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Emerging evidence indicated that circular RNAs (circRNAs)
play essential roles in cancer progression. A large number of
circRNAs have been reported to modulate cancer carcinogen-
esis. However, the underlying mechanisms by which circRNAs
regulate gastric cancer remain largely unclear. By using
circRNA microarray, we identified that circRAB31 may serve
as a tumor suppressor. circRAB31 was downregulated in
gastric cancer tissues and gastric cancer cell lines compared
with normal tissues and a human gastric epithelial cell line
(GES-1). Overexpression of circRAB31 suppressed gastric can-
cer proliferation and metastasis in vitro and in vivo, whereas
silencing of circRAB31 had the opposite effects. Bioinformatic
analysis as well as pull-down and luciferase assays revealed that
circRAB31 exerted tumor-suppressive functions by binding
directly to miR-885-5p. In addition, we demonstrated that
circRAB31 could suppress PI3K/AKT signaling via the phos-
phatase and tensin homologue (PTEN)—a downstream target
gene of miR-885-5p. In summary, our results demonstrated
that circRAB31 could serve as a sponge of miR-885-5p to regu-
late gastric cancer cell proliferation, migration, and invasion by
affecting the PTEN/PI3K/AKT signaling.

INTRODUCTION
Gastric cancer (GC) is one of the most prevalent malignant tumors
globally, which is the fifth and the fourth most common cause of can-
cer morbidity and mortality, respectively, among all tumors.1,2

Despite improvements in the diagnosis and treatment of GC, the inci-
dence of GC and subsequent mortality in Asian countries, especially
in East Asian countries, are increasing year by year.2,3 Emerging
evidence shows that genetic mutations, epigenetic alterations, and
aberrant activation of oncogenic signaling are involved in gastric
carcinogenesis.4–6 Understanding the genetic mechanism critical for
gastric carcinogenesis is fundamental and could be conducive to
developing individual treatment strategies for patients with GC.

Circular RNA (circRNA) is a member of the noncoding RNAs, with a
covalent closed-loop structure; it is considered as a by-product of
back-splicing.7,8 circRNA has been identified as a novel noncoding
RNA that plays a crucial role in tumor initiation and development.9
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It has been shown that circRNA could serve as a sponge for micro-
RNA (miRNA) or interact with RNA-binding proteins in a variety
of diseases.10–12 In addition, emerging studies have proven that a large
number of circRNAs could be translated; so, they could modulate
cancer progression.13–16 It is now believed that circRNAs serve as
promising biomarkers or potential therapeutic targets in multiple
cancers.17–19 However, previous work mainly focused on the func-
tional studies of circRNAs in GC,10,20,21 and the underlying mecha-
nism by which circRNAs modulate GC has not yet been fully
elucidated.

In our study, we performed circRNA microarray and identified
abnormally expressed circRNAs between GC tissues and adjacent
normal counterparts. We showed that one circRNA derived
from exons 2, 3, 4, and 5 of the Ras-related protein Rab-31
(RAB31) gene (termed circRAB31) was downregulated in tumor
tissues and GC cell lines. circRAB31 was able to inhibit the prolif-
eration, migration, and invasion of GC both in vitro and in vivo.
Furthermore, we demonstrated that circRAB31 could serve as a
sponge for miR-885-5p to modulate the phosphatase and tensin
homologue (PTEN) expression, resulting in inhibition of the
PI3K/AKT pathway. The circRAB31/miR-885-5p/PTEN/PI3K/
AKT regulatory axis may offer novel therapeutic targets for pa-
tients with GC.
RESULTS
Characterization of circRAB31 and expression of circRAB31 in

GC cells and tissues

We previously identified 5,508 dysregulated circRNAs in five GC
tissues and compared adjacent normal tissues.22 Then, we screened
215 differentially expression genes meeting the criteria of p < 0.005
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Figure 1. Characterization of circRAB31 and expression of circRAB31 in GC cells and tissues

(A) Heatmap of 215 differentially expressed circRNAs with p < 0.005 and expression peak >10,000. (B) Expression of circRAB31 in GC cell lines and GSE-1 cells. (C)

circRAB31 was downregulated in 41 GC tissues compared with adjacent normal tissues (**p < 0.01). (D) We revealed the head-to-tail splicing of circRAB31 by Sanger

(legend continued on next page)
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Table 1. Correlations between circRAB31 expression and clinicopathologic

characteristics in GC patients

Characteristic circRAB31

All (n = 41) High (%) n = 12 Low (%) n = 29 p value

Gender

Male 32 8 (25.0) 24 (75.0) 0.257

Female 9 4 (44.4) 5 (55.6)

Age (years)

>60 16 3 (18.7) 13 (81.3) 0.236

%60 25 9 (36.0) 16 (64.0)

Differentiation grade

Good 11 4 (36.4) 7 (63.6) 0.545

Poor 30 8 (26.7) 22 (73.3)

Tumor size

R50 mm 17 2 (11.8) 15 (88.2) 0.038a

<50 mm 24 10 (41.7) 14 (58.3)

Lymph node

N0 18 2 (11.1) 16 (88.9) 0.024a

N1-N3 23 10 (43.5) 13 (56.5)

Stages

I-II 22 10 (45.5) 12 (54.5) 0.014a

III-Ⅳ 19 2 (10.5) 17 (89.5)

ap < 0.05.
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and expression peak >10,000. Among the 215 dysregulated circRNAs,
74 (34.4%) were upregulated and 141 (65.6%) were downregulated in
GC tissues compared with the adjacent normal tissues (Figure 1A).
Among these circRNAs, hsa_circ_0008821 (termed as circRAB31)
was the most significantly downregulated. To further validate
whether circRAB31 was dysregulated in GC cells and GC tumors ac-
cording to our microarray expression profile, we performed quantita-
tive real-time PCR (qRT-PCR) and confirmed that circRAB31 was
downregulated in MGC803, MNK45, AGS, BGC823 GC cell lines,
and in 41 GC tumor tissues relative to a human gastric epithelial
cell line (GES-1) and 41 paired adjacent normal tissues (Figures 1B
and 1C). We also investigated the relationship between circRAB31
expression level and clinical features of GC patients. All patients
were divided into two groups according to circRAB31 expression
level: circRAB31 low group (n = 29, 70.7%) and circRAB31 high
group (n = 12, 29.3%). The level of circRAB31 did not exhibit signif-
icant correlation with gender, age, and differentiation grade; however,
its expression level was strongly correlated with tumor size, tumor
stage, and lymph node metastasis of GC patients (Table 1). Survival
analysis also indicated that patients in the circRAB31 high group
have a better survival outcome than those in the circRAB31 low group
sequencing and demonstrated its genomic size as reported in the CircBase database

cells with oligo dT primer and random 6 mers (***p < 0.001). (F) By using divergent

circRAB31 in cDNA or genomic DNA (gDNA) of GC cell lines. (G) FISH analysis indicat

scale bar, 20 mm.
(Figure S1A), which suggests low expression of circRAB31 is highly
associated with GC malignancy.

circRAB31 (located at chromosome 18: 9,775,274–9,815,219) is
derived from exon 2, exon 3, exon 4, and exon 5 of its parental
gene, RAB31, a small guanosine 50-triphosphate-binding protein
(Figures 1D and S1B). By using sanger sequencing, we verified that
circRAB31 was the product of back-splicing (Figure 1D). To further
validate the characteristics of circRAB31, we performed qRT-PCR ex-
periments by using random-hexamer or oligo (dT) 18 primers.
Compared with the oligo (dT)-18-primers group, the relative expres-
sion of circRAB31 was significantly higher in the random-hexamer
group (Figure 1E).We also confirmed that circRAB31 could be ampli-
fied using divergent primers from cDNA of GC cell lines but not from
gDNA (Figure 1F). Besides, we conducted RNase R experiments and
observed that the level of mRAB31 obviously reduced after treatment
with RNase R, but RNase R could not affect RNA level of circRAB31
(Figure S1C), indicating that circRAB31 possesses a closed-loop
structure. RNA fluorescence in situ hybridization (FISH) and qRT-
PCR analysis after subcellular fractionation revealed the cytoplasmic
and nuclear enrichment and localization of circRAB31 in MGC803
and AGS cells (Figures 1G, S1D, and S1E). These findings indicated
that circRAB31 was downregulated in GC cell lines and tissues.

circRAB31 silencing promotes GC cell proliferation, migration,

and invasion

To explore the function of circRAB31 in tumorigenesis and progres-
sion, we designed three small interfering RNAs (siRNAs) targeting
circRAB31. Among those three siRNAs, si1 and si3 significantly in-
hibited the expression of circRAB31 in both MGC803 and AGS cells
(Figure 2A). Considering circRAB31 and mRAB31 share part of the
same sequences that might be targeted by siRNA of circRAB31, we
determined the expression of mRAB31 in siRNA transfected GC cells
targeting circRAB31. Results demonstrated that the expression of
mRAB31 could not be affected by using siRNAs (Figure S1F), which
indicated that two siRNAs (si1 and si3) are specifically targeting
circRAB31.TheCell CountingKit-8 (CCK-8) and colony formation as-
says revealed that silencing of circRAB31 promoted the proliferation
ability of MGC803 and AGS cells. Meanwhile, 5-ethynyl-20-deoxyuri-
dine (EdU) results indicated that silencing of circRAB31 promoted GC
cell DNA synthesis ability (Figures 2B–2G). Then, we determined the
function of circRAB31 in migration and invasion, that is, the silencing
of circRAB31 significantly promoted the migration and invasion
capabilities of MGC803 and AGS cells (Figures 2H–2K). Moreover,
the wound-healing assay also indicated that the cell migration ability
of MGC803 and AGS cells was enhanced by circRAB31 knockdown
(Figures 2L–2M). We also detected the function of circRAB31 on
cell apoptosis. However, results demonstrated that silencing of
circRAB31has noeffect on apoptosis ofGCcells (Figures S2AandS2B).
. (E) We detected the expression levels of circRAB31 and mRNA of RAB31 in GC

and convergent primers, PCR assay was performed to detect the expression of

ed cytoplasmic and nuclear enrichment and localization of circRAB31 in GC cells;
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Figure 2. circRAB31 silencing promotes GC cell proliferation, migration, and invasion

(A) qRT-PCR experiment was performed to confirm the relative expression of circRAB31 in MGC803 and AGS cell lines after transfecting with three siRNAs targeting cir-

cRAB31 (*p < 0.05, **p < 0.01). (B–G) CCK-8, EdU, and colony formation assays were used to determine the proliferation of MGC803 and AGS cells after circRAB31

silencing; scale bar, 100 mm (*p < 0.05, **p < 0.01). (H–K) Transwell migration and transwell invasion assays illustrated that silencing of circRAB31 promote the migration and

invasion abilities of GC cells; scale bar, 100 mm (*p < 0.05). (L and M) Wound-healing assay indicated that silencing of circRAB31 promotes the migration ability of GC cells;

scale bar, 120 mm (*p < 0.05).
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Figure 3. Overexpression of circRAB31 inhibits GC cell proliferation, migration, and invasion

(A) qRT-PCRwas performed to confirm the overexpression efficiency of circRAB31 inMGC803 and AGS cells (***p < 0.001). (B–G) CCK-8, EdU, and colony formation assays

indicated that overexpression of circRAB31 inhibits the proliferation ability of GC cells; scale bar, 100 mm (*p < 0.05). (H–K) Transwell migration and transwell invasion assays

indicated that overexpression of circRAB31 significantly inhibits the migration and invasion abilities of GC cells (*p < 0.05). (L–N) Wound-healing assay indicated that

overexpression of circRAB31 inhibits the migration ability of GC cells; scale bar, 120 mm (*p < 0.05).
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Based on the downregulation of circRAB31 in GC tissues and cell
lines, we further explored its functional role by overexpressing
circRAB31 in MGC803 and AGS cell lines. Quantitative real-time
PCR was used to validate the overexpression efficiency of circRAB31
(Figure 3A). Subsequently, CCK8, colony formation, and EdU assays
were performed to detect the proliferation ability of MGC803 and
AGS cells. Transwell migration and wound-healing assays were
used to assess the migration ability of GC cells, and the invasion abil-
ity of GC cells was analyzed using transwell invasion assay. As ex-
pected, we observed that the overexpression of circRAB31 inhibited
the cell proliferation rate, as determined by the CCK8 assay (Figures
3B and 3C); it also inhibited the colony formation ability and DNA
synthesis, as indicated by the EdU assay (Figures 3D and 3G). In
addition, overexpression of circRAB31 strikingly suppressed the
migration and invasion abilities of MGC803 and AGS cell lines (Fig-
ures 3H–3N).

Taken together, the results of these in vitro experiments indicated that
circRAB31 exerted tumor suppressor function in GC progression.

circRAB31 may serve as a sponge for miR-885-5p

Considering that mounting evidence has shown that circRNAs are
involved in tumor development and progression as an miRNA
sponge,23,24 we proposed that circRAB31 could also function as an
Molecular Therapy: Oncolytics Vol. 23 December 2021 505
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Figure 4. circRAB31 may serve as a sponge for miR-885-5p

(A) Circinteractome and Starbase online tools were used to predict target miRNAs of circRAB31. (B) Pull-down assay was performed to determine the direct binding between

circRAB31 and three potential target miRNAs (**p < 0.01). (C) A schematic drawing exhibited that the putative binding sites of miR-520h andmiR-885-5p with circRAB31. (D–F)

The luciferase activity of pmirGLO-circRAB31-WT or pmirGLO-circRAB31-MUT in 293T cells andMGC803 cells after co-transfection withmiR-520h or miR-885-5p (*p < 0.05).

(G and H) Co-localization between miR-885-5p and circRAB31 was observed by RNA in situ hybridization in GC cells. Nuclei were stained with DAPI; scale bar, 20 mm.
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miRNA sponge in GC tumorigenesis. To determine that, we predicted
the potential targets of circRAB31 by cross-analyzing two prediction
databases: Circinteractome and Starbase. Three miRNAs with puta-
tive binding sites for circRAB31 were identified (Figure 4A). Then,
pull-down assay was performed to further determine the potential
interaction between circRAB31 and three miRNAs. Compared with
miR-485-5p, we observed that miR-520h and miR-855-5p were en-
riched by a specific biotin-labeled circRAB31 probe (Figure 4B). To
further validate our findings, we constructed the full-length sequences
of circRAB31-wild-type (WT) and circRAB31-mutant (MUT)
without the luciferase vector of miR-520h or miR-885-5p binding
sites (Figure 4C). In luciferase reporter assay, we observed that
co-transfection of miR-885-5p mimics and circRAB31 resulted in a
significant reduction of luciferase activity, while other groups did
not induce obvious reduction in the luciferase activity (Figures 4D–
4F and S2C). FISH assay was conducted to detect the localization of
506 Molecular Therapy: Oncolytics Vol. 23 December 2021
miR-885-5p and circRAB31 and showed that miR885-5p and
circRAB31 were co-localized both in the nucleus and in the cytoplasm
of GC cell lines (Figures 4G and 4H). In addition, we detected the cor-
relation between expression level of circRAB31 and miR-885-5p.
Interestingly, we observed that there was no significant correlation
between circRAB31 and miR-885-5p (Figure S2D), indicating that
although circRAB31 and miR-885-5p are combined, it will not affect
the expression level of each other. These findings indicated the direct
interaction between miR885-5p and circRAB31.

circRAB31 attenuated the ability of miR-885-5p to promote GC

cell proliferation, migration, invasion

miR-885-5p has been shown to regulate the biological function of
multiple cancer cells, including gastric cancer cells.25–27 However, it
remains unclear whether miR-885-5p is responsible for the ability
of circRAB31 to inhibit GC cell proliferation, migration, and



Figure 5. circRAB31 attenuated the ability of miR-885-5p in promoting GC cell proliferation, migration, invasion

(A–F) CCK-8, colony formation, and EdU assays illustrated that miR-885-5p mimics promote the proliferation ability of GC cells, while co-transfection with circRAB31 could

attenuate the proliferation ability achieved by miR-885-5p; scale bar, 100 mm (*p < 0.05, **p < 0.01). (G–J) Transwell migration and transwell invasion assays were performed

to detect the migration ability and invasion ability of MGC803 and AGS cells after the co-transfection of miR-885-5p mimics and circRAB31; scale bar, 100 mm (*p < 0.05,

**p < 0.01).
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invasion. Therefore, we performed rescue experiments to detect
their correlation. In CCK-8 and colony formation assays, overexpres-
sion of circRAB31 was able to partially reverse cell proliferation
and colony formation abilities induced by miR-885-5p mimics.
Meanwhile, circRAB31 overexpression attenuated the DNA synthesis
ability inhibition caused by miR-885-5p mimics in GC cells (Figures
5A–5F). Transwell migration assay showed that overexpression of
circRAB31 partially weakened the increase in migration ability
induced by miR-885-5p mimics (Figures 5G and 5H). In addition,
transwell invasion assay demonstrated that circRAB31 overexpres-
sion partially attenuated the invasion ability favored by miR-885-5p
mimics (Figures 5I and 5J). These results indicated that circRAB31
serves as a tumor suppressor by impairing the oncogenic function
of miR-885-5p.
Molecular Therapy: Oncolytics Vol. 23 December 2021 507
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Figure 6. circRAB31-miR-885-5p-PTEN/PI3K/AKT axis is responsible for the biological function suppression of GC cells

(A) Five online databases were used to predict the target genes of miR-885-5p. (B) qRT-PCR was performed to detect the potential targets involved in GC-related signaling

pathways (**p < 0.01). (C) A schematic drawing exhibited that the putative binding sites of miR-885-5p with PTEN 30 UTR. (D) Luciferase reporter assay was performed to

determine the effect ofmiR-885-5p onPTEN30 UTR in 293T cells (*p < 0.05). (E)Western blotwas performed to evaluate the effect ofmiR-885-5pmimics and inhibitors onPTEN

protein expression inMGC803 and AGS cells. (F andG)Western blot was used to detect the protein level of PTEN, AKT, and p-AKT inMGC803 and AGS cells after transfection

of circRAB31. (H) Western blot analysis of the expression of PTEN and p-AKT after the co-transfection of circRAB31 and miR-885-5p mimics in MGC803 and AGS cells.
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circRAB31 inhibits GC cell malignant behaviors by upregulating

PTEN

Next, we explored how the circRAB31/miR-885-5p axis affected GC
biological processes. Bioinformatics analysis (miRmap, PITA, Tar-
getscan, Starbase, and microT databases) revealed 121 potential
downstream genes of miR-885-5p (Figure 6A). Among these genes,
we selected those involved in the most significant signaling reported
to be responsible for GC progression including WNT, mTOR, and
MAPK, as well as the PI3K pathways, and evaluated the effects of
circRAB31 knockdown on these potential downstream targets by de-
tecting their mRNA expression levels (WNT5A, CTNNB1 for WNT
signaling; RICTOR and MIOS for mTOR signaling; MAP4K3 and
CASP3 for MAPK signaling; PTEN and YWHAE for PI3K/AKT
signaling). We found that circRAB31 silencing strikingly decreased
mRNA expression of PTEN, implying that the circRAB31/miR-
508 Molecular Therapy: Oncolytics Vol. 23 December 2021
885-5p axis might regulate PTEN mRNA expression (Figure 6B).
To further validate whether the circRAB31/miR-885-5p axis directly
regulated PTEN, we cloned WT and MUT 30 UTR of the PTEN into
the luciferase vector and conducted the luciferase reporter assay (Fig-
ure 6C). Then, we performed dual-luciferase reporter assay and
observed that co-transfection of WT 30 UTR of the PTEN and miR-
885-5p mimics resulted in a significant reduction in luciferase re-
porter activity relative to co-transfection with miR-NC. However,
co-transfection of MUT 30 UTR of the PTEN with miR-885-5p
mimics or miR-NC did not cause a significant reduction in luciferase
reporter activity (Figures 6D and S2E). Moreover, qRT-PCR and
western blot analysis confirmed the regulatory effect of miR-885-5p
on PTEN. Transfection of miR-885-5p mimics significantly inhibited
PTEN expression, while miR-885-5p inhibitors increased the mRNA
and protein level of PTEN (Figures 6E and S2F).



Figure 7. circRAB31 suppressed GC tumor growth

and metastasis in vivo

(A and B) The xenograft tumors induced by circRAB31

overexpression and empty vector in MGC803 cells were

exhibited; scale bar, 1 cm. (C and D) Tumor weights and

tumor growth curves were analyzed (*p < 0.05). (E and F)

qRT-PCR was performed to detect the mRNA expression

of circRAB31 and PTEN in tumors (***p < 0.001, **p <

0.01). (G–I) Western blot assay indicated that circRAB31

could promote PTEN protein expression and inhibit p-AKT

protein level (*p < 0.05, **p < 0.01). (J) IHC analysis of

PTEN, Ki-67, and p-AKT obtained from tumors (magnifi-

cation, �400; scale bar, 150 mm). (K–M) Liver metastasis

model revealed that circRAB31 could inhibit the metas-

tasis ability of MGC803 cells in vivo (magnification, �200,

scale bar, 240 mm; magnification, �400, scale bar,

120 mm).
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These findings indicated that the circRAB31/miR-885-5p axis might
regulate GC malignant behaviors by affecting PTEN expression.

circRAB31-miR-885-5p-PTEN/PI3K/AKT axis is responsible for

suppressing the biological function of GC cells

PTEN, a tumor suppressor, plays a crucial role in multiple cancer
types.28–30 Loss of PTEN results in the activation of the PI3K/AKT/
mTOR pathway.31,32 To further understand the mechanism underly-
ing PI3K/AKT signaling mediated by circRAB31/miR-885-5p/PTEN
axis, we performed western blot; our results showed that circRAB31
overexpression increased PTEN protein level and decreased protein
expression of p-AKT, while silencing of circRAB31 inhibited PTEN
expression and promoted p-AKT expression (Figures 6F and 6G).
Our findings are consistent with the previous report that PTEN in-
hibits the PI3K/Akt pathway by regulating the phosphorylation of
Akt.32 To determine whether miR-885-5p is responsible for the
inhibition of the PI3K/Akt pathway achieved by circRAB31, we
co-transfected circRAB31 with miR-885-5p mimics and determined
the protein level of PTEN and p-AKT in GC cell lines. The results
Molecular The
showed that miR-885-5p inhibited PTEN
expression and promoted the protein level of
p-AKT, while circRAB31 reversed the downre-
gulation of PTEN induced by miR-885-5p and
attenuated the upregulation of p-AKT caused
by miR-885-5p (Figure 6H).

Taken together, we demonstrated that the cir-
cRAB31-miR-885-5p-PTEN/PI3K/AKT axis
suppressed GC malignancy in vitro.

circRAB31 suppressed GC tumor growth

and metastasis in vivo

To extend our in vitro findings and verify that
circRAB31 has a tumor suppressor function
in vivo, stable MGC803 cells overexpressed
with vector or circRAB31 were injected into
4-week-old female nude mice. Tumor volume
was measured using a vernier caliper every 7 days. We observed
that xenograft tumors overexpressing circRAB31 grew slower
compared with the control group (Figures 7A and 7B). Tumor vol-
ume and weight in the circRAB31 group were markedly lower
compared with the control groups (Figures 7C and 7D). To further
determine whether circRAB31 inhibits GC progression through the
PTEN/PI3K/AKT axis in vivo, we isolated total RNA from xenograft
tumors; we found that the mRNA level of PTEN in tumors with
circRAB31 overexpression was higher than that in the negative
control group (Figures 7E and 7F). Western blotting and immunohis-
tochemical staining confirmed the upregulation of PTEN and the
suppression of p-AKT in the circRAB31 overexpression group
compared with the control group (Figures 7G–7J). Moreover, Ki-67
was determined to be downregulated in circRAB31 overexpression
group relative to the control group (Figure 7J).

Next, we determined whether circRAB31 could affect the metastasis
of GC cells in tumor metastasis models. Stable MGC803 cells overex-
pressed with vector or circRAB31were inoculated into the spleen of
rapy: Oncolytics Vol. 23 December 2021 509

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
female nude mice. We found that the circRAB31 overexpression
group had a fewer number of metastatic nodules compared with
the control group (Figures 7K–7M).

These results further confirmed the suppressive role of circRAB31 in
GC via the PTEN/PI3K/AKT signaling pathway mediated by miR-
885-5p.

DISCUSSION
circRNAs are a large number of conserved noncoding RNAs charac-
terized by covalently closed-loop structures.33 circRNAs are
involved in mutiple biological processes, including tumorigenesis.34

Mounting evidence has shown that circRNAs could function as tu-
mor promotors or tumor suppressors in various cancers.35–38 The
roles of different types of circRNAs in GC have been preliminarily
explored.39–41 However, the mechanism by which circRNAs
regulate GC progression remains largely unknown. In our
study, we screened our microarray and identified circRAB31
(Has_circ_0008821) was downregulated in GC tissues compared
with adjacent normal tissues. We also performed qRT-PCR and
confirmed that circRAB31 was lower in tumor tissues and GC cell
lines compared with adjacent normal tissues and GES-1 cells. Func-
tionally, overexpression of circRAB31 inhibited the cellular capabil-
ities of proliferation, migration, and invasion both in vitro and
in vivo, while silencing of circRAB31 had the opposite effects. Our
findings suggest that circRAB31 may play a crucial role in GC
development.

RNA FISH revealed the cytoplasmic and nuclear localization of
circRAB31 in MGC803 and AGS cells. Mounting evidence indi-
cated that cytoplasmic circRNAs could function as sponges for
miRNA to modulate the mRNA level of oncogenes or tumor sup-
pressor genes.20,24,36 We first explored whether circRAB31 could
function as an miRNA sponge. Through the prediction database,
we identified three potential miRNAs targeting circRAB31. RNA
pull-down and luciferase reporter assay were further conducted
to confirm that circRAB31 could function as a miR-885-5p sponge
in GC cells. miR-885-5p has been reported to play a crucial role in
various cancers, including GC.25,27,42 To clarify the competing
endogenous (ceRNA) mechanism mediated by miR-885-5p, we
performed a rescue experiment and proved that circRAB31 could
partially attenuate the influence of miR-885-5p mimics on GC cell
proliferation, migration, and invasion. These results indicated that
circRAB31 could function as a tumor suppressor gene via
sponging miR-885-5p. Many previous studies also suggested that
nuclear circRNAs exert crucial roles in tumor progression through
interacting with proteins. circRNA FECR1 could function as a tu-
mor promotor by recruiting TET1 to the promoter of its own host
gene in breast cancer.43 circ-DONSON was reported to promote
the transcription of SOX4 through interacting with NURF
complex.44 circRAB31 was determined to localize in the nucleus
of GC cells. We speculated that nucleus circRAB31 might also
exert a tumor suppression role through affecting the function of
Pol II or interacting with other proteins. In future studies, we
510 Molecular Therapy: Oncolytics Vol. 23 December 2021
will further explore the potential function of nucleus circRAB31
in GC progression.

To further identify miR-885-5p target genes mediated by circRAB31,
we conducted bioinformatics analysis and identified 121 potential
target genes of miR-885-5p. Then, we transfected circRAB31 siRNA
and detected the mRNA expression of eight target genes involved
in signaling pathways related to GC. Silencing of circRAB31 signifi-
cantly decreased PTENmRNA level inMGC803 and AGS cells. These
findings indicated that PTENmight be the target gene of miR-885-5p
mediated by circRAB31. A recent study also revealed that PTEN
might be the target gene of miR-885-5p.45 In particular, miR-885-
5p has also been reported to modulate mRNA expression of PTEN,
thereby affecting AKT/mTOR signaling in alcohol-induced osteonec-
rosis of the femoral head.46 To further verify that PTEN is a direct
downstream gene of miR-885-5p, we conducted luciferase reporter
assay and proved that miR-885-5p could directly regulate PTEN. In
addition, qRT-PCR and western blot were conducted to confirm
the regulation of circRAB31 and miR-885-5p on PTEN. These results
indicated that circRAB31 could function as a sponge for miR-885-5p
to modulate PTENmRNA and protein level, thereby affecting biolog-
ical function of GC cells.

PTEN, one of themost frequently mutated genes, is well characterized
as a crucial tumor suppressor.47 Previous studies have reported that
PTEN plays an essential role in various cancers.28–30 PTEN also has
a crucial function in the maintenance of cancer stem cells.48,49 To
identify PTEN-regulated pathways, Vivanco et al. conducted tran-
scriptional profiling and revealed that the Jun-N-terminal Kinase
pathway was activated upon PTEN loss in an AKT-independent
manner.50 In addition, two groups of authors demonstrated that
the loss of PTEN resulted in the activation of the PI3K/AKT/
mTOR pathway.31,32 To clarify the underlying mechanism mediated
by circRAB31/miR-885-5p/PTEN axis, we performed western blot
and found that PTEN induced by circRAB31 overexpression
decreased the protein level of p-AKT, while silencing of circRAB31
inhibited the PTEN protein level and promoted the p-AKT protein
level. In addition, circRAB31 reversed the protein change of PTEN
and p-AKT induced by miR-8855p. These results further validated
the function of circRAB31 as a tumor suppressor by sponging miR-
885-5p. In the final step, we validated that circRAB31 suppressed
GC tumor growth andmetastasis in vivo. Taken together, our findings
demonstrated that the circRAB31-miR-885-5p-PTEN axis regulated
GC cells malignance by affecting the PI3K/AKT signaling.

In conclusion, we screened our microarray to identify a downregu-
lated circRNA circRAB31 in GC. Functional experiments indicated
that circRAB31 inhibited GC cell proliferation, migration, and inva-
sion both in vitro and in vivo. Mechanistically, circRAB31 inhibited
PI3K/AKT signaling through the circRAB31-miR-885-5p-PTEN
axis. Our findings suggest that circRAB31 could be a potential
target for the diagnosis and treatment of GC. Understanding the
circRAB31/miR-885-5p/PTEN/PI3K/AKT axis might shed light on
GC development.
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MATERIALS AND METHODS
Human tissue samples and cell culture

A total of 41 pairs of GC tissues and adjacent normal tissues were
collected from the First Affiliated Hospital of Chongqing Medical
University (Chongqing, China). Pathologic examination confirmed
that the resected sample was GC tissue. This study was approved by
the Ethics Committee of the First Affiliated Hospital of Chongqing
Medical University.

Human embryonic kidney cell line (HEK293T), GC cell lines (AGS,
MGC803, MKN45, and BGC823), and a normal human gastric epithe-
lial cell line (GES-1) were bought from the Type Culture Collection of
theChineseAcademy of Sciences (Beijing, China). These cell lines were
cultured with RPMI 1640 (GIBCO, Carlsbad, CA) supplemented with
10% certified fetal bovine serum (FBS) (VivaCell, Shanghai, China).
Construction of stable cell lines and transfection

For the construction of stable overexpressing and stable knockdown
of GC cell lines, we purchased lentivirus from Genechem (Shanghai,
China) and infected MGC803 and AGS with lentivirus. Subsequently,
10% FBS containing 2 mg/mL puromycin (Beyotime, Shanghai,
China) was used to screen stably overexpressing and stably knock-
down GC cell lines.

circRAB31 siRNA, all miRNA mimic, inhibitor, and their corre-
sponding normal control were designed and synthesized by RiboBio
(RiboBio, Guangzhou, China). The detailed nucleotide sequences are
listed in Table S1. WT and MUT dual-luciferase reporter plasmid of
circRAB31 and 30UTR of PTENwere bought fromGene Create (Gene
Create, Wuhan, China). For transfection, Plasmid and oligonucleo-
tide were co-transfected into the GC cell lines with Lipofectamine
2000 (Invitrogen, Carlsbad, CA).
EdU staining, CCK-8 assay, colony formation assay, flow

cytometry, and TUNEL

EdU Staining Kit (RiboBio, Guangzhou, China) and Cell Counting
Kit-8 (DOJNDO, Japan) were used to detect cell viability. For EdU
staining, 2*104 GC cells/well were seeded in 96-well plates. After
24 h, cell viability was measured and evaluated according to the man-
ufacturer’s protocol. The proportion of cells incorporating EdU was
detected and imaged by a fluorescence microscope (Leica, Wetzlar,
Germany). For the CCK-8 assay, the cells were seeded at a density
of 2*103 cells/well and maintained in 96-well plates. Next, 10 mL of
CCK-8 reagent was added to each well at 0, 24, 48, and 72 h. Then
the cells were incubated for 2 h at 37�C. The absorbance at 450 nm
was measured by using spectrophotometer (Synergy2, BioTek,
USA). For the colony formation assay, GC cells were seeded into
6-well plates at a density of 1*103 cells/well and maintained in
RPMI 1640 for 12 days. Then, the cells were fixed using methanol
and stained with 0.1% crystal violet (Beyotime, Shanghai, China).

As for the apoptosis, flow cytometry (Chongqing Medical University,
College of Life Sciences) and TUNEL (RiboBio, Guangzhou, China)
assays were performed to detect the apoptosis of MGC803 and
AGS cells according to the manufacturer’s protocol.

Cell migration, invasion assay, and wound-healing assay

For the migration and invasion assays, GC cells (3*104 and 4*104)
were seeded into the top of chamber (Costar, USA) with or without
Matrigel matrix (BD Biosciences, USA) in invasion and migration
assays, respectively; 10% FBS medium was subsequently added into
the lower chamber. After 24 h, cells were fixed with methanol and
stained using 0.1% crystal violet. Images were acquired with a
microscope. For wound-healing assay, we seeded stable GC cells
(6*105 cells/well) into 6-well plates. After cells grew to 90% concentra-
tion, we used 200 mL plastic tips to create scratches. Cells were further
cultured with RPMI 1640 containing 2% FBS for 48 h. The width of
the wound was imaged by a microscope every 24 h.

FISH assay

circRAB31 probes andmiR-885-5p probes were designed and synthe-
sized by GenePharma (GenePharma, Shanghai, China). The detailed
nucleotide sequences of the RNA probes are listed in Table S1. FISH
kit was purchased from RiboBio (RiboBio, Guangzhou, China). U6
and 18S probes were designed and synthesized by RiboBio
(lnc110101 and lnc110102; RiboBio, Guangzhou, China). The FISH
experiment was performed according to the manufacturer’s protocol.
In short, we seeded 6*104 cells on cell climbing sheets and cultured in
24-well plates. After culturing for 1 day, cells were fixed and incubated
with the circRAB31 and miR-885-5p probes overnight. Then, DAPI
was used to stain cell nuclei. Finally, we captured images using a
ZEISS LSM800 fluorescence microscope (Carl Zeiss AG, Germany).

RNA pull-down assay

The circRAB31 specific biotin-labeled probes were bought from Ribo-
Bio. The detailed nucleotide sequence of the probe is listed in Table
S1. Pull-down assay was performed according to the guidelines of
the manufacturer (Thermo Fisher Scientific, Waltham, MA). In
Briefly, 1*107 MGC803 cells were seeded into 10-cm plates. The
next day, all the cells in the plate were lysed to obtain cell lysates.
The biotin-labeled probes were combined with streptavidin magnetic
beads at room temperature for 30 min. We subsequently incubated
the cell lysates with streptavidin magnetic beads at 4�C for an hour.
After washing the streptavidin magnetic beads, RNA was extracted
using TRIzol (Takara, Japan) and used for further analysis.

RNA isolation and quantitative real-time PCR

Total RNA was isolated from tissues and cells using TRIzol reagent
following the manufacturer’s protocol (Takara, Japan). For RNase
assay, 3 mg of total RNA from GC cells was incubated with or without
RNase R (Epicentre Technologies, USA) for 30 min at 37�C. Cyto-
plasm and nuclear RNA of MGC803 or AGS cells were extracted
by using the NGB-21000 Cytoplasmic & Nuclear RNA Purification
Kit (Norgen, USA) following the manufacturer’s protocol. For qRT-
PCR assay, we synthesized cDNA using PrimeScript RT Reagent
Kit (#RR037A; Takara, Japan) or miRNA reverse transcription PCR
kit (RiboBio). Results were normalized using GAPDH or U6 control.
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The divergent primer for circRAB31 was designed by Geneseed
(Guangzhou, China). U6 forward primer was obtained from RiboBio
(miRNA00002-1-100). Other forward miRNA primers were designed
and synthesized by RiboBio. Reverse primer of miRNAwas contained
in the miRNA reverse kit (miRACM001-22; RiboBio). All mRNA
primers were designed and synthesized by Sangon Biotech (Sangon
Biotech, Shanghai, China). Information about primers is shown in
Table S2.

Protein extracting and western blot

Cellular and tissue proteins were isolated with RIPA cell lysis buffer
(Beyotime, Shanghai, China). Phosphatase inhibitors were added
into the protein lysis (Beyotime). For the western blot assay, we added
the proteins to SDS-PAGE. Then, proteins were transferred to a
PVDF membrane (Millipore, USA). The PVDF membrane was sub-
sequently blocked with 5% skimmilk or 5% BSA (Beyotime) for 2 h at
24�C. After the membrane was blocked, we incubated it with corre-
sponding primary antibody: anti-GAPDH (1:6,000; Proteintech, Wu-
han, China), anti-PTEN (1:2,000; Proteintech, USA), anti-AKT
(1:2000; Cell Signaling Technology, Boston, MA) and anti-pAKT
(1:3,000, Cell Signaling Technology) at 4�C for 12 h. Next, the mem-
brane was incubated with TBST containing corresponding second
antibody (Proteintech, Wuhan, China) for 2 h. Finally, the membrane
was visualized by an enhanced chemiluminescence solution ECL (Ad-
vansta, CA).

Dual-luciferase reporter gene assay

The WT and MUT plasmids of circRAB31 and PTEN 30UTR were
synthesized by Gene Create (Gene Create, Wuhan, China). After
the HEK293T and MGC803 cells were seeded into 96-well plates
and grown to 80% concentration, the luciferase reporter plasmid
and miR-885-5p mimics or normal controls were co-transfected
into HEK293T and MGC803 cells by using Lipofectamine 2000 (In-
vitrogen). After 48 h, the luciferase activities were measured using
dual-luciferase assay kit (Beyotime) following the manufacturer’s
protocol.

IHC study

Tissues were fixed with 10% paraformaldehyde, and then embedded
in paraffin. Tissue sections were produced for subsequent experi-
ments. IHC staining was performed as previously described. Sections
were incubated using the following antibodies: anti-PTEN (1:400;
Proteintech, Wuhan, China), anti-Ki-67 (1:400; Cell Signaling Tech-
nology), anti-pAKT (Cell Signaling Technology). Images were ob-
tained using a Leica inverted microscope (Leica, Wetzlar, Germany).

Animal studies

Eighteen female 4-week-old BALB/c nude mice were bought from the
National Laboratory Animal Center (Shanghai, China). For the xeno-
graft model, we injected stably overexpressed MGC803 and control
cells (8*106 cells) into each flank of the nude mice (five mice/group).
Tumor size was measured every 7 days. After 28 days, tumors were
obtained for extracting RNA and proteins. For the metastasis model,
we injected stably overexpressed MGC803 and control cells (2*106
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cells) into the spleen of the nude mice. After 30 days, the spleen
and the liver were dissected from the nude mice. Numbers of the met-
astatic nodules were captured with a Leica inverted microscope. An-
imal studies were approved by the Animal Ethics Committee of
Chongqing Medical University. All experiments conformed to all
relevant regulatory standards.

Statistical analysis

All statistics were analyzed by SPSS 19.0 (SPSS, Chicago, IL) and
GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA). The differ-
ences were analyzed using two-tailed Student’s t test, c2 test, or
ANOVA. Pearson correlation analysis was used to detected the rela-
tionship between circRAB31 and miR-885-5p. Kaplan-Meier analysis
was used to determine the survival difference. The difference with
*p < 0.05, **p < 0.01, or ***p < 0.001 was considered statistically
significant.
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