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CircARID1A binds to IGF2BP3 in gastric et

cancer and promotes cancer proliferation
by forming a circARID1A-IGF2BP3-SLC7A5 RNA-
protein ternary complex
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Abstract

Background: Gastric cancer (GC) is one of the most common malignant tumors in China. Circular RNAs (circRNAs)
are novel non-coding RNAs with important regulatory roles in cancer progression. IGF2BP3 has been found to play
oncogenic roles in various cancers including GC, while the exact mechanism of IGF2BP3 is largely unknown.

Methods: The expression of IGF2BP3 in GC was evaluated by Western Blot and bioinformatics analysis. CircRNA
expression profiles were screened via IGF2BP3 RIP-seq in GC. Sanger sequencing, RNase R digestion, nucleo-plasmic
separation and RNA-FISH assays were used to detect the existence and expression of circARIDTA. RNA ISH assay was
employed to test the expression of circARID1A in paraffin-embedded GC tissues. Moreover, the function of circARID1A
on cellular proliferation was assessed by CCK-8, plate colony formation, EdU assays and GC xenograft mouse model

in vivo. Furthermore, the location or binding of circARID1A, IGF2BP3 protein and SLC7A5 in GC was evaluated by RNA-
FISH/IF or RNA pull-down assays.

Results: We identified a novel circRNA, circARID1A, that can bind to IGF2BP3 protein. CircARIDTA was significantly
upregulated in GC tissues compared with noncancerous tissues and positively correlated with tumor length, tumor
volume, and TNM stage. CircARID1A knockdown inhibited the proliferation of GC cells in vitro and in vivo and cir-
CARID1TA played an important role in the oncogenic function of IGF2BP3. Mechanistically, circARIDTA served as a
scaffold to facilitate the interaction between IGF2BP3 and SLC7A5 mRNA, finally increasing SLC7A5 mRNA stability.
Additionally, circARIDTA was able to directly bind SLC7A5 mRNA through complementary base-pairing and then
formed the circARID1A-IGF2BP3-SLC7A5 RNA—-protein ternary complex and promoted the proliferation of GC via
regulating AKT/mTOR pathway.

Conclusions: Altogether, our data suggest that circARID1A is involved in the function of IGF2BP3 and GC prolifera-
tion, and the circARIDTA-IGF2BP3-SLC7A5 axis has the potential to serve as a novel therapeutic target for GC.
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second among all malignant diseases in 2015 [2]. Patients
in the early disease stages can be cured by timely radi-
cal surgery [3]. For patients with unresectable advanced
or recurrent gastric cancer, the clinical efficacy is limited
with the standard first-line therapy of fluoropyrimidine-
and platinum-based chemotherapies [3, 4]. Thus, there
is an urgent need to uncover the underlying mechanisms
of GC to enable the development of more effective thera-
peutic targets for GC.

RNA-binding proteins (RBPs) are essential players in
RNA metabolism and regulate RNA splicing, transport,
surveillance, decay and translation [5]. RBPs also partici-
pate in tumorigenesis and progression and are potential
targets for tumor therapy [6-8]. The insulin like growth
factor II mRNA binding protein 3 (IGF2BP3) is a mam-
malian IGF2 mRNA-binding protein family member
and contains 2 RNA recognition motifs (RRM) in its
N-terminus and 4 hnRNPK homology (KH) domains at
the C-terminus. IGF2BP3 plays an oncogenic role in the
tumorigenesis of certain tumors and is associated with
tumor progression [9-13]. IGF2BP3 is elevated in GC
and negatively associated with overall survival and recur-
rence-free survival [14]. Our previous research and that
of others confirmed that IGF2BP3 functions as an onco-
gene that facilitates tumorigenesis, metastasis, and GC
progression by interacting with mRNA and noncoding
(nc) RNAs [15-17]. However, the mechanisms explain-
ing the oncogenic role of IGF2BP3 in GC has not been
fully clarified. In particular, identification of interactions
of IGF2BP3 with ncRNAs provides a starting point to
clarify its role in oncogenesis.

Circular RNAs (circRNAs) form a novel class of ncR-
NAs and are expressed during developmental process
and in certain disease states [18—20]. CircRNAs are cova-
lently closed single-stranded transcripts that are derived
from pre-mRNA by back-splicing and lack 5’ G-caps and
3’ A tails. This class of RNAs possesses enhanced stability
in the cell due to its inaccessibility to the action of RNA
exo- and endonucleases. CircRNAs can act as miRNAs
sponge, protein scaffolds, transporters, or decoys, trans-
lational template, and transcriptional regulators [21].
Interestingly, there is aberrant circRNA expression in
GC and these molecules are linked to GC progression
through interactions with miRNAs and proteins [22—24].
Whether circRNAs and IGF2BP3 interact in cancer or
even under homeostatic conditions is largely unknown.

SLC7AS5 (solute carrier family 7 member 5 or LAT1) is
a transporter of large branched-chain and aromatic neu-
tral amino acids [25, 26] and is highly expressed in breast
cancer, non-Hodgkin’s lymphoma and colorectal cancer
and positively associated with poor prognoses [27-29].
Moreover, SLC7A5 can promote cancer proliferation via
AKT/mTORC1 pathway activation [30]. Furthermore,
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SLC7A5 is a candidate molecular target for cancer ther-
apeutics and inhibition of transport with JPH203 (Nan-
vuranlat) significantly suppressed the proliferation of
estrogen deprivation-resistant (EDR) breast carcinoma
cell lines [31]. Additionally, SLC7A5 expression is upreg-
ulated in GC and this was linked to GC disease progres-
sion and contributed to chemotherapeutic resistance in
GC patients [32-34].

In the present study, we employed RIP-Seq to screen
for circRNAs that bind to IGF2BP3 in SGC7901 cells and
identified circARID1A (CircBase ID: hsa_circ_0008494)
that was derived from the pre-mRNA of the ARID1A
gene and was upregulated in GC and directly interacted
with IGF2BP3. Functionally, circARID1A promoted the
proliferation of GC and mechanistically elevated SLC7A5
expression by enhancing its stability via the formation of
a circARID1A-IGF2BP3-SLC7A5 RNA-protein ternary
complex in GC. This study provides a novel therapeutic
target for the treatment of GC.

Methods

Human GC specimens

GC and the corresponding noncancerous tissue samples
(21 pairs) were obtained from Southwest Hospital of the
Army Medical University. All patients were diagnosed by
histopathological examination and were without chemo-
therapy or radiotherapy prior to surgery. The specimens
were collected immediately in EP tubes containing RNA
Later (Thermo Scientific, Pittsburg, PA, USA) after sur-
gical resection and stored at -80 °C. Clinical characteris-
tics of GC patients were given in Supporting Information
Table S1. Informed consent was obtained from patients
for each sample and the study was approved by the Ethics
Review Committee of Chongqing Medical University and
Southwest Hospital of the Army Medical University.

Cell lines

The GC-derived cell lines SGC7901, BGC823, and HGC-
27 cells or normal gastric epithelial cell GES-1 were
obtained from the Army Medical University (Chongqing,
China). AGS and MKN-74 cells were purchased from
Meisen (Hangzhou, China). All cells were cultured at
37 °C in a 5% CO, atmosphere in DMEM or RPMI 1640
medium (Basal Media, Shanghai, China) supplemented
with 10% fetal bovine serum (PAN-Biotech GmbH,
Adenbach, Germany).

Western blot

Total protein was extracted from cultured cells using
RIPA lysis buffer containing protease inhibitors (Beyo-
time, Shanghai, China). Cell lysates were separated on
SDS—polyacrylamide gels and electrotransferred onto
polyvinylidene difluoride (PVDF) membranes that were
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incubated at 4 °C with primary antibodies in 5% nonfat
milk in PBS containing Tween-20 (PBST). The antibod-
ies used for this study were used at 1:1000 dilutions in
primary antibody dilution buffer (Beyotime) and were
as follows: GAPDH and fB-actin (Beyotime), SLC7A5
(Proteintech, Chicago, USA), IGF2BP3 (Abcam, Cam-
bridge, UK), mTOR, p-mTOR, AKT and p-AKT (Cell
Signaling Technology, Beverly, MA, USA). Membranes
were washed with PBST for three times and incubated
with HRP-conjugated secondary antibodies for 1 h at
room temperature. The blots were visualized using an
ECL chemiluminescent reagent (Bioground, Chongqing,
China).

Gene knockdown and overexpression

SiRNAs targeting IGF2BP3, circARID1A, and SLC7A5
were synthesized by GenePharma (Shanghai, China)
(Supporting Information Table S2). Briefly, cells that
had been seeded into 6 well plates overnight were trans-
fected with siRNAs using lipofectamine 2000 (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
instructions and incubated for 6 h. The medium was then
replaced and cells were collected at indicated time points
(see below).

For stable expression of IGF2BP3, pCDH-IGF2BP3
plasmids were constructed and co-packaged using a
commercial lentivirus system that was assisted using
pMD2.G, pCMV-VSV-G, and pRSV-Rev plasmids
in 293T cells. SGC7901 and BGC823 cells were then
infected with lentivirus-IGF2BP3 overexpression and sta-
ble cell lines were selected by the addition of puromycin.
Transfection efficiency was confirmed by Western blot
using IGF2BP3 antibodies (see above). For IGF2BP3 tran-
sient overexpression, the overall CDS region of IGF2BP3
was inserted into pcDNA3.1(+) for IGF2BP3 overexpres-
sion. The vector was transfected into GC cells using a
commercial DNA transfection reagent (Neofect, Beijing,
China).

Cell Counting Kit-8 assay

Cells were seeded into 96-well plate at 5 x 10*/mL using
100 uL/well and incubated for the indicated times (see
below). 10 pL of Cell Counting Kit-8 (CCK-8) (Biosharp,
Hefei, China) reagent was added to each well and the
plate was incubated at 37 °C for 2 h in a 5% CO, atmos-
phere, the absorbance was measured at 450 nm using a
microplate reader (Thermo).

Plate colony formation assay

Cells were removed from monolayers using trypsin diges-
tion and seeded into 12-well plates at 1x 10° cells per
well. Two weeks after seeding, tumor spheres were fixed
using 4% paraformaldehyde for 10 min and then stained
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with 1% crystal violet solution for 10 min at room tem-
perature. The colony spheres were washed 3 x with water
and then dried at room temperature. Plate images were
captured using an Epson scanner (Suwa, Nagano Prefec-
ture, Japan).

EdU (5-ethynyl-2’-deoxyuridine) incorporation assay

GC cells were treated and seeded into 48-well plate at a
density of 3 x 10* per well. EAU incorporation utilized a
Cell-Light EAU Apollo 567 In Vitro Kit (RiboBio, Guang-
zhou, China). Cells were treated and exposed to EdU
solution (50 pM) for 2 h at 37 °C and then processed
according to the manufacturer’s instructions. Cells were
observed and photographed using a fluorescent inverted
microscope (Olympus, Tokyo, Japan).

RNA-binding protein immunoprecipitation (RIP) assay

RIP assays were performed according to the instruc-
tions of Magna RIP RNA-Binding Protein Immuno-
precipitation Kit (Millipore, Burlington, MA, USA).
Briefly, cells were lysed with RIP lysis buffer and incu-
bated with antibodies specific for IGF2BP3 or rabbit IgG.
Co-precipitated RNAs were purified for sequencing or
c¢DNA synthesis and used as template for indicated gene
expression detection by qRT-PCR with specific primers.
Total RNA (Input) or antibody (Rabbit IgG) was used as
references.

Actinomycin D assay

For circARID1A stability evaluation, SGC7901 and
BGC823 cells were seeded into 12 well plates and treated
with actinomycin D (5 pg/mL) (Genview, Beijing, China)
for 0, 3, 6, and 9 h. Cells were lysed in RNAiso Plus
(Takara, Kyoto, Japan) for RNA extraction and qRT-PCR
measurements. For mRNA stability assay, SGC7901 and
BGC823 cells were seeded into 12 well plates and treated
with si-circARID1A or si-IGF2BP3 and then treated with
actinomycin D (20 ug/mL) or vehicle for 0, 3, 6, and 9 h.
Cells were lysed in RNAiso Plus (Takara) for RNA extrac-
tion and further qRT-PCR detection.

RNase R treatment

SGC7901 and BGC823 cells were seeded into 12 well
plates and incubated overnight. Cells were used for total
RNA extraction and a total of 5 ug RNA was incubated
in the presence or absence of RNase R (6 U) (Lucigen,
Middleton, WI, USA) at 37 °C for 10 min, followed by
85 °C for 5 s. After RNase R treatment, the expression of
linear ARID1A and circARID1A were measured using
qRT-PCR.
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Nuclear-cytoplasmic fractionation

Nuclear and cytoplasmic RNA in SGC7901 and BGC823
cells were isolated using the Paris Kit (Life Technologies,
Gaithersburg, MD, USA) according to the manufacturer’s
instructions. For circARID1A, ARID1A, and GAPDH,
c¢DNA was synthesized with a PrimeScript RT Master
Mix (Takara) and for snoU6 the cDNA was synthesized
by stem-loop methods (RiboBio). Quantitative real-time
PCR (qRT-PCR) analysis was executed using a SYBR
Green Master Mix (Bioground). The 27848 method was
used to analyze the relative expression levels of genes in
nuclear and cytoplasm [35].

RNA fluorescence in situ hybridization (RNA-FISH)
Biotin-labeled probes or FAM-labeled probes were
synthesized by Genepharma and used to visualize cir-
cARID1A or SLC7A5 in situ. Briefly, SGC7901 and
BGC823 cells were seeded into p-Slide 8-well cham-
ber slide (Ibidi, Martinsried, Germany). The medium
was removed 24 h later and cells were washed 2 x with
PBS. Then cells were fixed with 4% paraformaldehyde
for 10 min and treated with Triton X-100 (0.5%) at room
temperature for 15 min. Cells were washed 2 x with
PBS and incubated with denatured probes targeting cir-
cARID1A, SLC7A5, 18S rRNA or negative control and
the slides were incubated at 37 °C overnight. The next
day, nuclei were counterstained with DAPI and images
were taken using a laser confocal microscope (Leica SP8,
Wetzlar, Germany). The probe sequences for RNA-FISH
are listed in Supporting Information Table S3.

Total RNA extraction and quantitative real-time
polymerase chain reaction

Total RNA was extracted with RNAiso Plus (Takara)
following the manufacturer’s instructions. RNA was
quantified using a Nanophotometer (Implen, Munich,
Germany) and cDNA was synthesized using a Prime-
Script RT Master Mix (Takara). qRT-PCR was conducted
using SYBR Green Master Mix (Bioground) with CFX
connect Real-Time PCR System (BioRad, Hercules, CA,
USA). Human GAPDH was used as an internal control
for the relative expression of circRNAs and mRNAs. The
2724t method was used to calculate the relative expres-
sion of indicated genes and primers are listed in Support-
ing Information Table S4.

Pull-down assay with biotinylated circARID1A probe

RNA pull-down assay was performed using a Waals RNA
Pull down Kit (Chongging, China). Briefly, SGC7901 or
BGC823 cells (1 x 107) were harvested and lysed in IP
lysis buffer on ice for 30 min. Avidin-labeled magnetic
beads were incubated with biotin-labeled circARID1A
probes or control probes (GenePharma) at 25 °C for 2 h
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to generate probe-coated beads. The cell lysates were
incubated with circARID1A probe or control probe to
pull-down circARID1A. The RNA complexes bound to
the beads were purification using phenol/chloroform/
isoamyl alcohol (25: 24: 1) for real-time PCR measure-
ments. The protein complexes bound to the beads were
denatured by heating at 100 °C for 10 min for Western
blot analysis. The probe sequences for RNA pull-down
are listed in Supporting Information Table S5.

Immunofluorescence assay

GC cells grown on confocal dishes (Ibidi) were fixed using
4% paraformaldehyde for 10 min, and permeabilized with
0.1% Triton X-100 in PBS for 10 min. Cells were washed
2 x with PBS and blocked with 5% BSA for 30 min at
37 °C, and incubated with specific primary antibody at
4 °C overnight. The primary antibody was removed and
cells were washed 3 x with PBS and incubated with cor-
responding secondary antibody for 30 min at 37 °C, fol-
lowed by staining with DAPI. Fluorescent images were
obtained using a Leica SP8 confocal microscope.

Tissue microarray (TMA) and in situ hybridization (ISH)
TMA were produced from 180 paraffin-embedded GC or
adjacent tissues by Outdo Biotech (Shanghai, China). The
clinical pathological characteristics including gender, age,
survival time, pathological grading, tumor volume, TNM
stage, AJCC stage, the expression of PDL1 or CD8 were
public data and provided by Outdo Biotech (Shanghai,
China). ISH was employed to detect the expression of cir-
cARIDI1A in GC tissues. The probes targeting the junc-
tion of circARID1A were synthesized by Boster (Wuhan,
China) and the ISH Kit was purchased from Boster.
Briefly, TMA was dewaxed in xylene and rehydrated with
100, 95, 85 and 75% ethanol and digested with trypsin.
The TMA were hybridized with specific digoxin-labeled
circARID1A probes overnight. The specimens were
incubated with biotin-conjugated anti-digoxin antibody
(Roche, Basel, Switzerland), and incubated with avidin-
conjugated peroxidase and stained with NBT/BCIP
(Roche) and photographed. circARID1A expression was
quantified and analyzed. The positive staining intensity
(0, no expression; 1, mildly positive; 2, moderately posi-
tive; and 3, markedly positive) was multiplied by the per-
centage of positive staining cells (0,<5%; 1, 6-25%; 2,
26-50%; 3, 51-75%; 4,>75%) to calculate the score for
ISH staining. The probe sequence is listed in Supporting
Information Table S6.

Tumor-bearing nude mice model construction

Lentivirus constructs containing an shRNA target-
ing circARID1A was packaged by Hanbio (Shanghai,
China) with a virus titer of 108/UL SGC7901 cells were
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infected with lentivirus at a MOI=50 using polybrene.
The transfection efficiency was measured and prolif-
eration of the SGC7901 stable circARID1A knockdown
cells was detected. Briefly, 10 male BABL/C nude mice
(Gempharmatech, Jiangsu, China) aged at 3-4 weeks
were randomly divided into two groups. SGC7901 cells
transfected with sh-NC or sh-circARID1A were cul-
tured and digested with 0.25% trypsin. Cells were washed
twice with cold PBS and diluted with PBS at a concen-
tration of 3 x 10’/mL. 100 uL of cell suspension was
subcutaneously implanted in the upper-right flank of
nude mice. One week later, the length and width of the
tumor tissues was measured every two days. The volume
of the tumor size was calculated by the formula: volume
(mm?) =length x width? / 2. The experiment was termi-
nated one month after xenograft mouse model construc-
tion and the animals were sacrificed and tumor weight
was measured. The tumor tissues were collected for indi-
cated gene expression evaluation and IHC staining.

For in vivo rescue assay of circARID1A and SLC7A5,
HGC-27 cells were employed to construct xenograft
tumor model in nude mice. Briefly, 3-week-old male
BALB/C nude mice (Gempharmatech) were subcuta-
neously injected in the right flank with HGC-27 cells
(1.5x10% in 0.1 mL phosphate-buffered saline (PBS).
When the tumor had grown to an appropriate volume,
the tumor-bearing mice were randomly divided into
three groups (n=4). In vivo treatment with siRNA in the
mouse models was performed as previously described
[36]. Then, cholesterol-modified si-circARID1A or si-
RNA control (GenePharma, 5 nmol/kg) with 5 pL in vivo
transfection reagent (Entran-ster -in vivo, Engreen,
Beijing, China) was locally injected into the tumor mass
once every 2 days for 2 weeks. Moreover, lentivirus con-
taining SLC7A5 were also injected into the tumor mass
at day 1 and day 3. The study was approved by the Ethics
Review Committee of Chongqing Medical University.

Immunohistochemistry (IHC) staining

IHC was performed on formalin-fixed, paraffin-embed-
ded tissue sections as described previously [37]. The
primary antibody used was Ki-67 (1:500, Servicebio,
Wuhan, China). Tissue sections were incubated with
primary antibody at 4 °C overnight and then incubated
with secondary antibody. DAB complex was used as the
chromogen and the nuclei were counterstained with
hematoxylin. Three different visual fields were randomly
selected for each slice and all images were scored as fol-
lows: proportion score: 0—4 (0, <5%; 1, 6—25%; 2, 26—50%;
3, 51-75%; 4,>75%); intensity score: 0, negative; 1,
weak; 2, intermediate; 3, strong; total score = proportion
score X intensity score.
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RNA-sequencing

SGC7901 cells were seeded to 6-well plate at a density
of 5x 10° cells per well. Twenty-four hours later, cells
were transfected with siRNAs targeting to circARID1A
with the help of lipofectamine 2000 reagent (Invitro-
gen) according to the manufacturer’s instructions. Six
hours later, the supernatant was replaced with fresh
DMEM containing 10% fetal bovine serum. Cells were
collected after 48 h for further RNA sequencing by
Sinotech Genomics (Shanghai, China).

Statistical analysis

Student’s t test or one-way analysis of variance
(ANOVA) was used to compare the differences of con-
tinuous variable between two groups or among multi-
ple groups. Kaplan—Meier analysis was employed for
survival analysis, and the differences in the survival
probabilities were estimated using the log-rank test.
ISH score of circARID1A was categorical variable, and
was analyzed by Kruskal-Wallis Test. The statistical
analyses were performed using SPSS version 22.0 (IBM,
Chicago, 11, USA) and Prism 8.0 (GraphPad, San Diego,
CA, USA). P<0.05 was considered to indicate statisti-
cal significance.

Results

IGF2BP3 is elevated in gastric cancer and promotes

the proliferation of GC in vitro

RBPs play indispensable roles in RNA metabolism
and are linked to tumorigenesis and metastasis of solid
tumors and hematopoietic lymphatic system tumors.
There are currently 1542 RBPs in humans [38] and over-
lapping analysis with differentially expressed genes of GC
patients from the TCGA database indicated that there
are 362 RBPs aberrantly expressed in GC (Fig. 1A, Sup-
porting Information Tables S7-S8). Among these dif-
ferentially expressed genes, IGF2BP3 is one of the most
upregulated genes in GC (Supporting Information Fig.
S1A, Fig. 1B). We used 12 paired GC and peritumor tis-
sues to validate IGF2BP3 expression in GC and found
that the IGF2BP3 protein was significantly upregulated
in 75% (9/12) of the GC tissues (Fig. 1C). Furthermore,
expression analysis for IGF2BP3 in the Human Protein
Atlas (https://www.proteinatlas.org/) consistently con-
firmed that IGF2BP3 was up-regulated in GC compared
with normal gastric mucosa (Supporting Information Fig.
S1B). IGF2BP3 was also significantly up-regulated in the
GC cell lines SGC7901, BGC823, AGS and MKN74 cells
compared with normal gastric epithelial cell line GES-1
(Supporting Information Fig. S1C). Additionally, worse
overall survival was observed in GC patients with higher
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IGF2BP3 expression from Kaplan—Meier Plotter data-
base [39] (Fig. 1D).

To further uncover the role of IGF2BP3 in GC,
we measured proliferation of GC cell lines follow-
ing IGF2BP3 knockdown or overexpression. Firstly, we
designed two siRNAs targeting IGF2BP3 and evaluated
the interference efficiency and function in GC cells, then
we chose si-IGF2BP3-1 with better inhibition efficiency
of proliferation (hereafter called si-IGF2BP3) for subse-
quent study (Supporting Information Fig. S2). Cell viabil-
ity was significantly inhibited in SGC7901 and BGC823
cells after IGF2BP3 knockdown (Supporting Information
Fig. S3A and Fig. 1E) but increased after IGF2BP3 over-
expression (Supporting Information Fig. S3B and Fig. 1F).
Proliferation of SGC7901 and BGC823 cells were further
evaluated by plate colony formation and EdU assays.
The results indicated that knockdown of IGF2BP3 sup-
pressed the proliferation of SGC7901 and BCG823 cells
(Fig. 1G-H). As expected, ectopic expression of IGF2BP3
facilitated the proliferation of GC cells (Fig. 1I-J). Alto-
gether, these results demonstrated that IGF2BP3 was an
RBP with significantly increased expression in GC and it
promoted GC cell proliferation.

CircARID1A interacts with IGF2BP3 protein in GC
As an RNA binding protein, IGF2BP3 was reported to
bind mRNA and ncRNAs and regulate target gene func-
tions [40, 41]. We therefore identify circRNAs that bound
IGF2BP3. We identified>50 circRNAs that interacted
with IGF2BP3 protein and the top 20 circRNAs were
shown (Supporting Information Fig. S4A and Table S9),
which showed circELK4 displayed the greatest level of
binding. However, the expression of circELK4 in GC tis-
sues and adjacent tissues was not significant difference in
our cohort (Supporting Information Fig. S4B), we then
focused on the second most abundant binding circRNA,
circARID1A, and further evaluated the interactions
between circARID1A and IGF2BP3 protein.
CircARID1A was derived from exons 2, 3 and 4 of
ARID1A (Fig. 2A). To verify that circARID1A was cir-
cular RNA rather than products of trans-splicing or
genomic rearrangements, circRNA identification assays
were performed. Genomic DNA and RNA were extracted
from SGC7901 and BGC823 cells and cDNA templates
were synthesized using qRT-PCR amplification. Firstly,
circARID1A was found only amplified from cDNA by
divergent primers while no specific amplification prod-
uct was observed from genomic DNA. In contrast, the
linear RNA of ARID1A was amplified from both ¢cDNA
and genomic DNA by convergent primers (Fig. 2B).
Moreover, we could identify the back-splice junction
in PCR products of circARID1A from SGC7901 cells
(Fig. 2A) and GC tissues or adjacent tissues (Supporting
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Information Fig. S5A-B). Actinomycin D assays indicated
that the half-life of circARID1A was longer than that of
ARID1A mRNA (Fig. 2C) and circARID1A was more
RNase R resistant (Fig. 2D). As we know, the biological
functions of circRNAs are dependent on cellular localiza-
tion. We therefore sub-fractionated cells and circARID1A
was primarily localized in the cytoplasm of SGC7901 and
BGC823 cells (Fig. 2E-F).

For further validation of circARID1A-IGF2BP3 interac-
tion, EGFP tagged IGF2BP3 was constructed and the RIP
assays results showed that circARID1A could also bind
to IGF2BP3 fusion expressed with EGFP in SGC7901
cells (the same sample as our published data in refer-
ence 16, Fig. 2G) or BGCB823 cells (Supporting Informa-
tion Fig. S6A). Moreover, the amount of circARIDIA
binding to IGF2BP3 decreased after IGF2BP3 or cir-
cARID1A knockdown in SGC7901 cells (Fig. 2H-I) or
BGC823 cells (Supporting Information Fig. S6B-C). Sub-
sequent circARID1A probes, but not the control probes,
could enrich IGF2BP3 protein using RNA pull-down
assays in SGC7901 cells (Fig. 2J-K), as well as in BGC823
cells (Supporting Information Fig. S6D-E). Addition-
ally, RNA-FISH combined with IF assays demonstrated
that circARID1A and IGF2BP3 proteins were colocal-
ized in SGC7901 and BGC823 cells (Fig. 2L). IGF2BP3 is
composed of 6 domains including 2 RRM motifs and 4
KH domains (Fig. 2M). We therefore generated pEGFP-
N1 constructs with the marker in different locations in
IGF2BP3 as well as truncations of the gene (Fig. 2M).
RIP-PCR results (the same sample as our published data
in reference 16) from truncations indicated that both the
N- and C-termini of IGF2BP3 could interact with cir-
cARID1A in SGC7901 cells and especially the N-termi-
nal truncation (Fig. 2N). However, circARID1A did not
regulate IGF2BP3 expression in SGC7901 and BGC823
cells (Supporting Information Fig. S7A-B), as well as
IGF2BP3 did not regulate the expression of circARID1A
in BGC823 and AGS cells (Supporting Information Fig.
S§7C). Taken together, these results demonstrated that
circARID1A is primarily cytoplasmic and interacts with
IGF2BP3 protein.

CircARID1A is upregulated in GC tissues and correlates
with clinicopathological characteristics

To uncover the expression of circARID1A in GC, a
cohort containing 21 paired GC tissues was enrolled in
the present study and we found that circARID1A was
upregulated in GC tissues (Fig. 3A). To further clarify
the association of circARID1A with clinical characteris-
tics of GC, tissue microarrays containing 94 GC tissues
and 86 peritumor tissues was employed to measure the
expression of circARID1A in GC tissues by ISH (Sup-
porting Information Table S10). The results indicated
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Fig. 2 CircARID1A interacts with IGF2BP3 protein in GC cells. A Genomic locus of circARID1A in ARID1A. Sanger sequence of PCR products

of circARID1A amplified in SGC7901 cells was shown. B Existence of circARIDTA in cDNA and genomic DNA (gDNA) in GC cells. C Stability of
circARIDTA and ARID1A in SGC7901 and BGC823 cells treated with actinomycin D. D Expression of circARID1A and ARID1A for total RNA treated
with RNase R. E Expression of circARID1A, ARIDTA, GAPDH and snoU6 in nuclear and cytoplasmic fractions of SGC7901 and BGC823 cells. F
CircARID1A location in SGC7901 and BGC823 cells evaluated by RNA-FISH. G RIP analysis of circARID1A enrichment pull-downs by GFP in SGC7901
cells overexpressing EGFP-tagged IGF2BP3. H-I RIP analyses of circARID1A enrichment pull-downs by IGF2BP3 in SGC7901 cells following (H)
IGF2BP3 and (1) circARIDTA knockdowns. J Enrichment efficiency of biotin tagged circARID1A probes assessed by RNA pull-downs. K Western blot
validation of interaction of circARIDTA and IGF2BP3 by RNA pull-down in SGC7901 cells. L RNA-FISH combined with IF demonstrating colocalization
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pull-downs by GFP in SGC7901 cells transfected with full-length of IGF2BP3 or truncations. The P-values were calculated using the two-tailed
Student’s t test. *P<0.05

that the circARID1A ISH score was higher in GC tissues  advanced stage (stage II-IV Vs stage I) or higher T stage
compared with peritumor tissues (Fig. 3B). Moreover, (T34 T4 Vs T1+ T2) of disease (Fig. 3C-F). Furthermore,
circARID1A expression was higher in GC tissues with  the GC patients were divided into two groups according
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to tumor length and tumor volume and we found that cir-  Interestingly, circARID1A expression was higher in those
cARID1A expression was higher in patients with tumor  GC tissues that displayed lower levels of CD8 expres-
lengths > 5 cm or tumor volume >33.3 cm® (Fig. 3G-H).  sion (Fig. 3I). However, circARIDIA expression was
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not associated with the overall survival of GC patients
(Fig. 3]). In brief, circARID1A was significantly overex-
pressed in GC and associated with tumor TNM stage, T
stage, tumor length and volume, indicating it might play
an oncogenic role in GC.

CircARID1A knockdown inhibits the proliferation of GC
cells in vitro and in vivo

CircARID1A is a novel circRNA in GC and we then
investigated its biological roles in GC. We first con-
structed a small interfering RNA (siRNA) targeting the
back-splicing region of circARID1A. The results showed
that we successfully manipulated the expression of cir-
cARID1A in SGC7901 and BGC823 cells without affect-
ing the mRNA levels of ARID1A (Supporting Information
Fig. S8A-B). The viability of SGC7901 and BGC823 cells
was significantly inhibited after circARID1A knockdown
(Fig. 4A). The plate colony formation and EdU assays
indicated SGC7901 and BGC823 proliferation were also
suppressed after circARID1A knockdown (Fig. 4B-C).
These results revealed that circARID1A enhanced the
proliferation of GC in vitro. In order to explore the role
of circARID1A overexpression in GC, we generated a
vector containing the entire circARID1A sequence in the
vectors pLC5-ciR, pLV-ciR and pcDNA3.1(+) CircRNA
Mini Vector. However, no significant overexpression of
circARID1A could be found in SGC7901 and BGC823
cells transfected with these overexpressing plasmids
(Supporting Information Fig. S9A-C). In order to rule
out whether the circARID1A sequence affects the cycli-
zation reaction in cells we used an unrelated circRNA,
circPDHK]1, as a control. We found significant increased
expression of circPDHKI1 in SGC7901 and BGC823 cells
transfected with pLC5-ciR-circPDHK1 vector (Sup-
porting Information Fig. S9D). These results suggested
that exogenous circARID1A engineered through over-
expression constructs was inhibited in GC cell lines for
unknown reasons.

Subsequently, SGC7901 cells containing a stable cir-
cARID1A knockdown were constructed by lentivirus
infection (Fig. 4D). Consistent with the function of cir-
cARIDI1A interference by siRNA, proliferation of these
cells was inhibited (Fig. 4E-F). To further evaluate the
oncogenic role of circARID1A in vivo, BABL/c nude
mice (3 weeks old) were employed to establish a model
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of implanted tumor model of human GC. CircARIDIA
knockdown resulted in decreased sizes of subcutaneously
implanted tumors (Fig. 4G) as well as the tumor volume
and tumor weight (Fig. 4H-I). Additionally, circARID1A
and Ki-67 were both down-regulated in these tumors
with circARID1A knockdown (Fig. 4J-K). Taken together,
these results revealed that circARID1A promoted the
proliferation of GC in vitro and in vivo.

CircARID1A is a key factor for the proliferation promotion
effect of IGF2BP3 in GC

The above results demonstrated that circARID1A can
directly bind IGF2BP3 but whether this binding regulates
GC proliferation was unclear. Here, we selected AGS cells
for functional rescue experiment because the expression
of IGF2BP3 protein in AGS cells was relative lower than
in other GC cell lines (Supporting Information Fig. S1C).
We therefore measured proliferation of AGS cells fol-
lowing circARID1A knockdowns and/or IGF2BP3 over-
expression (Fig. 5A-B). AGS cell viability was increased
after IGF2BP3 overexpression and inhibited after cir-
cARID1A knockdown. Surprisingly, the proliferation
promotion effect of IGF2BP3 in AGS cells was decreased
when circARID1A was knocked-down (Fig. 5C). The role
of circARID1A or IGF2BP3 alone or combination in AGS
cells evaluated by EdU assay and plate colony formation
assay were consistent with the results from CCK-8 assay
(Fig. 5D-E). These results demonstrated that the binding
between circARID1A and IGF2BP3 is a key factor of the
oncogenic role of IGF2BP3 in GC.

CircARID1A interacts with IGF2BP3 to regulate

the expression of SLC7A5 in GC

IGF2BP3 regulates mRNA expression in normal and can-
cer cells so we attempted to identify the target mRNAs
regulated by circARID1A-IGF2BP3. We firstly identified
target genes regulated both by IGF2BP3 and circARID1A
from the overlapping genes of three datasets that included
the upregulated genes in STAD of the TCGA database,
the top 20 mRNAs that binding to IGF2BP3 in SGC7901
cells from RIP-seq data and downregulated mRNAs in
SGC7901 cells with circARID1A knockdown (Fig. 6A,
Supporting Information Tables S8, S11 and S12). IFITM3
and SLC7A5 were identified and subsequently validated
by RT-PCR regulated by circARID1A-IGF2BP3. IFITM3

(See figure on next page.)

Fig. 4 Knockdown of circARID1A inhibits the proliferation of GC in vitro and in vivo. A Cell viability of SGC7901 and BGC823 cells following
circARID1A knockdown. B-C (B) Plate colony formation and (C) EAU assays of SGC7901 and BGC823 cells following circARID1A knockdown. D
Efficiency of lentivirus sh-circARIDTA transduction in SGC7901 cells. E Cell viability of SGC7901 cell following circARID1A stable knockdown. F Plate
colony formation assay of SGC7901 cells with circARID1A stable knockdown. G Images of xenograft GC tumors with circARID1A knockdown. H
Tumor volumes of xenograft GC tumors at different times. I Tumor weights of xenografts evaluated after mouse sacrifice. J CircARID1A expression in
xenografted tumor tissues. K Representative images of Ki-67 expression evaluated by IHC in xenografted tumor tissues. Three different visual fields
were randomly selected for each slice. The P-values were calculated using the two-tailed Student’s t test. *P < 0.05
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and SLC7A5 mRNA levels were decreased in SGC7901
cells following IGF2BP3 knockdown while only SLC7A5
mRNA was elevated after IGF2BP3-forced expression in
AGS cells (Fig. 6B). In addition, SLC7A5 protein levels
were significantly decreased following IGF2BP3 knock-
down in SGC7901 and BGC823 cells (Fig. 6C) and was
increased in AGS, SGC7901, and BGC823 cells overex-
pressing IGF2BP3 (Fig. 6D, Supporting Information Fig.

S10). Moreover, SLC7A5 mRNA and protein were largely
inhibited in SGC7901 and BGC823 cells that contained
the circARID1A knockdown (Fig. 6E-F).

AGS cells were then employed to evaluate the interac-
tion between circARID1A and IGF2BP3 in regulating the
expression of SLC7A5. We found that SLC7A5 mRNA
and protein levels were significantly downregulated or
upregulated when circARID1A was knocked-down or
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IGF2BP3 was overexpressed, respectively. The upregula-  that the expression of AKT, p-AKT, mTOR, and p-mTOR
tion of SLC7A5 by IGF2BP3 was diminished when cir- were also significantly inhibited after circARID1A was
cARID1A was knocked-down (Fig. 6G-H). These data  knocked-down in SGC7901 and BGC823 cells (Fig. 6]).
suggested that circARID1A plays a vital role in IGF2BP3  Taken together, these results suggested that circARID1A-
regulates the expression of SLC7A5. IGF2BP3 regulate the expression of SLC7A5 and AKT/
Previous studies have demonstrated that SLC7A5 reg- mTOR pathway in GC.

ulates AKT/mTOR pathway expression in breast cancer

[30]. We found that knockdown of SLC7A5 in SGC7901  CircARID1A regulates the stability of SLC7A5 by forming
and BGCS823 cells inhibited the expression of AKT, circARID1A-IGF2BP3-SLC7A5 RNA-protein ternary complex
p-AKT, mTOR, and p-mTOR (Fig. 6I). Given that cir- The above results demonstrated that both circARID1A
cARIDI1A regulated the expression of SLC7A5 in GC, we  and IGF2BP3 can regulate SLC7A5 expression while the
also measured the expression of these key proteins in GC  exact mechanism remains to be clarified. Non-coding
cells after circARID1A knockdown. The results indicated = RNAs have been shown to target mRNAs via direct or
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indirect RNA-RNA interactions [42, 43]. We therefore
predicted the binding site between circARID1A and
SLC7A5 mRNA using the IntaRNA 2.0 web tool (http://
rna.informatik.uni-freiburg.de/IntaRNA) and found that
the nucleotides at positions+373-516 in circARID1A
could bind to SLC7A5 mRNA at+115-204 and the
predicated binding strength was high at -76.54 kcal/mol
(Fig. 7A). RNA pull-down assay also indicated that cir-
cARID1A probes could enrich for SLC7A5 mRNA over
that of control probes (Fig. 7B). Moreover, RNA-FISH
combined with IF assays indicated that circARIDIA,
SLC7A5 and IGF2BP3 colocalized in SGC7901 and
BGC823 cells, and the colocalization was reduced after
circARID1A knockdown (Fig. 7C). These results revealed
that circARID1A, IGF2BP3 and SLC7A5 might formed
an RNA-protein ternary complex.

Next, RIP assay was employed to further validate the
circARID1A-IGF2BP3-SLC7A5 RNA-protein ternary
complex in GC cells. We firstly evaluated whether exog-
enous IGF2BP3 could bind to SLC7A5 mRNA using a
EGFP tagged IGF2BP3. The results demonstrated that
EGFP-IGF2BP3 fusion proteins captured more SLC7A5
mRNA than EGFP expressing vector only (Fig. 7D).
Moreover, SLC7A5 binding to IGF2BP3 was reduced
after IGF2BP3 or circARID1 knockdown in SGC7901
cells (Fig. 7E-F). Given that SLC7A5 mRNA could bind
to IGF2BP3, we then used IGF2BP3 truncations to ver-
ify the binding site of SLC7A5 mRNA in IGF2BP3. Our
results indicated that SLC7A5 mRNA dominantly inter-
acted with the N-terminal of IGF2BP3 (Fig. 7G). These
results demonstrated that circARID1A, SLC7A5 and
IGF2BP3 formed an RNA-protein ternary complex in
GC cells.

Since IGF2BP3 can regulate gene expression by affect-
ing mRNA stability [44], we measured the stability of
SLC7A5 mRNA in actinomycin D-treated SGC7901
and BGC823 cells after IGF2BP3 or circARID1A knock-
downs. The half-life of SLC7A5 mRNA was shorter in
SGC7901 and BGC823 cells treated with IGF2BP3 inter-
ference (Fig. 7H-I) as well as circARID1A knockdown
(Fig. 7J-K). Overall, these results demonstrated that cir-
cARID1A-IGF2BP3-SLC7A5 RNA-protein ternary com-
plex regulated the stability of SLC7A5 mRNA in GC cells.

CircARID1A promotes GC proliferation

in a SLC7A5-dependent manner

Next, we evaluated the expression and function of
SLC7A5 in GC. SLC7A5 mRNA levels are significantly
upregulated in GC tissues of TCGA database (Sup-
porting Information Fig. S11A). In our cohort, SLC7A5
expression was also upregulated in most of the GC tis-
sues (9/12) (Fig. 8A). In GC cell lines, the expression of
SLC7A5 was also upregulated in SGC7901, BGC823,

Page 14 of 21

AGS and MKN74 cells compared with normal gastric
epithelial cell line GES-1 (Supporting Information Fig.
S11B). Moreover, expression of SLC7A5 was positively
correlated with IGF2BP3 in GC tissues from TCGA data-
base (Supporting Information Fig. S11C). These results
revealed that SLC7AS5 levels are elevated in GC.

Next, the role of SLC7A5 in GC was evaluated. The
viability of SGC7901 and BGC823 cells was inhibited
after SLC7A5 knockdowns (Fig. 8B). Moreover, prolifera-
tion of SGC7901 and BGC823 cells was also suppressed
after SLC7A5 inhibition (Fig. 8C-D). Furthermore,
overexpression of SLC7A5 significantly counteracted
the si-circARID1A-induced SLC7A5 downregulation
(Fig. 8E-F). As expected, SLC7A5 overexpression res-
cued the decreased proliferation of SGC7901 cells caused
by circARID1A knockdown (Fig. 8G-H). Additionally,
HGC-27 cells were employed for in vivo rescue assay of
circARID1A and SLC7AS5. Firstly, we confirmed the inhi-
bition effect of circARID1A knockdown on the viability
and proliferation of HGC-27 cells (Supporting Informa-
tion Fig. S12A-C). Consistently, lentivirus-mediated
overexpression of SLC7A5 obviously rescued the inhibi-
tory effect of cholesterol-modified si-circARID1A on
the growth of HGC-27 cells-derived tumor xenograft
(Fig. 8I). Taken together, the regulatory role of cir-
cARID1A on GC proliferation was SLC7A5-dependent.

Discussion
Previous studies have demonstrated that IGF2BP3 is dys-
regulated in a variety of tumors [45]. In gastric cancer,
IGF2BP3 is upregulated and positively associated with
lymphoid metastasis, high Ki-67 expression and poor
outcome [46]. Moreover, IGF2BP3 was also considered
as an independent poor prognostic factor and a predictor
of recurrence after surgery in GC [14]. Furthermore, our
previous study revealed that IGF2BP3 could promote the
metastasis of GC as well [16]. Mechanistically, IGF2BP3
could serve as an m6A “reader” to recognize m6A modi-
fied mRNA and enhance HDGF mRNA stability to pro-
mote tumor angiogenesis and glycolysis in GC [15]. Zhou
et al. also revealed the oncogenic role of IGF2BP3 and
confirmed IGF2BP3 was the target of miR-34a in gastric
carcinogenesis [17]. In the present study, we consistently
validated that IGF2BP3 expression was upregulated in
GC tissues based on our results and the TCGA data, and
was associated with a poor prognosis. Our further gain-
and loss-of-function studies indicated that IGF2BP3 pro-
moted proliferation of GC suggesting that IGF2BP3 plays
an oncogenic role in GC. This urged us to investigate the
molecular mechanisms of IGF2BP3 actions.

There is increasing evidence that circRNAs play vital
roles in tumorigenesis and progression of GC. For exam-
ple, circST3GALG6 inhibited the malignant behaviors of
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GC cells through the miR-300/FOXP2 axis and regu-
lated apoptosis and autophagy [47]. CircRAB31 acted as
a miR-885-5p sponge to suppress GC proliferation and
metastasis via the PTEN/PI3K/AKT pathway [22]. More-
over, circRNAs could also interact with IGF2BP3 to regu-
late GC progression. For instance, our previous study
demonstrated that circTNPO3 competitively interacted
with IGF2BP3 to inhibit MYC and Snail expression and
finally suppressed GC proliferation and metastasis [16].
Furthermore, IGF2BP3-circRNA interactions have been
found in other types of cancer such as hsa_circ_0003258-
IGF2BP3, CDRl1as-IGF2BP3 and hsa_circ_0000231-
IGF2BP3 [35, 48, 49]. Given that abundant noncoding
RNAs exist in eukaryotes [50, 51], a comprehensive iden-
tification of RNAs interacting with IGF2BP3 is helpful
to understand the oncogenic role of IGF2BP3 in GC. In
the present study, RIP combined with RNA sequenc-
ing uncovered a series of RNAs, including mRNAs
and circRNAs, that interacted with IGF2BP3 in GC. A
novel circRNA derived from the pre-mRNA of ARIDI1A
was identified in GC and termed circARID1A. Subse-
quently, qRT-PCR and tissue microarrays indicated that
circARID1A was significantly increased in GC tissues
compared with noncancerous tissues and was positively
associated with tumor length, tumor volume, T stage and
TNM stage. Additionally, circARID1A expression levels
were higher in GC tissues with lower CD8 expression
indicating that circARID1A might be involved in modu-
lation of the tumor immune microenvironment. Next,
functional results indicated that circARID1A promoted
GC growth in vitro and in vivo. These results implicated
circARID1A as a potential therapeutic target for GC.
Ideally, functional study of circARID1A requires both
knockdown and overexpression of circARID1A. In the
current work, we firstly constructed an overexpression
vector for circARID1A based on the pLC5-ciR plasmid,
a commercial vector specific for circRNA overexpression.
No matter how we improved the conditions, no overex-
pression of circARID1A was observed in GC cell lines. A
previous study demonstrated that the biogenesis of exon
derived circRNA requires intronic repeats to collabo-
rate with the exons, as well as the sequence or length of
exon was also main factors affecting the circularization of
exons [52]. Moreover, short intronic repeats was neces-
sary for the circularization of some exons [52]. We next
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employed other commercial vectors including pCD5-ciR,
pLV-ciR and pcDNA3.1(+)-circRNA Mini Vector to con-
struct circARID1A overexpression vectors, while none of
these vectors worked. In order to rule out whether the
circARID1A sequence may affect the cyclization reac-
tion in cells, we used an unrelated circRNA, circPDHK1,
as the control. We constructed a vector by inserting
circPDHK1 into the pLC5-ciR plasmid (pLC5-ciR-circP-
DHK1) and found a remarkable elevation of circPDHK1
after GC transfection. These results revealed that the
base composition of circARIDIA might be one of the
factors that inhibits the circularization of circARID1A
expressed by these vectors in different cell types.
CircRNA-protein interactions are one way that circR-
NAs regulate tumor biological behaviors. NcRNA func-
tions are tightly and closely associated with subcellular
location [53-55]. CircECE1 was predominantly local-
ized within the cytoplasm and interacted with c-Myc to
suppress the degradation of c-Myc through the protea-
some, subsequently activated the Warburg effect and
promoted osteosarcoma progression [56]. In addition to
dominant localization in the cytoplasm, some circRNAs
are located in the nucleus. For example, circLRIG3 pref-
erentially located in the nucleus and interacts with both
EZH2 and STAT3 in hepatocellular carcinoma to form
a circRNA-protein complex, facilitating EZH2-induced
activation of STAT3 signaling and promoted HCC cell
proliferation and metastasis [57]. CircURI1 was reported
to preferentially locate in the nucleus in both AGS and
SGC7901 cells. Mechanistically, circURII interacted with
hnRNPM to regulate the alternative splicing of VEGFA
and subsequently inhibited the metastasis of GC [58]. In
the present study, we found that circARID1A was domi-
nantly located in the cytoplasm of GC and interacted
with IGF2BP3, which was also located in cytoplasm.
Moreover, circARID1A could interact with both the N-
and C-terminal regions of IGF2BP3, especially the N-ter-
minus. However, which region of circARID1A could bind
to IGF2BP3 needs to be further investigated when the
problem of circARID1A overexpression is solved. Func-
tionally, the oncogenic role of IGF2BP3 in GC required
the participation of circARID1A and knockdown of cir-
cARIDI1A abolished the proliferation promotion effect of
GC induced by IGF2BP3 overexpression. These results

(See figure on next page.)

Fig. 8 CircARID1A promotes the proliferation of GC by upregulating SLC7A5. A Expression of SLC7A5 in 12 paired GC tissues. B CCK-8 assay

of SGC7901 and BGC823 cells following SLC7A5 knockdown. C-D (C) EdU and (D) plate colony formation assays in SGC7901 and BGC823 cells
following SLC7A5 knockdown. E-F The expression of SLC7A5 (E) mRNA and (F) protein in SGC7901 cells transfected with vector or SLC7A5 and
those co-transfected with NC or si-circARIDTA. G-H (G) CCK-8 or (H) plate colony formation assay of SGC7901 cells transfected with vector or
SLC7A5 and those co-transfected with NC or si-circARIDTA as indicated. I In vivo analyses of tumor in mice that were subcutaneously implanted
with HGC-27 cells and injected with Negative control, cholesterol-modified si-circARID1A combined with or without lentivirus containing SLC7A5.
The P-values were calculated by two-tailed Student’s t test or one way ANOVA. *P<0.05




Ma et al. J Exp Clin Cancer Res (2022) 41:251 Page 17 of 21
A Ni_ T1 N2 T2 N3 T3 N4 T4 B
] "’ 1 39 kD,
steras| RS - - a 254 - NG 257 - NC
B—actin| [— PR — -r_“ kDa 20 & siSLC7AS 20 & siSLC7AS
1.0 1.0 1.0 23 1.0 0.7 1.0 1.8 I'
N5 T5 N6 T6 N7 T7 N8 T8 gre gee .
SLC7A5 ¥ ¥ 39 kDa S 1.0 S 10
B-actin| [ R — - —— r—42 kDa 0.5 05
1.0 1.6 1.0 11.8 1.0 2.2 1.0 2.7 0. 214 A 9‘6 150 0. Z.A 4‘8 7-2 9‘6 150
N9 T9 N10 T10 N11 T11 N12 T12 Time (h) Time (h)
SLC7AS| Y —39 kDa SGC7901 BGC823
B-aCtin | ee——— ——— ) (D2
1.0 1.3 1.0 3.4 1.0 1.4 1.0 2.0
C SGC7901 BGC823 D SGC7901 BGC823
NC si-SLC7A5 NC si-SLC7A5 NC ~SiSLC7A NC

DAPI

EdU

o
>

o
©

0.2

Positive ratio
(EdU number/total cell number)

e

e
o

(4
>

Positive ratio
(EdU numberitotal cell number)
°
IS

e
N

e
A

Number of colonies
a s on
s @ 8
g 8 8

o
k-]

o

pcDNA3.1(+)
SLC7AS5
NC

+
+

si-circARID1A
Fig. 8 (See legend on previous page.

=4+

[
P

si-GircARID1A [

si-GircARID1A |
+SLC7A5

0.0 0.0
NC si-SLC7AS NC si-SLC7AS
Merge SGC7901 BGC823
2.0
5 SGC7901
o 1.5
2. PcDNA3.1(+)  + + - -
g2, SLC7A5 - - + +
a; : NC + - + -
2 si-CircARID1A  — - +
E 0.5 —
g SLC7AS | ' j 39 kDa
0.0 - B
DNA3A(+) + + - - et H B . B 42 kDa
M 2t D pracin | S M ——
NC + - + -
si-CircARID1A  — + - +
SGC7901
SGC7901
PCDNA3.1(+) + + - -
SLC7A5 - - + +
NC + + - NC |
si-circARID1A — y

Number of colonies

AT

@
=3
S

2
S
S

»N
S
=3

)

si-SLC7AS

|

@
=3
=3

=1
S

Number of colonies
o
3
8

NC si-SLC7AS NC si-SLC7AS
1.5q — pcDNA3.1(+)+NC
— SLC7AS+NC
— pcDNA3.1(+)+si-CircARID1A |'
1.0 — SLC7AS5+si-circARID1A |,
3
z |
o
0.54
o. T T T 1
24 48 72 96 120
Time (h)
SGC7901
1500
)
£
o 1000
£
=3
s
>
5 500
£
]
2




Ma et al. J Exp Clin Cancer Res (2022) 41:251

Page 18 of 21

Gastric cancer

OO

Nuclear

circARID1A O

O O 'IGFZBPS
\/\/\/

SLC7AS5 mRNA

Cytoplasm

circARID1A-IGF2BP3-SLC7AS ternary

complex

Fig. 9 A schematic illustration of the molecular mechanism of circARIDTA in promoting the proliferation of GC

g §
A\j-_—__-_-) ’9”%0}

AKT/mTOR
SLC7AS

activation \—_
1

proliferation

SLC7AS mRNA

revealed that the binding of circARID1A and IGF2BP3
was a key factor of the oncogenic role of IGF2BP3 in GC.

CircRNAs play crucial roles in the regulation of down-
stream gene expression via several mechanisms including
miRNA sponge effects or regulating transcription [59,
60]. For instance, circCYFIP2 served as a ceRNA of miR-
1205 to regulate the expression of E2F1 and promote GC
progression [59]. In addition, circHuR interacted with
CNBP and subsequently restrained its binding to the
HuR promoter, resulting in downregulation of HuR and
repression of tumor progression [60]. But what’s remark-
able is that most circRNAs bind to miRNAs or a protein
alone. In the present study, we identified that SLC7A5
mRNA was the common target of circARIDIA and
IGF2BP3. Amazingly, we validated that circARID1A and
IGF2BP3 could directly interact with SLC7A5 mRNA
and form a circARID1A-IGF2BP3-SLC7A5 RNA-protein
ternary complex; this enhanced SLC7A5 mRNA stability
that elevated its expression in GC and finally promoted
GC proliferation. Consistent with our study, circD-
CUN1D4 was also reported to act as a scaffold to facili-
tate the interaction between the HuR protein and TXNIP
mRNA to form circDCUN1D4/HuR/TXNIP RNA—protein
ternary complex. This complex enhanced the stability of
the TXNIP mRNA and suppressed metastasis and glycolysis
of lung adenocarcinoma [61].

Previous studies have shown that SLC7A5 is highly
expressed in breast cancer, and positively associated
with histopathological grade and the expression of pro-
liferation marker Ki-67 and HIF-1la. Targeting SLC7A5
amino acid transport activity using JPH203 significantly
suppressed the proliferation of breast cancer [31]. In
Non-Hodgkin lymphoma, SLC7A5 expression was also
significantly upregulated and was inversely correlated
with patient survival span [28]. In our study, SLC7A5 was
increased remarkably in GC and this contributed to GC
proliferation. Moreover, overexpression of SLC7A5 res-
cued the role of circARID1A knockdown on the expres-
sion of SLC7A5 and GC proliferation. A previous study
also showed that SLC7A5 regulated AKT/mTOR acti-
vation in breast cancer [30]. In our study, the AKT and
mTOR, as well as p-AKT and p-mTOR, were inhibited
after SLC7A5 knockdown in SGC7901 and BGC823 cells.
This indicated that SLC7A5 was the downstream target
of circARID1A in GC.

Conclusions

In the present study, we identified a novel circRNA, cir-
cARID1A, which bound to IGF2BP3 in GC. CircARID1A
was upregulated in GC tissues and the level of cir-
cARID1A was associated with tumor length, tumor vol-
ume, TNM stage, and T stage. CircARID1A promoted
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the proliferation of GC cells in vitro and in vivo. Mecha-
nistically, circARID1A promoted the proliferation of GC
by forming a circARID1A-IGF2BP3-SLC7A5 RNA—-pro-
tein ternary complex, enhancing the stability of SLC7A5
mRNA and regulating AKT/mTOR pathway. Moreover,
circARID1A was a key factor of the oncogenic role of
IGF2BP3 in GC. Small molecule inhibitors or biotherapy
targeting circARID1A-IGF2BP3-SLC7A5 axis might be a
novel strategy for GC treatment (Fig. 9).
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*P < 0.05.

Authors’ contributions

BX, QM, and FFY designed the study. QM, FFY, BH, XJP, WL, TY, XLW, LYR,

HPL, YYL, CL, JWR, YYZ, and SMW performed the experiments. KQ and HL
participated in clinical characteristics analyses of GC patients. QM and FFY
participated in data analyses and drafting of the manuscript. BX revised the
manuscript. All of the authors have read and approved the final manuscript.

Funding

This study was supported by National Natural Science Foundation of China
(81872392, 82073254), Scientific Research Foundation for Introduced High-
level Personnel in Chongging Medical University (41021300160256), Chong-
ging Talents—Exceptional Young Talents Project (CQYC202005044, cstc2021y-
cjh-bgzxm0094), Science and technology research project of Chongging
Municipal Education Commission (KJZD-K202100405), Future Medical Youth
Innovation Team Project of Chongging Medical University (W0042), Chongging
Graduate Scientific Research Innovation Project (CYS20211), Top Graduate
Talent Cultivation Program of Chongging Medical University (BJRC202013,
BJRC202128, BJRC202030).

Availability of data and materials
All data in our study are available from the corresponding author upon
reasonable request.

Declarations

Ethics approval and consent to participate

All animal experiments were performed in accordance with the Government
published recommendations for the Care and Use of Laboratory Animals, and
were approved by Chongging Medical University.

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
No potential conflicts of interest were disclosed.


https://doi.org/10.1186/s13046-022-02466-3
https://doi.org/10.1186/s13046-022-02466-3

Ma et al. J Exp Clin Cancer Res

(2022) 41:251

Author details

!College of Pharmacy, Chongaing Medical University, Chongqing 400016, PR.
China. ?Department of Clinical Laboratory, Affiliated Hospital of North Sichuan
Medical College, Nanchong 637000, PR. China. *Department of Pharmacy,
Southwest Hospital, Army Medical University, Chongging 400038, PR. China.
“Department of Clinical Laboratory, The 89th Hospital of The People’s Libera-
tion Army, Weifang 261000, PR. China. *Department of Kidney, Southwest
Hospital, Army Medical University, Chongqing 400038, PR. China. ®Department
of Gastrointestinal Surgery, The First Affiliated Hospital, Chongging Medical
University, Chongqing 400016, PR. China.

Received: 27 March 2022 Accepted: 12 August 2022
Published online: 19 August 2022

References

1.

2.

Smyth EC, Nilsson M, Grabsch HI, van Grieken NC, Lordick F. Gastric can-
cer. Lancet. 2020;396:635-48.

Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, et al. Cancer statis-
tics in China, 2015. CA Cancer J Clin. 2016;66:115-32.

Smyth EC, Verheij M, Allum W, Cunningham D, Cervantes A, Arnold D.
Gastric cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment
and follow-up. Ann Oncol. 2016;27:v38-49.

Muro K, Van Cutsem E, Narita Y, Pentheroudakis G, Baba E, Li J, et al. Pan-
Asian adapted ESMO Clinical Practice Guidelines for the management of
patients with metastatic gastric cancer: a JSMO-ESMO initiative endorsed
by CSCO, KSMO, MOS, SSO and TOS. Ann Oncol. 2019;30:19-33.

Kim MY, Hur J, Jeong S. Emerging roles of RNA and RNA-binding protein
network in cancer cells. BMB Rep. 2009;42:125-30.

Xu C, Chen X, Zhang X, Zhao D, Dou Z, Xie X, et al. RNA-binding protein
39: a promising therapeutic target for cancer. Cell Death Discov.
2021;7:214.

Nasiri-Aghdam M, Garcia-Gardurfo TC, Jave-Sudrez LF. CELF Family Pro-
teins in Cancer: Highlights on the RNA-Binding Protein/Noncoding RNA
Regulatory Axis. Int J Mol Sci. 2021,;22:11056.

Jiang S, Baltimore D. RNA-binding protein Lin28 in cancer and immunity.
Cancer Lett. 2016;375:108-13.

Makinen A, Nikkild A, Haapaniemi T, Oksa L, Mehtonen J, Vénska M, et al.
IGF2BP3 Associates with Proliferative Phenotype and Prognostic Features
in B-Cell Acute Lymphoblastic Leukemia. Cancers (Basel). 2021;13:1505.
BevandaGlibo D, Bevanda D, Vukojevic K, Tomi¢ S. IMP3 protein is an
independent prognostic factor of clinical stage Il rectal cancer. Sci Rep.
2021;11:10844.

. Mancarella C, Caldoni G, Ribolsi |, Parra A, Manara MC, Mercurio AM, et al.

Insulin-Like Growth Factor 2 mRNA-Binding Protein 3 Modulates Aggres-
siveness of Ewing Sarcoma by Regulating the CD164-CXCR4 Axis. Front
Oncol. 2020;10:994.

XuW, Sheng Y, Guo Y, Huang Z, Huang Y, Wen D, et al. Increased IGF2BP3
expression promotes the aggressive phenotypes of colorectal cancer
cells in vitro and vivo. J Cell Physiol. 2019;234:18466-79.

Mancarella C, Pasello M, Ventura S, Grilli A, Calzolari L, Toracchio L, et al.
Insulin-Like Growth Factor 2 mRNA-Binding Protein 3 is a Novel Post-
Transcriptional Regulator of Ewing Sarcoma Malignancy. Clin Cancer Res.
2018;24:3704-16.

Okada K, Fujiwara Y, Nakamura Y, Takiguchi S, Nakajima K, Miyata H, et al.
Oncofetal protein, IMP-3, a potential marker for prediction of postopera-
tive peritoneal dissemination in gastric adenocarcinoma. J Surg Oncol.
2012;105:780-5.

Wang Q, Chen C, Ding Q, Zhao Y, Wang Z, Chen J, et al. METTL3-mediated
mCA modification of HDGF mRNA promotes gastric cancer progression
and has prognostic significance. Gut. 2020;69:1193-205.

YuT,Ran L, Zhao H, Yin P, LiW, Lin J, et al. Circular RNA circ-TNPO3 suppresses
metastasis of GC by acting as a protein decoy for IGF2BP3 to regulate the
expression of MYC and SNAIL. Mol Ther Nucleic Acids. 2021,26:649-64.
Zhou Y, Huang T, Siu HL, Wong CC, Dong Y, Wu F, et al. IGF2BP3 functions
as a potential oncogene and is a crucial target of miR-34a in gastric
carcinogenesis. Mol Cancer. 2017;16:77.

Yan J,Yang Y, Fan X, Liang G, Wang Z, Li J, et al. circRNAome profiling
reveals circFgfr2 regulates myogenesis and muscle regeneration via a
feedback loop. J Cachexia Sarcopenia Muscle. 2022;13:696-712.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 20 of 21

Huang C, Shu L, Zhang H, Zhu X, Huang G, Xu J. Circ_ZNF512-Mediated
miR-181d-5p Inhibition Limits Cardiomyocyte Autophagy and Promotes
Myocardial Ischemia/Reperfusion Injury through an EGR1/mTORC1/TFEB-
Based Mechanism. J Med Chem. 2022;65:1808-21.

ChenYJ, Chen CY, Mai TL, Chuang CF, Chen YC, Gupta SK, et al. Genome-
wide, integrative analysis of circular RNA dysregulation and the cor-
responding circular RNA-microRNA-mRNA regulatory axes in autism.
Genome Res. 2020;30:375-91.

Patop IL, Wist S, Kadener S. Past, present, and future of circRNAs. EMBO J.
2019;38:2100836.

Liang X, Qin C, Yu G, Guo X, Cheng A, Zhang H, et al. Circular RNA circRAB31
acts as a miR-885-5p sponge to suppress gastric cancer progression via the
PTEN/PI3K/AKT pathway. Mol Ther Oncolytics. 2021;23:501-14.

Zhang Z,Wang C, Zhang Y, Yu S, Zhao G, Xu J. CircDUSP16 promotes the
tumorigenesis and invasion of gastric cancer by sponging miR-145-5p.
Gastric Cancer. 2020;23:437-48.

Ma X, Chen H, Li L, Yang F, Wu C, Tao K. CircGSK3B promotes RORA expres-
sion and suppresses gastric cancer progression through the prevention
of EZH2 trans-inhibition. J Exp Clin Cancer Res. 2021;40:330.

Verrey F, Closs El, Wagner CA, Palacin M, Endou H, Kanai Y. CATs and

HATs: the SLC7 family of amino acid transporters. Pflugers Arch.
2004;447:532-42.

Fotiadis D, Kanai Y, Palacin M. The SLC3 and SLC7 families of amino acid
transporters. Mol Aspects Med. 2013;34:139-58.

Tornroos R, Tina E, Gothlin EA. SLC7AS is linked to increased expression of
genes related to proliferation and hypoxia in estrogen-receptor-positive
breast cancer. Oncol Rep. 2022;47:17.

Jigjidkhorloo N, Kanekura K, Matsubayashi J, Akahane D, Fujita K, Oikawa
K, et al. Expression of L-type amino acid transporter 1 is a poor prognostic
factor for Non-Hodgkin's lymphoma. Sci Rep. 2021;11:21638.

Sakata T, Hana K, Mikami T, Yoshida T, Endou H, Okayasu I. Positive cor-
relation of expression of L-type amino-acid transporter 1 with colorectal
tumor progression and prognosis: Higher expression in sporadic colorec-
tal tumors compared with ulcerative colitis-associated neoplasia. Pathol
Res Pract. 2020;216:152972.

LiY, Wang W, Wu X, Ling S, Ma Y, Huang P. SLC7A5 serves as a prognostic
factor of breast cancer and promotes cell proliferation through activating
AKT/mTORC1 signaling pathway. Ann Transl Med. 2021;9:892.

Shindo H, Harada-Shoji N, Ebata A, Sato M, Soga T, Miyashita M, et al.
Targeting Amino Acid Metabolic Reprogramming via L-Type Amino

Acid Transporter 1 (LAT1) for Endocrine-Resistant Breast Cancer. Cancers
(Basel). 2021;13:4375.

Wang J, Chen X, Su L, Li P, Liu B, Zhu Z. LAT-1 functions as a promotor in
gastric cancer associated with clinicopathologic features. Biomed Phar-
macother. 2013;67:693-9.

Ichinoe M, Yanagisawa N, Mikami T, Hana K, Nakada N, Endou H, et al.
L-Type amino acid transporter 1 (LAT1) expression in lymph node metas-
tasis of gastric carcinoma: Its correlation with size of metastatic lesion
and Ki-67 labeling. Pathol Res Pract. 2015;211:533-8.

Nakazawa N, Sohda M, Ide M, Shimoda Y, Ubukata Y, Kuriyama K, et al.
High L-Type Amino Acid Transporter 1 Levels Are Associated with
Chemotherapeutic Resistance in Gastric Cancer Patients. Oncology.
2021;99:732-9.

YuYZ, Lv DJ, Wang C, Song XL, Xie T, Wang T, et al. Hsa_circ_0003258
promotes prostate cancer metastasis by complexing with IGF2BP3 and
sponging miR-653-5p. Mol Cancer. 2022;21:12.

Sang LJ, Ju HQ, Liu GP Tian T, Ma GL, Lu YX, et al. LncRNA CamK-A Regu-
lates Ca?*-Signaling-Mediated Tumor Microenvironment Remodeling.
Mol Cell. 2018;72:71-83.e7.

Zeng K, Wang Z, Ohshima K, Liu Y, Zhang W, Wang L, et al. BRAF V600E
mutation correlates with suppressive tumor immune microenvironment
and reduced disease-free survival in Langerhans cell histiocytosis. Onco-
immunology. 2016;5:e1185582.

Gerstberger S, Hafner M, Tuschl T. A census of human RNA-binding
proteins. Nat Rev Genet. 2014;15:829-45.

Szasz AM, Lanczky A, Nagy A, Forster S, Hark K, Green JE, et al. Cross-
validation of survival associated biomarkers in gastric cancer using
transcriptomic data of 1,065 patients. Oncotarget. 2016;7:49322-33.

Du M, PengY, LiY, Sun W, Zhu H, Wu J, et al. MYC-activated RNA N6-meth-
yladenosine reader IGF2BP3 promotes cell proliferation and metastasis in
nasopharyngeal carcinoma. Cell Death Discov. 2022;8:53.



Ma et al. J Exp Clin Cancer Res (2022) 41:251 Page 21 of 21

41. Xie X, LinJ,Fan X, Zhong Y, Chen Y, Liu K, et al. LncRNA CDKN2B-AS1
stabilized by IGF2BP3 drives the malignancy of renal clear cell carcinoma
through epigenetically activating NUF2 transcription. Cell Death Dis.
2021;12:201.

42. Gong C, Maquat LE. IncRNAs transactivate STAU1-mediated mRNA decay
by duplexing with 3"UTRs via Alu elements. Nature. 2011;470:284-8.

43. Engreitz JM, Sirokman K, McDonel P, Shishkin AA, Surka C, Russell P, et al.
RNA-RNA interactions enable specific targeting of noncoding RNAs to
nascent Pre-mRNAs and chromatin sites. Cell. 2014;159:188-99.

44, GuY,Niu'S,WangY, Duan L, Pan Y, Tong Z, et al. DMDRMR-Mediated
Regulation of m°A-Modified CDK4 by m(6)A Reader IGF2BP3 Drives
ccRCC Progression. Cancer Res. 2021;81:923-34.

45. Lederer M, Bley N, Schleifer C, Hittelmaier S. The role of the oncofetal
IGF2 mRNA-binding protein 3 (IGF2BP3) in cancer. Semin Cancer Biol.
2014,29:3-12.

46. Wang L, Li HG, Xia ZS, LU J, Peng TS. IMP3 is a novel biomarker to predict
metastasis and prognosis of gastric adenocarcinoma: a retrospective
study. Chin Med J (Engl). 2010;123:3554-8.

47. Xu P, Zhang X, Cao J, Yang J, Chen Z, Wang W, et al. The novel role of
circular RNA ST3GAL6 on blocking gastric cancer malignant behaviours
through autophagy regulated by the FOXP2/MET/mTOR axis. Clin Trans|
Med. 2022;12:¢707.

48. Hanniford D, Ulloa-Morales A, Karz A, Berzoti-Coelho MG, Moubarak RS,
Sanchez-Sendra B, et al. Epigenetic Silencing of CDR1as Drives IGF2BP3-
Mediated Melanoma Invasion and Metastasis. Cancer Cell. 2020;37:55-70.e15.

49. Zhang W, Wang B, Lin Y, Yang Y, Zhang Z, Wang Q, et al. hsa_circ_0000231
Promotes colorectal cancer cell growth through upregulation of CCND2
by IGF2BP3/miR-375 dual pathway. Cancer Cell Int. 2022;22:27.

50. Bu X, Zhang X, Luan W, Zhang R, Zhang Y, Zhang A, et al. Next-generation
sequencing reveals hsa_circ_0058092 being a potential oncogene candi-
date involved in gastric cancer. Gene. 2020;726:144176.

51. Wang Z, MaK, Pitts S, Cheng Y, Liu X, Ke X, et al. Novel circular RNA
circNF1 acts as a molecular sponge, promoting gastric cancer by absorb-
ing miR-16. Endocr Relat Cancer. 2019;26:265-77.

52. Liang D, Wilusz JE. Short intronic repeat sequences facilitate circular RNA
production. Genes Dev. 2014,28:2233-47.

53. Yu B, Shan G. Functions of long noncoding RNAs in the nucleus. Nucleus.
2016;7:155-66.

54. Wheeler TM, Leger AJ, Pandey SK, MacLeod AR, Nakamori M, Cheng SH,
et al. Targeting nuclear RNA for in vivo correction of myotonic dystrophy.
Nature. 2012;488:111-5.

55. Quinn JJ, Chang HY. Unique features of long non-coding RNA biogenesis
and function. Nat Rev Genet. 2016;17:47-62.

56. ShenS,YaoT, XuY, Zhang D, Fan S, Ma J. CircECE1 activates energy metabolism
in osteosarcoma by stabilizing c-Myc. Mol Cancer. 2020;19:151.

57. Sun'S,Gao J, Zhou S, LiY,Wang Y, Jin L, et al. A novel circular RNA circ-LRIG3
facilitates the malignant progression of hepatocellular carcinoma by
modulating the EZH2/STAT3 signaling. J Exp Clin Cancer Res. 2020;39:252.

58. Wang X, Li J, Bian X, Wu C, Hua J, Chang S, et al. CircURIT interacts with
hnRNPM to inhibit metastasis by modulating alternative splicing in
gastric cancer. Proc Natl Acad Sci U S A. 2021;118:e2012881118.

59. LinJ,Liao S, Li E, Liu Z, Zheng R, Wu X, et al. circCYFIP2 Acts as a Sponge
of miR-1205 and Affects the Expression of Its Target Gene E2F1 to Regu-
late Gastric Cancer Metastasis. Mol Ther Nucleic Acids. 2020;21:121-32.

60. Yang F, Hu A, Li D, Wang J, Guo Y, Liu Y, et al. Circ-HuR suppresses HuR
expression and gastric cancer progression by inhibiting CNBP transactiva-

tion. Mol Cancer. 2019;18:158. . )
61. Liang Y, Wang H, Chen B, Mao Q Xia W, Zhang T, et al. circDCUN1D4 Ready to submit your research? Choose BMC and benefit from:

suppresses tumor metastasis and glycolysis in lung adenocarcinoma by

stabilizing TXNIP expression. Mol Ther Nucleic Acids. 2021,23:355-68.

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	CircARID1A binds to IGF2BP3 in gastric cancer and promotes cancer proliferation by forming a circARID1A-IGF2BP3-SLC7A5 RNA–protein ternary complex
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Human GC specimens
	Cell lines
	Western blot
	Gene knockdown and overexpression
	Cell Counting Kit-8 assay
	Plate colony formation assay
	EdU (5-ethynyl-2´-deoxyuridine) incorporation assay
	RNA-binding protein immunoprecipitation (RIP) assay
	Actinomycin D assay
	RNase R treatment
	Nuclear-cytoplasmic fractionation
	RNA fluorescence in situ hybridization (RNA-FISH)
	Total RNA extraction and quantitative real-time polymerase chain reaction
	Pull-down assay with biotinylated circARID1A probe
	Immunofluorescence assay
	Tissue microarray (TMA) and in situ hybridization (ISH)
	Tumor-bearing nude mice model construction
	Immunohistochemistry (IHC) staining
	RNA-sequencing
	Statistical analysis

	Results
	IGF2BP3 is elevated in gastric cancer and promotes the proliferation of GC in vitro
	CircARID1A interacts with IGF2BP3 protein in GC
	CircARID1A is upregulated in GC tissues and correlates with clinicopathological characteristics
	CircARID1A knockdown inhibits the proliferation of GC cells in vitro and in vivo
	CircARID1A is a key factor for the proliferation promotion effect of IGF2BP3 in GC
	CircARID1A interacts with IGF2BP3 to regulate the expression of SLC7A5 in GC
	CircARID1A regulates the stability of SLC7A5 by forming circARID1A-IGF2BP3-SLC7A5 RNA–protein ternary complex
	CircARID1A promotes GC proliferation in a SLC7A5-dependent manner

	Discussion
	Conclusions
	References


