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Background: Circular RNA hsa circ 0003340 (circ-cOGDH) has been uncovered to be
involved in esophageal squamous cell carcinoma (ESCC) progression. However, the
mechanism by which circ-OGDH regulates ESCC progression is unclear.

Methods: Expression levels of circ-OGDH, microRNA (miR)-615-5p, and PDX1 (pancrea-
tic and duodenal homeobox 1) mRNA were evaluated with quantitative real-time polymerase
chain reaction (QRT-PCR). The proliferation, apoptosis, migration, invasion, and cell cycle
progression of ESCC cells were analyzed by MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide), colony formation, flow cytometry, and transwell assays.
Measurement of glutamine consumption, a-KG (a-ketoglutarate) production, and ATP
(Adenosine Triphosphate) content using corresponding kits. Protein levels were analyzed
by Western blotting. The targeting relationship between circ-OGDH or PDX1 and miR-615-
5p was verified by dual-luciferase reporter and RNA immunoprecipitation (RIP) assays. The
function of circ-OGDH in ESCC was confirmed by animal experiments.

Results: Circ-OGDH was upregulated in ESCC. Circ-OGDH inhibition reduced ESCC
growth in vivo and accelerated cell apoptosis, cell cycle arrest, repressed cell proliferation,
migration, invasion, and reduced cell glutamine metabolism in ESCC cells in vitro. MiR-
615-5p was downregulated in ESCC, while PDX1 had an opposite result. Circ-OGDH
sponged miR-615-5p to regulate PDX1 expression. MiR-615-5p inhibitor neutralized the
repressive effect of circ-OGDH knockdown on malignancy and glutamine metabolism of
ESCC cells. PDX1 overexpression counteracted the inhibitory impact of miR-615-5p mimic
on malignancy and glutamine metabolism of ESCC cells.

Conclusion: Circ-OGDH sponged miR-615-5p to elevate PDX1 expression, thus elevating
glutamine metabolism and promoting tumor growth in ESCC. The study offered evidence to
support circ-OGDH as a promising target for ESCC therapy.

Keywords: ESCC, circ-OGDH, miR-615-5p, PDX1, glutamine

Introduction

Esophageal cancer ranks sixth among the causes of cancer deaths worldwide.'
Esophageal squamous cell carcinoma (ESCC), a major subtype of esophageal
cancer, accounts for approximately 90% of all esophageal cancer cases in develop-
ing countries, including China.> At present, esophagectomy combined with radical
mediastinal lymph node dissection is still the standard treatment for ESCC.’
However, the probability of ESCC recurrence is still high after radical surgery.*>
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Therefore, it is essential to develop new ESCC treatment
strategies to improve the prognosis of ESCC.

Unlike normal cells, cancer cells reprogram their meta-
bolic pathways to meet their energy requirements.®
Glutamine, the most abundant nutrient in plasma, is
responsible for most of the carbon and nitrogen metabo-
lism in cells. Glutaminase can convert glutamine into
a-ketoglutarate (0-KG), which participates in the tricar-
boxylic acid (TCA) cycle to provide energy for cells.’
Many studies have proved that glutamine metabolism is
involved in macromolecule biosynthesis, regulating signal-
ing pathways, and maintaining redox homeostasis in can-
cer cell, thereby facilitated cancer cell survival and
proliferation.® Also, targeting glutamine metabolism offers
a promising direction for the development of cancer treat-
ment strategies.” Accordingly, it is very vital to survey the
mechanism of glutamine metabolism related to tumor
progression.

Circular RNAs (circRNAs) are a type of endogenous
biomolecules with closed loop structures.' They have
cell-specific and tissue-specific expression patterns and
resist to exonuclease RNase R digestion.'' Recent studies
have shown that circRNAs can function as transcription
regulators, protein binding partners, and microRNA
(miR) sponges.'? Moreover, accumulated evidence has
proved that circRNAs participate in the progression of
many human diseases, including cancer. For example,
circRNA circ-DONSON facilitated gastric cancer growth
by initiating SOX4 expression via recruiting the NURF
complex."® CircRNA circ-DOXP1 sponged miR-370 and
increased PKLR expression, resulting in accelerating
Warburg effect and tumor growth in gallbladder
cancer."* CircRNA circ-OGDH (circ-OGDH) (circBase
ID: hsa circ_0003340), located at chr7: 44684925-
44687358, is a circRNA with a length of 295 bp produced
by reverse splicing of the OGDH gene (http://www.cir
cbank.cn/search.html?selectValue=hsa circOGDH 007).
Report of Hou et al indicated that circ-OGDH acted as an
oncogene in ESCC." Nevertheless, whether circ-OGDH
regulates glutamine metabolism in ESCC progression is

unclear.

Hence, this study aimed to explore the mechanism of
circ-OGDH regulating glutamine metabolism in ESCC
progression. Our results proved that circ-OGDH elevated
glutamine metabolism and promoted ESCC growth by
regulation of the miR-615-5p/PDX1 (pancreatic and duo-
denal homeobox 1) axis.

Materials and Methods

Case Selection

The protocols of the study were approved by the Ethics
Committee of the Affiliated Hospital of Chengde Medical
University and conducted in line with the Declaration of
Helsinki. 34 pairs of ESCC tissues and para-carcinoma
tissues were collected from patients who underwent
ESCC surgical resection at the Affiliated Hospital of
Chengde Medical University. All enrolled patients signed
written informed consents, and none of them had received
chemotherapy or radiotherapy prior to surgery.

Cell Culture

Human normal esophageal epithelial cell line (HEEC) and
ESCC cell lines (TE-1 and Eca-109) were obtained from
Bena Culture Collection (Suzhou, China). HEEC and Eca-
109 were maintained in the DMEM (Dulbecco’s modified
Eagle’s medium) (Sigma, St Louis, MO, USA) in
a humidified chamber at 37°C with 5% CO,, whereas the
TE-1 cells were maintained in RPMI (Roswell Park
Memorial Institute)-1640 medium (Sigma). These med-
iums were supplemented with 10% FBS (Fetal Bovine
Serum) (Sigma) and 1% streptomycin/penicillin (Sigma).

Cell Transfection

The RNA oligonucleotides used in this study were pur-
chased from GenePharma (Shanghai, China), including
small interference (si) RNA against circ-OGDH (si-circ-
OGDH#1 and si-circ-OGDH#2) and its matched negative
control (si-NC), miR-615-5p mimic (miR-615-5p), negative
control matched with miR mimic (miR-NC), miR-615-5p
inhibitor (anti-miR-615-5p), and negative control corre-
sponding miR inhibitor (anti-miR-NC). Overexpression
plasmids of pCDS5-ciR-circ-OGDH  (circ-OGDH) and
pcDNA-PDX1 (PDX1) were constructed using empty
pCD5-ciR  (Vector) (Geneseed, Guangzhou, China) and
pcDNA (Thermo Fisher Scientific) vectors. Transient trans-
fection was carried out using the Lipofectamine RNAIMAX
reagent (Thermo Fisher Scientific, Waltham, MA, USA) or
Lipofectamine 3000 reagent (Thermo Fisher Scientific).

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

Total RNA isolation was conducted with the RNAiso plus
(Takara, Dalian, China). The concentration and integrity of
total RNA were evaluated using the SmartSpec Plus spec-
trophotometer (Bio-Rad, Hercules, CA, USA) and agarose
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gel electrophoresis (1%). To analyze the stability of circ-
OGDH, total RNA derived from ESCC cells was digested
with RNase R (3U/ug, Epicentre Technologies, Madison,
WI, USA) at 37°C for 20 min, and DEPC (diethyl pyr-
ocarbonate)-treated water (Thermo Fisher Scientific) was
utilized as a negative control. QRT-PCR was carried out
with the Power SYBR Green Master Mix (Applied
Biosystems, Foster City, CA, USA) on the Light Cycler
480 System (Roche, Basel, Switzerland). The complemen-
tary DNA (cDNA) was produced using the miRcut Plus
miRNA First-Strand c¢DNA Synthesis Kit (Tiangen,
Beijing, China) or ReverTra Ace™ qPCR RT Kit
(Toyobo, Osaka, Japan). The primer sequences were dis-
played in Table 1. Relative expression was calculated by
the 27**“* method and normalized to U6 or B-actin.

Cell Viability Analysis

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) assay was conducted using the Cell
Proliferation Kit I (Roche) to assess cell viability. In short,
ESCC cells were transfected with oligonucleotides and/or
plasmids and then incubated onto 96-well plates for
48 h. Thereafter, the MTT reagent (5 mg/mL, 10 pL) was
added to each well and incubated for 4 h. Subsequently, the
solubilization solution (100 pL) was supplemented to dis-
solve the purple crystals. The OD (optical density) value of
the solution at 570 nm was measured with a BioTek™ 800TS
Absorbance Reader (BioTek, Winooski, VT, USA).

Table | Primer Sequences Used for qRT-PCR

Genes Primer Sequences (5'-3")
circ-OGDH Forward (F): 5'-ATCAGATACGAGGGCACCATGT-3’
Reverse (R): 5-GGCTCCGGCATTCGTGTTG-3’
miR-615-5p | F: 5-TCCGATTCTCCCTCTGGGTC-¥
R: 5'-GTGCAGGGTCCGAGGT-¥
PDXI F: 5-GAAGTCTACCAAAGCTCACGCG-3’
R: 5'-GGAACTCCTTCTCCAGCTCTAG-3’
ué F: 5-CTCGCTTCGGCAGCACACATATAC-3
R: 5'-ACGCTTCACGAATTTGCGTGTC-3’
p-actin F: 5-CACCATTGGCAATGAGCGGTTC-3’
R: 5'-AGGTCTTTGCGGATGTCCACGT-3’
GAPDH F: 5-GTCTCCTCTGACTTCAACAGCG-3’
R: 5'-ACCACCCTGTTGCTGTAGCCAA-3’

Colony Formation Assay

After transfection for 24 h, ESCC cells (1 x 10%) were
seeded into 6-well plates containing complete medium
(2 mL) and incubated for 10 days. Then, the cells were
washed with PBS (phosphate buffer saline) (Sigma) and
fixed with 4% paraformaldehyde (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). After dying with
0.1% crystal violet (Santa Cruz Biotechnology), the num-
ber of colonies (> 50 cells) was counted using a Nikon
microscope (Nikon Eclipse E600, Nikon Instruments,
Melville, NY, USA).

Cell Apoptosis Analysis

Flow cytometry assay was conducted with the Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
apoptosis detection kit (Becton Dickinson, San Jose, CA,
USA). After digestion with trypsin (Sigma), the cells (1 x
10°) were re-suspended in 1x binding buffer. Then, the
cells (1 x 10%) were stained with Annexin V-FITC (5 pL)
and PI (5 pL). The cells were analyzed using a FACS
Calibur
Cytometer (Becton Dickinson) with a CellQuest software

(fluorescence-activated cell sorting) Flow

program (Becton Dickinson).

Cell Migration and Invasion Analysis

Transwell assay was performed using transwell migration
chambers (#3422, Costar, Cambridge, MA, USA) or inva-
sion chambers (#354480, Costar). Briefly, ESCC cells re-
suspended in cell medium (200 pL) were inoculated into
apical chambers after transfection for 24 h. Also, 600 puL
medium containing 10% FBS (Thermo Fisher Scientific)
was added to basolateral chambers. After culture for
a while (24 h), the migrating and invasive cells were
fixed with 4% (Santa
Biotechnology) and stained with 0.1% crystal violet

paraformaldehyde Cruz
(Santa Cruz Biotechnology). The cells in 5 random fields
were figured using a Nikon microscope (% 100, Nikon
Eclipse E600, Nikon Instruments).

Cell Cycle Progression Analysis

The cell cycle progression was evaluated using the DNA
Content Detection Kit (Solarbio, Beijing, China). In short,
the cells were digested and washed with trypsin (Sigma)
and PBS (Sigma), respectively. Thereafter, the cells (1 x
10°) were fixed with 70% pre-cooled ethanol (500 uL),
followed by disposing with RNase A (100 puL) at 37°C for
30 min. Subsequently, the cells were stained with PI
(400 pL) at 4°C for 30 min. Finally, the cell distribution
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was evaluated using a FACS (fluorescence-activated cell
sorting) Calibur Flow Cytometer (Becton Dickinson) with
a CellQuest software program (Becton Dickinson).

Glutamine Consumption, a-KG
Production, and ATP (Adenosine

Triphosphate) Content Measurements
The level of glutamine in the culture medium was mea-
sured with a Glutamine Assay Kit (Bioassay Systems,
Hayward, CA, USA). Briefly, the cell medium was
mixed with the enzyme after deproteinization with an
ultracentrifugal filter. The absorbance at 565 nm was mea-
sured with a BioTek™ 800TS Absorbance Reader
(BioTek) after incubation for 40 min in the dark.
Glutamine consumption was calculated according to the
following equation: Glutamine consumption = glutamine
in fresh medium-glutamine in cell medium.

The levels of 0-KG and ATP in cultured cells were
assessed with a-KG colorimetric assay kit (BioVision,
Milpitas, CA, USA) or CellTiter-Glo Luminescent Cell
Viability Assay kit (Promega, Madison, WI, USA) in
accordance with manufacturer’s instructions.

Western Blotting

Total protein was extracted with the RIPA (Radio-
Immunoprecipitation Assay) buffer (Thermo Fisher
Scientific) and quantified with the QuantiPro™ BCA Assay
Kit (Sigma). Total protein was loaded into 10% sodium
dodecyl sulfate-polyacrylamide gel (Sigma) and separated
by electrophoresis. The separated proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes (Bio-
Rad) and then sealed with 5% non-fat milk. Thereafter, the
membranes were washed with TBST (Tris Buffered Saline
Tween) (Thermo Fisher Scientific) and then incubated with
primary antibodies against GLS1 (glutaminase-1)
(ab156876, 1:1000, Abcam, Cambridge, MA, USA), PDX1
(ab134150 1:1000, Abcam), and B-actin (ab115777, 1:200,
Abcam). Then, the membranes were incubated with an HRP
(horseradish peroxidase)-conjugated goat anti-rabbit IgG
(ab205718, 1:2000, Abcam) secondary antibody. B-actin
was deemed as a loading control. The blots were detected
by enhanced chemiluminescence (ECL)
(PerkinElmer, Waltham, MA, USA).

substrate

Dual-Luciferase Reporter Assay
The binding sites between miR-615-5p and circ-OGDH or
PDX1 were predicted using circular RNA interactome and

TargetScan. The fragments of wild type (wt) circ-OGDH
and 3’ untranslated regions (UTR) of PDX1 and their
mutant (mut) sequences were inserted into the downstream
of the pMIR-REPORT reporter (Applied Biosystems),
respectively. ESCC cells were co-transfected with
a luciferase reporter containing wt-circ-OGDH, mut-circ-
OGDH, wt-PDX1 3'UTR, or mut-PDX1 3'UTR and miR-
NC or miR-615-5p mimic. Thereafter, the cells were lysed
and the luciferase activities were assessed with a luciferase
assay kit (Biovision) in a TD20/20 Luminometer (Turner
Biosystems, Sunnyvale, CA, USA).

RNA Immunoprecipitation (RIP) Assay
RIP analysis was carried out with the Magna RIP kit
(Millipore, Bedford, MA, USA) to analyze the specific
binding between miR-615-5p and circ-OGDH or PDX1
based on the manufacturer’s instructions. In brief, the lysates
of ESCC cells were incubated with immunoprecipitation
buffer containing magnetic beads conjugated to Ago2 (argo-
naute 2) antibody (#10686-1-AP, Thermo Fisher Scientific)
or IgG (immunoglobulin G) antibody (#PP64B, Millipore)
at 4°C for 6 h, and IgG was used as a control. The enrich-
ment of circ-OGDH or PDX1 and miR-615-5p in purified
RNA complexes was examined by qRT-PCR.

Animal Experiments

The animal experiments were ratified by the Animal Ethics
Committee of The Affiliated Hospital of Chengde Medical
University. 10 female BALB/c nude mice (4—6 weeks old)
(Vital River Laboratory, Beijing, China) were randomly
divided into 2 groups and injected with TE-1 cells (1x107),
which were stably transduced with short hairpin (sh) RNA
against circ-OGDH (sh-circ-OGDH) or sh-NC. All mice
were housed in pathogen-free conditions and tumor
volume was measured once a week. At the end point (5
weeks later), all mice were killed and their tumor tissues
were excised, weighed, and conserved at —80°C for sub-
sequent analysis. Animal experiments were conducted in
line with the Laboratory animal-Guideline for ethical
review of animal welfare of China (permit number: GB/
T 35892-2018). The tumor volume was calculated based
on the following equation: Volume = (length xwidth?)/2.

Statistical Analysis

All experiments were repeated 3 times and each experi-
ment was performed in triplicate. Statistical analysis was
executed using GraphPad Prism 7.0 (Graph-Pad Software,
La Jolla, CA, USA). All data were expressed as mean +
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standard deviation. The normal distribution of the results
was confirmed by the Kolmogorov—Smirnov test. The
differences between 2 groups or among multiple groups
were evaluated with Student’s #-test or one-way ANOVA
(analysis of variance) with Turkey’s post hoc test. P < 0.05
was the threshold of significance.

Results
Circ-OGDH Was Overtly Upregulated in
ESCC

Previous research has revealed that circ-OGDH acts as an
oncogene in ESCC."> To further verify this result, we
detected circ-OGDH expression in 34 paired ESCC tissues
and para-carcinoma tissues. QRT-PCR showed that circ-
OGDH expression was prominently upregulated in ESCC
tissues in contrast to para-carcinoma tissues (Figure 1A). As
expected, circ-OGDH was highly expressed in ESCC cells
(TE-1 and Eca-109) compared with the HEEC cells (Figure
1B). To evaluate the stability of circ-cOGDH, we processed
RNA from TE-1 and Eca-109 cells with RNase R and
circcOGDH  was to RNase
R digestion, whereas linear GAPDH was markedly digested
after RNase R treatment (Figure 1C). Our data exhibited that
circ-OGDH expression was elevated in ESCC.
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Circ-OGDH Elevated Glutamine
Metabolism and Accelerated

Proliferation, Metastasis, and Invasion of
ESCC Cells

To survey circ-OGDH function in ESCC, we carried out
loss-of-function experiments. 2 siRNAs (si-circ-OGDH#1
and si-circ-OGDH#2) against circ-OGDH were used to
silence circ-OGDH expression. As exhibited in Figure
2A, circ-OGDH expression was prominently decreased in
TE-1 and Eca-109 cells after transfection with si-circ-
OGDH#1 or si-circ-OGDH#2, and the si-circ-OGDH#1
(si-circ-OGDH) with better knockdown efficiency was
chose for follow-up analysis. MTT and colony formation
assays exhibited that circ-OGDH silencing inhibited the
proliferation of TE-1 and Eca-109 cells (Figure 2B and C).
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OGDH inhibition resulted in the arrest of TE-1 and Eca-
109 cells in GO/G1 stage (Figure 2G and H). Moreover,
circ-OGDH silencing reduced glutamine consumption, and
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Figure 2 Influence of circ-OGDH inhibition on proliferation, metastasis, invasion, and glutamine metabolism of ESCC cells. (A) QRT-PCR revealed the expression of circ-
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a-KG production, and ATP content in TE-1 and Eca-109
cells (Figure 2I-K). In addition, circ-OGDH knockdown
decreased the level of GLSI protein in TE-1 and Eca-109
cells (Figure 2L). Together, these results indicated that
circ-OGDH promoted proliferation, metastasis, invasion,
and glutamine metabolism of ESCC cells in vitro.

Circ-OGDH Was Identified as a Sponge
for miR-615-5p

To explore the regulatory mechanism of circ-OGDH in
ESCC, we sought for miRs that might interact with circ-

OGDH. As displayed in Figure 3A, circ-OGDH might
miR-615-5p.
Subsequently, we established a luciferase plasmid contain-

serve as a molecule sponge for
ing wt-circ-OGDH or mut-circ-OGDH to analyze the rela-
tionship between circ-OGDH and miR-615-5p (Figure
3B). Dual-luciferase reporter assay showed that the luci-
ferase activity of the luciferase plasmid carrying wt-circ-
OGDH was reduced in the presence of miR-615-5p mimic
in TE-1 and Eca-109 cells, but the luciferase activity of the
luciferase plasmid with mut-circ-OGDH did not change
(Figure 3C). RIP assay exhibited that miR-615-5p and

circ-OGDH were overtly enriched in RNA complexes in
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Figure 3 Circ-OGDH served as a sponge for miR-615-5p in ESCC cells. (A) Circular RNA interactome prediction exhibited that circ-OGDH might be a sponge of miR-
615-5p. (B) Schematic illustration of a luciferase reporter containing wt-circ-OGDH or mut-circ-OGDH. (C) Dual-luciferase reporter assay was carried out to analyze the
luciferase activity of the luciferase reporter containing wt-circ-OGDH or mut-circ-OGDH. **P < 0.0 vs miR-NC. (D) QRT-PCR revealed the enrichment of miR-615-5p and
circ-OGDH in RNA complexes in the Ago2 and IgG groups. ***P < 0.001 vs IgG. (E and F) QRT-PCR analyzed the expression of miR-615-5p in ESCC tissues and cells. *P <
0.01 vs para-carcinoma tissues or HEEC cells. (G) QRT-PCR verified the overexpression efficiency of circ-OGDH in TE-1 and Eca-109 cells. **P < 0.001 vs Vector. (H) QRT-
PCR analysis of the influence of circ-OGDH overexpression or inhibition on miR-615-5p expression in TE-I and Eca-109 cells. **P < 0.01 vs Vector or si-NC.

the Ago2 group compared with the IgG group (Figure 3D).
We also observed significant downregulation of miR-615-
Sp in ESCC tissues and cells (Figure 3E and F). Also, circ-
OGDH expression was significantly increased in TE-1 and
Eca-109 cells transfected with circ-OGDH than that in the
control group (Figure 3G). Additionally, miR-615-5p
expression was elevated in TE-1 and Eca-109 cells with
inhibition of circ-OGDH and decreased in TE-1 and Eca-
109 cells with overexpression of circ-OGDH (Figure 3H).
Collectively, these results manifested that circ-OGDH
acted as a sponge for miR-615-5p in ESCC cells.

Circ-OGDH Regulated Proliferation,

Metastasis, Invasion, and Glutamine
Metabolism of ESCC Cells by Sponging
miR-615-5p

Subsequently, we conducted rescue experiments to
further survey whether circ-OGDH regulated prolifera-
tion, metastasis, invasion, and glutamine metabolism of
ESCC cells by adsorbing miR-615-5p. QRT-PCR exhib-
ited that miR-615-5p inhibition reverted the upregulation

of miR-615-5p in circ-OGDH-silenced TE-1 and Eca-109
cells (Figure 4A). As expected, miR-615-5p silencing
reverted impacts of circ-OGDH depletion on proliferation
and apoptosis of TE-1 and Eca-109 cells (Figure 4B-D).
Also, miR-615-5p downregulation reversed the inhibitory
influence of circ-OGDH knockdown on metastasis, inva-
sion, and cell cycle progression of TE-1 and Eca-109
cells (Figure 4E-G). Moreover, miR-615-5p inhibition
restored the decrease of glutamine consumption, o-KG
production, and ATP content in circ-OGDH-silenced TE-
1 and Eca-109 cells (Figure 4H-J). In addition, silence of
miR-615-5p reversed the downregulation of GLS1 pro-
tein in TE-1 and Eca-109 cells induced by circ-OGDH
knockdown (Figure 4K). In sum, these data suggested
that circ-OGDH adsorbed miR-615-5p to regulate prolif-
eration, metastasis, invasion, and glutamine metabolism
of ESCC cells.

PDXI1 Was a Target of miR-615-5p in
ESCC Cells

To investigate the regulatory mechanism of miR-615-5p in
ESCC, we searched the targets of miR-615-5p. As
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Figure 4 Circ-OGDH affected glutamine metabolism and malignant behaviors of ESCC cells by sponging miR-615-5p. (A-K) TE-I and Eca-109 cells were transfected with
si-NC, si-circ-OGDH, si-circ-OGDH+anti-miR-NC, or si-circ-OGDH+anti-miR-615-5p. (A) Expression of miR-615-5p in TE-| and Eca-109 cells was evaluated using qRT-
PCR. *P < 0.01 vs si-NC or si-circ-OGDH+anti-miR-NC. (B-D) Inhibition of miR-615-5p reversed circ-OGDH silencing-mediated effects on TE-1 and Eca-109 cell viability,
colony formation, and apoptosis, which were determined by using MTT assay, colony formation assay, or flow cytometry assay. *P < 0.05 and **P < 0.01 vs si-NC or si-circ-
OGDH¢+anti-miR-NC. (E-G) Knockdown of miR-615-5p neutralized the repressive influence of circcOGDH downregulation on TE-I and Eca-109 cell migration, invasion,
and cell cycle progression, which was analyzed with transwell assay or flow cytometry assay. *P < 0.05 and **P < 0.01 vs si-NC or si-circ-OGDH+anti-miR-NC. (H-J)
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OGDH-+anti-miR-NC. (K) The level of GLS| protein in TE-l and Eca-109 cells was analyzed using Western blotting. *P < 0.05 and **P < 0.0l vs si-NC or si-circ-OGDH
+anti-miR-NC.

displayed in Figure 5A, miR-615-5p might target PDX1. MjR-6 | 5-5p Regulated Proliferation,
Thus, we constructed a luciferase plasmid with wt-PDX1 Metastasis. Invasion. and Glutamine
b ’

3'UTR t-PDX1 3'UTR to furth lidate the rela- .
o or e 0 urher vandate 1€ % Metabolism of ESCC Cells Through
tionship between miR-615-5p and PDX1 (Figure 5B). We .

Targeting PDXI

observed that miR-615-5p overexpression repressed the
luciferase activity in TE-1 and Eca-109 cells carrying To test whether the miR-615-5p/PDX1 axis regulated the
the luciferase plasmid containing wt-PDX1 3'UTR but proliferation, metastasis, invasion, and glutamine metabo-
not the luciferase plasmid containing mut-PDX1 3'UTR lism of ESCC cells, we performed rescue experiments.
(Figure 5C). Moreover, miR-615-5p and PDX1 were After PDX1 introduction, the downregulation of PDX1
markedly co-enriched in the Ago2 group (Figure 5D). mRNA and protein in miR-615-5p-overexpressed TE-1
We also examined the levels of PDX1 mRNA and protein  and Eca-109 cells was partially overturned (Figure 6A
in ESCC tissues and cells and the results exhibited higher ~ and B). Moreover, miR-615-5p overexpression repressed
expression levels of PDX1 mRNA and protein in ESCC  proliferation and accelerated apoptosis of TE-1 and Eca-
tissues and cells (Figure SE-H). Additionally, miR-615-5p 109 cells, but these effects were restored by forcing PDX1
expression was reduced in TE-1 and Eca-109 cells trans-  expression (Figure 6C-E). Also, elevated PDX1 expression
fected with miR-615-5p inhibitor and increased in TE-1  overturned the repressive effect of miR-615-5p mimic on
and Eca-109 cells transfected with miR-615-5p mimic  migration, invasion, and cell cycle progression of TE-1
(Figure 5I). As expected, miR-615-5p overexpression and Eca-109 cells (Figure 6F-H). As expected, miR-615-
markedly decreased PDX1 protein level in TE-1 and S5p elevation reduced glutamine consumption, a-KG pro-
Eca-109, but miR-615-5p inhibition had an opposite influ-  duction, and ATP content in TE-1 and Eca-109 cells, but
ence (Figure 5J). These data indicated that miR-615-5p these declines were offset by PDXI1 overexpression
directly targeted PDX1 in ESCC cells. (Figure 61-K). Additionally, the forcing expression of
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Figure 5 PDXI acted as a target of miR-615-5p. (A) The complementary binding sequence between miR-615-5p and PDXI| was predicted by TargetScan. (B) Schematic
diagram of the luciferase reporter containing wt-PDX1 3'UTR or mut-PDX| 3'UTR. (C) Dual-luciferase reporter assay was performed to validate the relationship between
miR-615-5p and PDXI. **P < 0.01 vs miR-NC. (D) QRT-PCR presented the enrichment of miR-615-5p and PDXI in Ago2 and IgG immunoprecipitates. ***P < 0.001 vs IgG.
(E—H) Relative expression levels of PDX| mRNA and protein in ESCC tissues and cells were assessed using qRT-PCR or Western blotting. *P < 0.05 and **P < 0.01 vs para-
carcinoma tissues or HEEC cells. (I) Relative expression of miR-615-5p in TE-1 and Eca-109 cells transfected with miR-NC, miR-615-5p, anti-miR-NC, or anti-miR-615-5p
was analyzed using qRT-PCR. **P < 0.0 and ***P < 0.001 vs miR-NC or anti-miR-NC. (J) Influence of miR-615-5p overexpression or inhibition on the protein level of PDXI
in TE-1 and Eca-109 cells was evaluated using Western blotting. **P < 0.01 vs miR-NC or anti-miR-NC.

PDX1 reversed the downregulation of GLS1 protein in
miR-615-5p-increased TE-1 and Eca-109 cells (Figure
6L). These results indicated that miR-615-5p repressed
proliferation, metastasis, invasion, and glutamine metabo-
lism of ESCC cells through targeting PDX1.

Circ-OGDH Sponged miR-615-5p and
Increased PDXI Expression

Based on the above findings, we further surveyed whether
circ-OGDH functioned as a ceRNA (competing endogenous
RNA) and regulated PDX1 expression by sponging miR-
615-5p. The results showed that circ-OGDH inhibition
reduced PDX1 protein level in TE-1 and Eca-109 cells, but
this decline was reversed after miR-615-5p downregulation

(Figure 7A and B). These data indicated that circ-OGDH
functioned as a miR-615-5p sponge and regulated PDX1
expression via adsorbing miR-615-5p in ESCC cells.

Circ-OGDH Inhibition Reduced ESCC

Growth in vivo

To validate the function of circ-OGDH in ESCC, we
established ESCC animal models by injecting mice with
TE-1 cells carrying sh-circ-OGDH or sh-NC. We observed
that tumor volume and weight were overtly smaller and
lighter in mice injected with TE-1 cells carrying with sh-
circ-OGDH in contrast to the control group (Figure 8A-C).
QRT-PCR analysis of tumor tissues revealed that circ-
OGDH and PDX1 mRNA expression were decreased
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Figure 6 MiR-615-5p modulated glutamine metabolism and malignant behaviors of ESCC cells by targeting PDXI. (A-L) TE-| and Eca-109 cells were transfected with miR-

NC, miR-615-5p, miR-615-5p+pcDNA, or miR-615-5p+PDXI. (A and B) The levels

of PDX| mRNA and protein in TE-I and Eca-109 cells were analyzed by qRT-PCR or

Western blotting. *P < 0.05 and **P < 0.01 vs miR-NC or miR-615-5p+pcDNA. (C—E) The viability, colony formation, and apoptosis of TE-1 and Eca-109 cells were surveyed
using MTT assay, colony formation assay, or flow cytometry assay. **P < 0.01 vs miR-NC or miR-615-5p+pcDNA. (F-H) The migration, invasion, and cell cycle progression
of TE-1 and Eca-109 cells were surveyed using transwell assay or flow cytometry assay. *P < 0.05 and **P < 0.0l vs miR-NC or miR-615-5p+pcDNA. (I-K) The
corresponding kits were used to measure glutamine consumption, a-KG production, and ATP content in TE-| and Eca-109 cells. *P < 0.05 and **P < 0.01 vs miR-NC or miR-
615-5p+pcDNA. (L) Western blotting was performed to determine the protein level of GLSI in TE-| and Eca-109 cells. *P < 0.05 and **P < 0.0l vs miR-NC or miR-615-5p

+pcDNA.

mice tumor tissues in the sh-circ-OGDH group, whereas
elevated (Figure 8D).
Additionally, PDX1 protein level was also downregulated
in mice tumor tissues in the sh-circ-OGDH group (Figure
8E). In sum, these data suggested that circ-OGDH accel-
erated ESCC growth in vivo.

miR-615-5p expression was

Discussion
Emerging studies have discovered that circRNAs have
great potential to become therapeutic targets for cancer.'®

At present, many circRNAs have been uncovered to be
implicated in the tumorigenesis of ESCC. It was reported
that circRNA circ-GSK3B,17 circRNA circ-LPAR3,'® and
circRNA circ-NTRK2 played a tumor-promoting role in
ESCC, while circRNA circ-VRK1," circRNA circ-
SMAD7,2° and circRNA circ-FOX03?! acted as a tumor
suppressor. Even so, the exact mechanism of circRNAs in
ESCC is still unknown.

Glutamine metabolism has been demonstrated to be
indispensable for the development of tumors.”> Also, the
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Figure 8 Circ-OGDH promoted ESCC growth in vivo. (A) Tumor volumes of mouse models injected with TE-1 cells carrying sh-circ-OGDH or sh-NC. *P < 0.05, **P <
0.01, and **P < 0.001 vs sh-NC. (B) Tumor pictures of mice injected with TE-1 cells carrying sh-circ-OGDH or sh-NC. (C) Tumor weight of mice injected with TE-1 cells
carrying sh-circ-OGDH or sh-NC. **P < 0.01 vs sh-NC. (D) QRT-PCR revealed the expression of circ-OGDH, miR-615-5p, and PDX| mRNA in xenograft tumor tissues in
sh-circ-OGDH and sh-NC groups. *P < 0.05 and **P < 0.01 vs sh-NC. (E) Western blotting presented the protein level of PDXI in xenograft tumor tissues in sh-circ-

OGDH and sh-NC groups. *P < 0.05 vs sh-N.

disruption of glutaminolysis offers a promising approach
for the treatment of ESCC.*> GLS1, which converts glu-
tamine to glutamate, is the first enzyme in the glutamine
decomposition pathway.>* OGDH, the host gene of circ-
OGDH, plays a regulatory role at the intersection of the
TCA cycle and glutamine metabolism.?*** OGDH played
a promoting effect in tumor progression via regulation of
mitochondrial bioenergetics and Wnt/beta-catenin pathway
in gastric cancer.”® Our data indicated that circ-OGDH
silencing decreased GLS1 protein level, glutamine con-
sumption, 0-KG production, and ATP content in ESCC
cells, illustrating circ-OGDH facilitated glutamine meta-
bolism in ESCC cell. Furthermore, circ-OGDH knock-
repressed ESCC cell growth

down in vivo and

constrained ESCC cell proliferation, metastasis, and inva-
that circ-OGDH played
a promoting influence on tumor growth in ESCC. Hou
et al disclosed that circ-OGDH functioned as miR-564
decoy and promoted cell invasion and proliferation by

sion in vitro, indicating

increasing TPX2 expression through adsorbing miR-564
in ESCC."> These data indicated that circ-OGDH elevated
glutamine metabolism and accelerated tumor growth in
ESCC.

The ceRNA hypothesis indicates that circRNAs can
absorb miRs through miR response elements, thus the
downstream targets of mIRs.”” Based on this hypothesis,
we proved that circ-OGDH served as a miR-615-5p mole-
cule sponge by bioinformatics analysis, dual-luciferase
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reporter, and RIP assay. MiR-615-5p had been unveiled to

be downregulated in many tumors,**>!

and its overexpres-
sion exerted an inhibitory effect on tumor growth. For
instance, circRNA circ-PUMI1 sponged miR-615-5p to
accelerate the tumorigenesis of ovarian cancer.*' MiR-
615-5p repressed pancreatic ductal adenocarcinoma pro-
gression via targeting AKT2.** Also, low miR-615-5p
expression was associated with advanced tumor-node-
metastasis stage in ESCC, and miR-615-5p mimic curbed
ESCC cell invasion and migration in vitro.*> Our results
also indicated that miR-615-5p expression was reduced in
ESCC. Moreover, miR-615-5p silencing reversed the
repressive impact of circ-OGDH knockdown on glutamine
metabolism and malignant behaviors of ESCC cells.
Accordingly, we inferred that circ-OGDH increased gluta-
mine metabolism and accelerated malignant behaviors of
ESCC cells through sponging miR-615-5p.

PDXI, located at chromosome 13q12.1, is an essential
transcription factor for pancreatic development.** PDX1
could resist the formation of pancreatic ductal adenocarci-
noma derived from pancreatic intraepithelial neoplasia, but
after tumor transformation, the function of PDX1 changed
from suppressing-tumor to carcinogenic.’® Previous study
had uncovered that IncRNA MAFG-AS] facilitated aero-
bic glycolysis, invasion, and migration of ESCC cells
through adsorbing miR-765 and increasing PDXI
expression.>® Herein, PDX1 was also highly expressed in
ESCC. Moreover, PDX1 was validated as a target of miR-
615-5p, and PDX1 elevation restored the repressive effect
of miR-615-5p mimic on glutamine metabolism and accel-
erated malignant behaviors of ESCC cells. Hence, we
concluded that circ-OGDH acted as a ceRNA and accel-
erated glutamine metabolism and tumor growth through
upregulating PDX1 via sponging miR-615-5p in ESCC.

In sum, circ-OGDH exerted a cancerogenic role in
ESCC. Mechanically, circ-OGDH sponged miR-615-5p
to release PDX1, thereby elevating glutamine metabolism
and facilitating tumor growth in ESCC. The study revealed
that circ-OGDH was a promising target for ESCC
treatment.
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