumor size,
lymph node invasion, advanced clinical stage, and overall survival in
GC patients. Overexpression of circCCDC9 significantly inhibited the
migration, proliferation, and invasion of GC cells in vitro and tumor
growthandmetastasis in vivo throughactingas a competing endogenous
RNA (ceRNA) of miR-6792-3p to relieve CAV1 expression.1 A novel
circRNA named circMRPS35 was screened out by RNA sequencing
(RNA-seq) in GC tissues, which recruits histone acetyltransferase
KAT7 to the promoters of FOXO1 and FOXO3a genes through acting
as a modular scaffold.27 Overall, these findings support the conclusion
that circRNAs momentously regulate the tumorigenesis of GC.

In the present study, our results indicated that circCUL3might serve as
a ceRNA of miR-515-5p. Mechanistically, STAT3 acted as a target of
miR-515-5p, and then transcription factor STAT3 combines with the
promotor region of HK2. Overall, we draw a conclusion from these



Figure 5. Transcription Factor STAT3 Activates the

Expression of HK2

(A) An online bioinformatics predictive tool (JASPAR, http://

jaspar.genereg.net/) hinted that transcription factor STAT3

could target the promoter region of the HK2 gene. (B) A

ChIP assay was performed to identify the binding rela-

tionship between STAT3 and the HK2 promoter. (C) Mut

and WT sequences of the HK2 first element were respec-

tively constructed. A luciferase reporter assay was per-

formed to detect the luciferase activity. (D) STAT3 over-

expression plasmids were transfected into SGC-7901

cells. A western blot assay was performed to detect the

STAT3 and HK2 protein expression. (E) qRT-PCR was

performed to detect the HK2 mRNA expression in SGC-

7901 and BGC-823 cells. (F) Pearson correlation analysis

of STAT3 and HK2 was detected in the GC tissues cohort.

Data are shown as mean ± SD. **p < 0.01.
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data that circCUL3/miR-515-5p/STAT3/HK2 axis in the GC aerobic
glycolysis progression (Warburg effect). HK2 is a critical element in
the Warburg effect and participates in aerobic glycolysis progression.
For example, in GC, miR-181b targets HK2 to repress HK2 expression,
thereby reducing glucose uptake and lactate production.28

In summary, the present research findings revealed a novel circRNA,
circCUL3 (hsa_circ_0008309, 312 bp), using microarray analysis.
circCUL3 was upregulated in GC tissues, and the overexpression of
circCUL3 was correlated with an unfavorable prognosis of GC pa-
tients. Enhanced circCUL3 expression promoted the Warburg effect
and tumor formation of GC. Moreover, these results make to a
conclusion from the data that circCUL3/miR-515-5p/STAT3/HK2
axis in the GC aerobic glycolysis progression (Warburg effect) (Fig-
ure 6). Therefore, the data indicate a novel function of circCUL3 in
reprogramming the GCmetabolic process, which provides a potential
therapeutic target for the GC treatment.

MATERIALS AND METHODS
Patients and Specimens

All GC samples and matched normal tissue (40 pairs) used in this
study were from patients enrolled at the Yijishan Hospital of Wannan
Molecular Thera
Medical College. This study had been approved
by the Ethics Committee of the Yijishan Hospital
of Wannan Medical College. Informed consent,
agreement, and ethical regulations of patients
have been obtained. Tumor stage was defined ac-
cording to the criteria of the tumor, node, and
metastasis (TNM) classification of the Interna-
tional Union against Cancer (Table 1).

Cell Culture

Human GC cell lines (SGC-7901, BGC-823,
MGC-803, AGS) as well as their control normal
cell line (GES-1) were provided by the Cell
Bank of the Chinese Academy of Sciences
(Shanghai, China) and American Type Culture Collection (ATCC,
Manassas, VA, USA). Cell culture was performed in compliance
with ATCC protocols and incubated in a 5% CO2 atmosphere at
37�C.

Transfection

Specifically synthesized sh-circCUL3 1/2/3 and the nonspecific
shRNA as a negative control (sh-NC) for lentiviral vectors were
provided by GenePharma (Shanghai, China). circCUL3 cDNA
was amplified and then inserted into the coding sequence (CDS)
into the p3 � FLAGCMV-10 vector (Sigma-Aldrich, St. Louis,
MO, USA) to construct circCUL3 overexpression. miRNA mimic
and inhibitor were purchased from RiboBio (Guangzhou, China).
GC cells were transfected individually with these plasmids via Lip-
ofectamine 3000 (Invitrogen, Carlsbad, CA, USA). After 48 h, the
stably transfected cells were selected out using 2 mg/mL puromycin
treatment.

qRT-PCR

GC cells were re-suspended in 1 mL of TRIzol (Invitrogen) and total
RNA was extracted from the cells and then reverse transcribed
as described before.29 Total cellular RNA was reverse transcribed
py: Nucleic Acids Vol. 22 December 2020 315
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Figure 6. Circular RNA circCUL3 Accelerates theGC

Warburg Effect through the miR-515-5p/STAT3/

HK2 Axis

Molecular Therapy: Nucleic Acids
into cDNA. For circRNA and mRNA, cDNA was synthesized using
a HiScript II first-strand cDNA synthesis kit (Vazyme, Nanjing,
China). For miRNA, cDNA was synthesized by an All-in-One
miRNA first-strand cDNA synthesis kit (GeneCopoeia, Rockville,
MD, USA). Gene expression was detected by real-time PCR analyses
for circRNA, miRNA, or mRNA on a 7500 real-time PCR system
(Applied Biosystems) as previously described. b-Actin and U6
served as internal controls. All primers used in this study are listed
in Table S1.

RNase R and Actinomycin D Treatment

In order to detect circRNA stability, RNase R and actinomycin D
treatment assays were performed. First, for the RNase R assay, 2 mg
of total RNA was incubated with or without RNase R (3 U/mg, Gene-
seed Biotech, Guangzhou, China) for 10 min at 37�C. Then, RNA was
purified using RNeasy MinElute Cleanup kit (Qiagen, Hilden, Ger-
many). For actinomycin D treatment, DMSO (negative control) or
2 mg/mL actinomycin D (Sigma-Aldrich, St. Louis, MO, USA) was
administrated. The RNA expression levels were analyzed by qRT-
PCR.

Western Blotting Analysis

GC cells were lysed for protein lysis on ice using radioimmunopreci-
pitation assay (RIPA) lysis buffer (Dalian Meilun Biotechnology,
China) containing protease inhibitor cocktails (Fudebio, Hangzhou,
China). Total protein from each sample was separated by SDS-
PAGE gels and transferred onto polyvinylidene fluoride (PVDF,
0.22-mm) membranes (Amersham Bioscience, Piscataway, NJ,
USA). Subsequently, the PVDF membranes were blocked with skim
316 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
milk powder (5%) in Tris-buffered saline with
Tween 20 (TBST) at room temperature and
incubated with primary antibodies (anti-
STAT3, anti-HK2, Abcam, 1:1,000) overnight
at 4�C. Then, the membranes were washed
with TBST and incubated by horseradish perox-
idase (HRP)-conjugated secondary antibody
(anti-ACTINB). Quantitative analysis of band
intensity was determined using ImageJ
software.

Proliferation Assay

Cellular proliferation ability was detected using
a CCK-8 assay and EdU incorporation assay.
For CCK-8, a total of approximately 2 � 103

cells/well were seeded in 96-well plates. After
culturing at the indicated times (24, 48, 72,
and 96 h), the cellular viability was detected us-
ing a CellTiter-Glo luminescent cell viability
assay (Promega, Madison, WI, U.S.A.) accord-
ing to the manufacturer’s instructions. For the EdU incorporation
assay, EdU (10 mM) was added to each well and cells were fixed
with 4% formaldehyde for 30 min. After washing, EdU was detected
with a Click-iT EdU kit, and images were visualized using a fluores-
cence microscope (Olympus).

Glucose Consumption, Lactate Production, and ATP Level

Measurement

Briefly, the experimental methods for glucose consumption, lactate
production, and ATP level measurement were as previously
described.30 Glucose was determined by a glucose assay kit (Sigma,
St. Louis, MO, USA). Lactate levels were measured by a lactate color-
imetric/fluorometric assay kit (BioVision,Mountain View, CA, USA).
ATP level was determined using an ATP determination kit (Thermo
Fisher Scientific, Waltham, MA, USA).

ECAR and OCR

ECAR and OCR were determined using a Seahorse XFe96 analyzer
(Seahorse Bioscience, Agilent Technologies). The stable transfected
cells (1 � 104 cells/well) were seeded into 96-well XF cell culture mi-
croplates. After 24 h, the medium was replaced by XF base medium
(pH 7.4) containing glucose (10 mM), glutamine (1 mM), 2-deoxy-
glucose (2-DG) (50 mM), and oligomycin (1 mM). Finally, the
ECAR was detected using an XFe96 analyzer (Seahorse Bioscience).
For the OCR, cells were respectively treated with oligomycin
(1 mM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP), and antimycin A (2 mM) and rotenone. The data of
ECAR and OCR were measured and normalized to total protein con-
tent (milli-pH [mpH]/min).



Table 1. Relationship between circCUL3 and the Clinicopathological

Characteristic of GC Patients

circCUL3

p ValueLow High

Age <60 18 8 10 0.487

R60 22 10 12

Sex male 27 14 13 0.185

female 13 4 9

Tumor size <3.5 cm 23 8 15 0.023*

R3.5 cm 17 10 7

Histological grade well/moderate 14 8 6 0.216

poor/other 26 10 16

T stage T1–T2 16 8 8 0.009*

T3–T4 24 10 14

TNM stage I–II 18 10 8 0.178

III–IV 22 8 14

Lymphatic metastasis present 19 7 12 0.652

absent 21 11 10

Well, well-differentiated adenocarcinoma; moderate, moderately differentiated adeno-
carcinoma; poor, poorly differentiated adenocarcinoma; other, other histological type;
TNM, tumor-node-metastasis. *Represents statistical difference (p < 0.05).
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Subcellular Location Analysis

RNA was isolated from nuclear and cytoplasmic fractions using a Paris
kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s pro-
tocol. The RNA of nuclear and cytoplasmic fractions was eluted and
then detected using qRT-PCR. For FISH, Cy3-labeled circCUL3 probes
and 6-carboxyfluorescein FAM-labeled miR-515-5p probes were syn-
thesized by GenePharma (Shanghai, China). FISH was performed us-
ing a FISH kit (GenePharma) according to the manufacturer’s instruc-
tions. Nuclei were stained by DAPI. Analysis was performed using
Image-Pro Plus 6.0 (Media Cybernetics, Rockville,MD,USA) software.

Luciferase Reporter Assay

The reporter plasmids (pGL3-firefly or Renilla luciferase) containing
the circCUL3 sequence, STAT3 30 UTR, and the HK2 promoter re-
gion, as well as matchedMut sequences, were designed by GeneChem
(Shanghai, China). 293T cells were co-transfected with these plasmids
and miR-515-5p mimic or negative control (RiboBio, Guangzhou,
China). Firefly luciferase activity was calculated and normalized to
Renilla luciferase activity. Luciferase activities were detected using a
multimode detector (Promega).

ChIP Assay

A ChIP assay was performed using a Magna ChIP kit (Millipore, Bill-
erica, MA, USA) according to the manufacturer’s manual. Briefly, 1�
107 SGC-7901 cells were fixed with formaldehyde (1%, Sigma) and
the nuclear isolation was extracted. Then, the isolation was purified
and sonicated into fragments (200–1,000 bp) and immunoprecipi-
tated with anti-STAT3 antibody (Abcam, ab32500, 1:1,000) or anti-
immunoglobulin G (IgG). The putative transcriptional binding sites
were predicted by JASPAR (http://jaspar.genereg.net/). The immuno-
precipitated complex was collected and the reverse transcription was
detected by real-time PCR normalized to input control.

In Vivo Xenograft Assay

Animal studies were approved by the Laboratory AnimalWelfare and
Ethics Committee of the Yijishan Hospital of Wannan Medical Col-
lege. For the in vivo tumor study, male BALB/c mice (6 weeks old, 15–
20 g weight) were provided from the SLAC Laboratory Animal Center
(Shanghai, China). SGC-7901 cell lines were stably transfected with
sh-circCUL3 and then subcutaneously injected into BALB/c mice.
Every 3 days, tumor size (volume) was detected by caliper and calcu-
lated using the following equation: (longer axes � shorter axes �
shorter axes)/2. Tumor weight was calculated after excision.

Statistical Analyses

Statistical analyses were performed with SPSS 19.0 software (Abbott
Laboratories, Chicago, IL, USA) and GraphPad Prism 7.0 (GraphPad,
La Jolla, CA, USA). All data were analyzed with an unpaired Student’s
t test or one-way ANOVA plus and expressed as mean ± standard de-
viation (SD). Survival analysis was performed using the Kaplan-Meier
method and log-rank test for survival curves. Univariate and multi-
variate analyses were performed using the Cox regression model.
p values less than 0.05 were considered statistically significant.
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