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Abstract
Background: Accumulating evidences have shown that circular RNAs (circRNAs) play important roles in
regulating the pathogenesis of cancer. However, the role of circRNAs in gastric cancer (GC) remains
largely unclear.

Methods: In this study, we identi�ed a novel upregulated circRNA, hsa_circ_0001829, in chemically
induced malignant transformed human gastric epithelial cells using RNA-seq. Subsequent qRT-PCR was
performed to detect the expression level of hsa_circ_0001829 in GC cell lines and tissues. Functional
roles of hsa_circ_0001829 in GC were then explored by loss- and gain-of- function assays. Bioinformatic
prediction and luciferase assay were used to investigate potential mechanisms of hsa_circ_0001829.
Finally, the mice xenograft models were constructed to assess the function of hsa_circ_0001829 in vivo.

Results: We found that hsa_circ_0001829 was signi�cantly upregulated in GC tissues and cell lines. Loss-
and gain-of- function assays showed that hsa_circ_0001829 promotes GC cells proliferation, migration
and invasion, and the affected cell cycle progression and apoptosis rates may account for the effect of
hsa_circ_0001829 on GC proliferation. In addition, bioinformatic prediction and luciferase assay showed
that hsa_circ_0001829 acts as a molecular sponge for miR-155-5p and that SMAD2 was a target gene of
miR-155-5p; moreover, hsa_circ_0001829 sponges miR-155-5p to regulate SMAD2 expression and
hsa_circ_0001829 promotes GC progression through the miR-155-5p–SMAD2 pathway. Finally,
suppression of hsa_circ_0001829 expression inhibited subcutaneous tumor growth in vivo.

Conclusion: Taken together, our �ndings �rstly demonstrated a novel oncogenic role of hsa_circ_0001829
in GC progression, which is through miR-155-5p–SMAD2 axis, and our study may offer novel biomarkers
and therapeutic targets for GC.

Background
As the �fth most common malignancies, gastric cancer (GC) is the third leading cause of cancer-
associated deaths worldwide and continues to be a major threat to human health(1). Despite of great
improvement in diagnosis and treatments for GC, the prognosis of patients with GC remains poor, with a
5-year overall survival below 40% in most countries, mainly because a large majority of diagnostic cases
are at advanced-stage with extensive metastasis and high recurrence(2). GC is a multifactorial disease
and a number of risk factors play roles in GC etiology, among which environmental carcinogens have
been considered as one of the most important factors(3). N-nitroso compounds (NOCs), a class of
powerful carcinogens, are ubiquitous in environment and dietary sources, and exhibit genotoxicity and
carcinogenesis through DNA damage(4, 5). As a kind of NOCs, N-methyl-N′-nitro-N-nitrosoguanidine
(MNNG) is a well-known chemical mutagen and carcinogen that can induce genotoxic stress and lead to
the occurrence of tumors, especially GC(6).

In recent years, with the advances in molecular biology, noncoding RNAs (ncRNAs) have emerged as key
molecular players in many pathological conditions, especially cancers(7, 8). Increasing studies have
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revealed the role of ncRNAs in carcinogenesis induced by environmental carcinogens, and demonstrated
that alterations in ncRNAs expression are associated with exposure to chemical carcinogens(9, 10). In the
study by Yang et al., malignant-transformed human gastric epithelial cells (GES-1-T cells) induced by
MNNG were established to explore the molecular mechanism of MNNG-induced gastric carcinogenic
processes in humans(11); moreover, Yang et al. and we respectively showed that microRNA (miRNA) miR-
21 and long noncoding RNA LOC101927497 were aberrantly expressed and involved in malignant
progression of MNNG-induced GC(11, 12).

As a new type of endogenous ncRNAs, circular RNAs (circRNAs) are characterized by a covalently closed
loop without 5′ caps and 3′ poly (A) tails(13–15). Due to their circular structures, circRNAs are unusually
stable. Previous studies have revealed their high conservation, cell or tissue-speci�c expression and
abundant presence in plasma and exosomes(16–18). Furthermore, emerging lines of studies have
revealed that circRNAs play important roles in physiological and pathological conditions including
malignant tumors. Hence, circRNAs have great potential as diagnosis or prognosis biomarkers and
therapeutic targets for cancers. Recently, it has been reported that circRNAs harbor abundant conserved
miRNA response elements (MREs) and serve as miRNA sponge to regulate gene expression, which is
involved in tumor initiation and progression(19). Although our previous studies have demonstrated that
hsa_circ_006100 and hsa_circ_0000592 were involved in the regulation of MNNG induced gastric
tumorigenesis(20, 21), the role of circRNAs in the occurrence and development of GC induced by
environmental carcinogens has been poorly elucidated and more studies are needed.

In present study, we analyzed the expression pro�le of circRNAs in GES-1-T and non-malignant control
GES-1-N cells using high-throughput RNA sequencing (RNA-seq), and identi�ed a novel circRNA
hsa_circ_0001829, which was signi�cantly upregulated in GC cell lines and tissues. Loss- and gain-of-
function assays showed that hsa_circ_0001829 promotes GC cells proliferation, migration and invasion.
Mechanistically, hsa_circ_0001829 functions as a miR-155-5p sponge to upregulate SMAD2 expression
and consequently facilitates GC progression. Our �ndings provide a further insight into mechanism of
carcinogen-related GC tumorigenesis and reveal a novel candidate for GC diagnosis/prognosis and
therapy.

Materials And Methods

Cell culture and tissue specimens
GES-1-T cells and control GES-1-N cells were constructed in the previous study(11), and were cultured in
Dulbecco’s modi�ed Eagle’s medium (DMEM) (Gibco, USA) with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Human gastric cancer cell lines (MKN-28, SGC-7901, MGC-803, BGC-823) were
cultured in RPMI 1640 medium (HyClone, USA) supplemented with 10% FBS and 1% penicillin-
streptomycin. All cells were incubated in a humidi�ed atmosphere containing 5% CO2 at 37 °C.
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20 paired of GC and adjacent samples were obtained from patients underwent surgery at the Fifth
A�liated Hospital of Guangzhou Medical University. All samples and clinical data were collected with
patients’ consents. All experiments were approved by the Ethics Committee of the Fifth A�liated Hospital
of Guangzhou Medical University.

High-throughput sequencing and data analysis
High-throughput sequencing was performed and data was analyzed as we previously described(12, 20,
21). CircRNAs were subjected to further analysis including annotation, sequence prediction, and the
calculated expression levels.

RNA extraction, nuclear-cytoplasmic fractionation and
quantitative reverse transcription-polymerase chain
reaction(qRT-PCR)
RNA extraction, nuclear-cytoplasmic fractionation and qRT-PCR assay were performed as previously
described(20).GAPDH or U6 acted as internal standards. The 2−ΔΔCt method was used to analyze relative
expression levels. The speci�c primers were listed in Supplementary Table 1.

Actinomycin D and RNase R treatment
Actinomycin D (10 µg/ml) or DMSO was added to the culture medium to evaluate the stability of circRNA
and its linear isoform. For RNase R treatment, total RNA was incubated for 30 min at 37 °C with or
without 3U/µg RNase R (Epicentre, Madison, WI, USA). After treatment with actinomycin D and RNase R,
the expression levels of SLC45A4 and hsa_circ_0001829 were measured by qRT-PCR.

Transfection
The overexpression vector was constructed with PCR product of hsa_circ_0001829 based on pcDNA3.1.
MiRNA mimics/inhibitors and siRNAs were synthesized by GenePharma (Shanghai, China). The siRNAs
were designed base on the circRNA backspliced region. For transient transfection, GC cells were cultured
and transfected with these reagents using Lipofectamine™ 2000 (Invitrogen, USA) according to the
manufacturer’s instructions. To stably knockdown hsa_circ_0001829, sh-circRNA-1# and sh-circRNA-2#
lentivirus vectors were constructed and the lentiviruses were packaged and puri�ed by GenePharma
(Shanghai, China). Stable transfection procedures with lentivirus vectors were performed according to
manufacturer’s instructions.

Fluorescence in situ hybridization analysis (FISH)
Cy3-labeled speci�c probes were designed and synthesized according to the hsa_circ_0001829 sequence.
Cells attached to slides were immobilized and then digested with protease K. After dehydration with 70,
85 and 100% alcohol, hybridization was performed at 42 °C overnight in dark. The slides were then
washed with 50% formamide/2 × SSC preheated to 43 °C, 0.1% NP- 40/2 × SSC preheated to 37 °C, and
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DAPI staining solution at room temperature. Images were captured under a laser confocal microscope
(Leica, Mannheim, Germany).

Cell Counting Kit-8 (CCK-8) assay
Cell proliferation was assayed by CCK-8 (Dojindo, Tokyo) according to the manufacturer’s instructions. A
total of 3,000 cells were plated in each well of a 96-well plate. Then, on the indicated day, 10 µl of CCK-8
solution was added to each well. Following 1 h of incubation at 37 °C, the absorbance of each well at
450 nM was measured by Synergy 2 microplate reader (BioTek, Winooski, VT, USA).

5-Ethynyl-2’-deoxyuridine (EdU) assay
EdU assays were carried out using a Cell-light EdU DNA Cell Proliferation Kit (RiboBio, Guangzhou, China)
according to the manufacturer’s protocol. Cells (1 × 104) were seeded in each well of a 96-well plate. After
incubation with 50 µM EdU for 2 h, the cells were �xed in 4% paraformaldehyde and stained with Apollo
Dye Solution. The Hoechst 33342 was used to stain the nucleic acids. Then the EdU-positive cells were
photographed and IPP software was used to analyze the resultant data.

Colony formation assay
GC cells were seeded into 6-well plate at a density of 500 cells per well and cultured routinely for two
weeks. When a clone is visible in the dish, the culture was terminated. Then the colonies were �xed with
4% paraformaldehyde and stained with 0.1% crystal violet. Cell colonies were counted and analyzed.

Transwell invasion assay
Transfected cells were placed into the upper chamber (Corning Costar, 8.0 µm pore size), which was
coated with Matrigel (BD, New Jersey, USA). A total of 500 µL medium supplemented with 20% FBS was
added into the lower chamber. After incubation for 24 h, the non-invaded cells on the upper side of the
chamber were removed with a cotton swab, while invaded cells were �xed in 4% paraformaldehyde and
stained with 0.1% crystal violet solution. The stained cells were analyzed.

Scratch wounding assay
Transfected cells were seeded into 6-well plates and cultured overnight at 37 °C. When the cells were fully
con�uent, a uniform straight scratch was made in the center of the well using a sterile 200 µl pipet tip.
Images were obtained as a baseline after washing three times with PBS. Subsequently, fresh medium
contained 2% FBS was added. After 24 h, images of the same location were acquired.

Flow cytometric analysis
Flow cytometric analysis was performed as previously described(12). Cell cycle and apoptosis were
determined on a FACScan �ow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Dual-luciferase reporter assay
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293-T cells were seeded into 24-well plates. Cells at 60–70% con�uence were co-transfected with wild-
type or mutated hsa_circ_0001829 3′ UTR or SMAD2 3′ UTR reporter plasmids, and with miR-155-5p
mimics or negative controls using the LipofectamineTM2000 as transfection reagent. After 24 h
incubation, luciferase assays were conducted using the Dual Luciferase Reporter Assay System
(Promega, WI, USA) to detect �re�y and Renilla luciferase activities. The ratio of �re�y �uorescence and
Renilla �uorescence was calculated as the relative luciferase activity.

Animal experiments
NOD/Shi-scid/ IL-2Rγnull (NOG) mice were obtained from the Central Institute for Experimental Animals,
Japan. For xenograft tumor model, GES-1-T cells (5 × 106/0.2 ml PBS) were subcutaneously injected into
the �anks of NOG mice (n = 5 for each group). The tumor volumes and weights were measured at the
indicated time points. The tumor tissues were then harvested for immunostaining analysis.

Immunohistochemistry (IHC)
Fresh tumor tissues from the NOG mice were �xed in 4% formalin, embedded in para�n and sections
(4 µm) were prepared. Then, immunohistochemistry was performed using the primary antibodies against
Ki67, MMP2 and PCNA from Abcam. The complex was visualized with DAB complex, and the nuclei were
counterstained with haematoxylin. All sections were scored by the semi-quantitative H-score approach.

Statistical analysis
All experiments were repeated at least three times. Statistical analysis was performed using SPSS 13.0 or
the Prism statistical software package. Differences between the different groups were evaluated using
the Student’s t-test or analysis of variance (ANOVA). Pearson’s correlation coe�cient analysis was used
to analyze correlations. All experimental data were presented as the mean ± S.D.. The differences were
considered to be signi�cant at p < 0.05.

Results

1. hsa_circ_0001829 is upregulated in GC cell lines and
tissues, and is a stable circular RNA.
To investigate the potential role of circRNAs in MNNG-induced malignant transformation of GC cells, we
analyzed the expression pro�le of circRNAs in GES-1-T and GES-1-N cells using ribosomal RNA depleted
and RNase R treated RNA-seq, and found a total of 4,650 differentially expressed circRNAs with a
criterion of fold change (FC) more than 2.0 or less than 0.5 and P < 0.05, of which 1,509 circRNAs were
upregulated and 3,141 circRNAs were downregulated in GES-1-T cells (Fig. 1A). The heat map expression
of the top 10 upregulated circRNAs, the top 10 downregulated circRNAs and 40 randomly selected
differentially expressed circRNAs were shown in Fig. 1B. For further analysis, we focused on the
upregulated circRNAs and validated the induced expression of the top 10 upregulated circRNAs in GES-1-
T cells by qRT-PCR assay. Consistent with the results of RNA-seq, the expressions of the 10 circRNAs were
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signi�cantly increased in GES-1-T cells, with hsa_circ_0001829 showing the greatest increase (Fig. 1C).
Furthermore, hsa_circ_0001829 exhibited upregulated expression in four gastric cancer cell lines (MKN-
28, MGC-803, BGC-823 and SGC-7901) (Fig. 1D). Moreover, qRT-PCR analysis with 20 pairs of matched
GC and adjacent tissue samples revealed that hsa_circ_0001829 expression was upregulated in GC
tissues (Fig. 1E).

With a backspliced length of 641 bp, hsa_circ_0001829 is derived from exon 1 within solute carrier family
45 member 4 (SLC45A4) gene locus (Fig. 1F) and is located at chr8:142264087–142264728. Sanger
sequencing of RT-PCR product con�rmed the head-to-tail splicing of hsa_circ_0001829 (Fig. 1F). Then,
the stability of hsa_circ_0001829 was evaluated. Compared with linear SLC45A4, hsa_circ_0001829 was
resistant to digestion induced by RNase R exonuclease (Fig. 1G), indicating that hsa_circ_0001829
harbors a loop structure. Following treatment with Actinomycin D (an inhibitor of transcription), the half-
life of hsa_circ_0001829 exceeded 24 h, while that of linear SLC45A4 displayed only about 4.3 h,
revealing that hsa_circ_0001829 is highly stable (Fig. 1H).

These results demonstrated that hsa_circ_0001829 was upregulated in GC cell lines and tissues, and was
a stable circular RNA.

2. Silencing of hsa_circ_0001829 inhibits GC cells
proliferation, migration and invasion in vitro.
To investigate the biological function of hsa_circ_0001829, three small interfering RNAs (siRNAs)
targeting the junction sites of hsa_circ_0001829 were designed to silence hsa_circ_0001829 expressions.
These siRNAs signi�cantly decreased hsa_circ_0002819 expression level with no effect on SLC45A4
linear isoform in both GES-1-T and MKN-28 cell lines (Fig. 2A). And we selected si-circRNA-1# and si-
circRNA-2# for the subsequent experiments due to the relative higher interference e�ciency. Following
transfection of GES-1-T and MKN-28 cells with si-circRNA-1# and si-circRNA-2#, CCK-8 and EdU assays
were employed to measure the cell proliferation. As shown, silencing of hsa_circ_0001829 markedly
inhibited cell proliferation in both cell lines (Fig. 2B, C). Furthermore, colony-forming ability of these two
cell lines stably transfected with sh-circRNA-1# and sh-circRNA-2# by lentiviral infection were
signi�cantly reduced after silencing of hsa_circ_0001829 (Fig. 2D). Additionally, knockdown of
hsa_circ_0001829 impaired migration and invasion ability of GES-1-T and MKN-28 cells, as demonstrated
by transwell and wound healing assays (Fig. 2E, F).

Then assays were conducted to evaluate whether hsa_circ_0001829 silencing had effect on the cell cycle
and apoptosis. As shown in Fig. 4A, more cells were distributed in G2/M phase upon silencing
hsa_circ_0001829, suggesting that knockdown of hsa_circ_0001829 induced cell cycle arrest at G2/M.
Moreover, the apoptosis rates of GES-1-T and MKN-28 cells upon hsa_circ_0001829 knockdown were
obviously increased (Fig. 4B). These results demonstrated that hsa_circ_0001829 silencing induced
G2/M cell cycle arrest and increased apoptosis rates.
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Collectively, these results indicated that silencing of hsa_circ_0001829 inhibits GC cells proliferation,
migration and invasion, and the decreased cell cycle progression and increased apoptosis may account
for the inhibitory effect of hsa_circ_0001829 knockdown on GC proliferation.

3. Overexpression of hsa_circ_0001829 promotes GC cells
proliferation, migration and invasion in vitro.
To further verify the functional role of hsa_circ_0001829, hsa_circ_0001829-overexpressing plasmid
(pcDNA-circ_0001829) was constructed. The increase of hsa_circ_0001829 expressions induced by
pcDNA-circ_0001829 was con�rmed by qRT-PCR analysis, which showed approximately tenfold and
�fteenfold overexpression in GES-1-T and MKN-28 cells, respectively; meanwhile, no signi�cant change in
SLC45A4 mRNA level was observed (Fig. 3A). Subsequent CCK-8 and EdU cell proliferation assays
revealed that overexpression of hsa_circ_0001829 obviously increased the growth of both GES-1-T and
MKN-28 cells (Fig. 3B, C). Additionally, the migration and invasion abilities of GES-1-T and MKN-28 cells
were enhanced by transfection with hsa_circ_0001829 overexpression vector, as indicated by the results
of transwell and wound healing assays (Fig. 3D, E).

Next, the effect of hsa_circ_0001829 overexpression on cell cycle and apoptosis rates of GES-1-T and
MKN-28 cells were also analyzed. Contrary to the effect induced by hsa_circ_0001829 knockdown, a
signi�cant reduction of cells in the G2/M phase and an increase of cells in the G0/G1 phase were
observed upon hsa_circ_0001829 overexpression (Fig. 4C). Furthermore, hsa_circ_0001829
overexpression reduced the apoptotic rates of GES-1-T and MKN28 cells (Fig. 4D). These results
demonstrated that hsa_circ_0001829 overexpression stimulated cell cycle progression and decreased
apoptosis rates.

Taken together, these data indicated that overexpression of hsa_circ_0001829 promotes GC cells
proliferation, migration and invasion, and the promoting cell cycle progression and decreased apoptosis
may account for the promotional effect of hsa_circ_0001829 overexpression on GC proliferation.

4. Hsa_circ_0001829 acts as a molecular sponge for miR-
155-5p.
To explore the regulatory mechanism of hsa_circ_0001829 in GES-1-T cells, we �rst evaluated its
subcellular distribution. The subcellular localization was �rst evaluated via qRT–PCR in nuclear or
cytoplasmic fractions; as shown in Fig. 5A, hsa_circ_0001829 was mainly distributed in the cytoplasm of
GES-1-T cells. Then FISH assay was employed, and the red �uorescent distribution also indicated that
hsa_circ_0001829 was mainly distributed in the cytoplasm of GES-1-T cells (Fig. 5B).

Given that circRNAs in the cytoplasm have been widely reported to serve as miRNA sponges, we
subsequently explored whether hsa_circ_0001829 could act as a miRNA sponge. TargetScan(22) and
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miRanda(23) were applied to predict the potential absorbing miRNAs of hsa_circ_0001829. Then, 13
overlapped miRNAs of the two databases were found to potentially interact with hsa_circ_0001829.
Among the 13 candidate miRNAs, we mainly focused on �ve miRNAs (miR-153-3p, miR-144-5p, miR-194-
5p, miR-155-5p and miR-564-5p), which have been reported to be closely related to cancer
development(24–28). For further investigation, dual luciferase reporter assays were performed and
demonstrated that relative luciferase activity was reduced by more than 30% when cells were co-
transfected with hsa_circ_0001829 wild-type vector and miR-155-5p mimics, whereas co-transfection with
the other four miRNAs mimics induced non-signi�cant differences, suggesting that hsa_circ_0001829
interacts directly with miR-155-5p (Fig. 5C). To further con�rm this �nding, luciferase reporter plasmids
with a wild type (WT) of hsa_circ_0001829 sequence and a mutant (Mut) hsa_circ_0001829 sequence in
the binding sites of miR-155-5p were generated. We found that co-transfection of hsa_circ_0001829 (WT)
and miR-155-5p mimic signi�cantly reduced the luciferase activity, while co-transfection of
hsa_circ_0001829 (Mut) and miR-155-5p mimic had no effect on luciferase activity (Fig. 5D).

These results indicated that hsa_circ_0001829 directly binds to miR-155-5p, acting as a sponge for miR-
155-5p.

5. SMAD2 was validated as a target gene of miR-155-5p.
Having investigated the interaction between hsa_circ_0001829 and miR-155-5p, we next used TargetScan
to predict the target genes of miR-155-5p and 556 target genes were obtained. Then KEGG pathway
analysis by David(29) was applied to predict the involvement pathways of 556 genes, and 14
signi�cantly enriched pathways were acquired (Fig. 5E). Importantly, “pathway in the cancer” ranked �rst
and SMAD2 was one of genes in this pathway.

We then overexpressed or silenced miR-155-5p expression and measured the expression levels of
SMAD2. Results showed that transfection of miR-155-5p mimic decreased the expression of SMAD2
mRNA, while transfection of miR-155-5p inhibitor increased SMAD2 mRNA expression in both GES-1-T
and MKN-28 cells (Fig. 5F). Thus, SMAD2 is a putative target gene of miR-155-5p. To con�rm the
interaction between miR-155-5p and SMAD2, we conducted dual luciferase reporter assays and found
that cells co-transfected with the plasmid containing 3′-UTR-WT regions of SMAD2 (SMAD2 WT) and
miR-155-5p mimic had signi�cantly less luciferase activity than the controls, while mutation of the
potential miR-155-5p binding sites in the SMAD2 3′-UTR (SMAD2 Mut) abolished this effect (Fig. 5G).

Collectively, these results indicated that miR-155-5p directly targets SMAD2.

6. Hsa_circ_0001829 promotes GC progression via the miR-
155-5p-SMAD2 pathway.
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We further determined whether hsa_circ_0001829 regulates the expression of SMAD2 by sponging miR-
155-5p. First, we tested the expression of SMAD2 mRNA in 20 pairs of matched GC and adjacent tissue
samples. Compared with adjacent normal tissue, SMAD2 mRNA was highly expressed in cancer tissues
(Fig. 6A). And we found that the level of hsa_circ_0001829 was positively correlated with the mRNA level
of SMAD2 (Fig. 6B). Furthermore, hsa_circ_0001829 silencing decreased SMAD2 expression and
hsa_circ_0001829 overexpression signi�cantly increased SMAD2 expression, in both GES-1-T and MKN-
28 cells (Fig. 6C). Next, GES-1-T and MKN-28 cells were co-transfected with miR-155-5p mimics and
hsa_circ_0001829 overexpression vectors. The qRT-PCR assay showed that the promoting effect of
hsa_circ_0001829 overexpression on SMAD2 expression was reversed by miR-155-5p mimics (Fig. 6D).
These �ndings indicated that hsa_circ_0001829 sponges miR-155-5p to regulate SMAD2 expression.

To determine whether hsa_circ_0001829 promotes GC progression by sponging miR-155-5p, rescue
experiments were performed by co-transfecting hsa_circ_0001829 vectors and miR-155-5p mimics into
GES-1-T or MKN-28 cells. The CCK-8 and EdU assay showed that miR-155-5p mimics effectively reversed
the hsa_circ_0001829-induced promotion of proliferation in GES-1-T and MKN-28 cells (Fig. 6E, F).
Likewise, transwell assay indicated that miR-155-5p mimics attenuated the ability of hsa_circ_0001829 to
promote invasion of GES-1-T and MKN-28 cells (Fig. 6G). Taken together, these results demonstrated that
hsa_circ_0001829 promotes GC progression through the miR-155-5p-SMAD2 pathway.

7. Suppression of hsa_circ_0001829 expression inhibits
subcutaneous tumor growth in vivo.
To further clarify whether hsa_circ_0001829 in�uences tumor growth in vivo, sh-cirRNA-1# or sh-NC were
stably infected by lentiviral infection into GES-1-T cells, and the cells were subcutaneously injected into
the �ank of NOG mice. The tumors of mice in the sh-circRNA-1# group were considerably decreased in
size and volume compared to those in the sh-NC group (Fig. 7A, B). The tumor weights were much lower
in the sh-circRNA-1# group than in the sh-NC group (Fig. 7C). IHC analysis demonstrated that the
expression of PCNA and MMP2 was decreased by hsa_circ_000289 knockdown (Fig. 7D), which suggest
that hsa_circ_0001829 knockdown inhibited the proliferative and invasion abilities of subcutaneous
tumors. Also, the SMAD2 expression in the tumors of the sh-circRNA-1# group was decreased, which was
consistent with above observations in vitro (Fig. 7D).

These results indicated that hsa_circ_0001829 knockdown inhibited subcutaneous tumor growth in vivo,
and the decreased proliferative and invasion abilities may account for the inhibitory effect.

Discussion
Despite environmental carcinogen exposure is one of the most important causes of GC, the roles of
circRNAs in environmental carcinogen-induced malignant transformation and their underlying
mechanisms remain largely unknown. In this study, we applied RNA-seq analysis to screen differentially
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expressed circRNAs in MNNG induced malignant-transformed gastric epithelial cells, and then, we
focused on the top 10 upregulated circRNAs and hsa_circ_0001829 was identi�ed as the most highly
upregulated circRNA through qRT-PCR assay, which was subsequently con�rmed to be also upregulated
in other four GC cell lines and GC tissues. Furthermore, results of loss- and gain-of-function assays
showed that hsa_circ_0001829 promotes GC cells proliferation, migration and invasion, and the affected
cell cycle progression and apoptosis rates may account for the effect of hsa_circ_0001829 on GC
proliferation. Moreover, animal experiments revealed that hsa_circ_0001829 knockdown repressed tumor
growth in vivo. These �ndings collectively indicated that hsa_circ_0001829 is upregulated in GC and
promotes GC progression.

With the deepening of research on the role of circRNAs in tumors, numerous aberrantly expressed
circRNAs have been unveiled in tumor tissues and cell lines, and they were considered as promising
biomarkers for tumors in terms of their structural stability, speci�city and high abundance(30, 31). For
example, Lu’s study demonstrated that circ-RanGAP1 was signi�cantly upregulated in both GC tissues
and exosomes from the plasma of GC patients and high circ-RanGAP1 expression was closely
associated with an advanced TNM stage and worse survival, which suggest that circ-RanGAP1 might act
as a potential prognostic biomarker(32). Herein, we found that hsa_circ_0001829 was upregulated in GC
tissues and cell lines, and functioned as a promoter of GC progression, implying that hsa_circ_0001829
might be a potent biomarker for diagnosis or prognosis. However, whether hsa_circ_0001829 is present in
plasma samples or circulating exosomes requires further investigation.

Although our understanding of the functions of circRNAs is still nascent, increasing studies have shown
that circRNAs can sequester microRNAs or proteins, modulate transcription, interfere with splicing, and
even translate to produce polypeptides or proteins(33). CircRNAs that act as miRNA sponges are
predominantly in the cytoplasm, which occupy the same space of miRNAs, and these circRNAs generally
function via a circRNA-miRNA-mRNA axis. For example, circRNA BCRC-3 suppresses bladder cancer
proliferation through miR-182-5p/p27 axis(34); circLARP4 inhibits cell proliferation and invasion of GC by
sponging miR-424-5p and regulating LATS1 expression(35). In our study, we showed that
hsa_circ_0001829 was mainly located in the cytoplasm and miRNA-predicted analysis showed that
hsa_circ_0001829 harbored sponging sites for miR-155-5p. We further con�rmed that hsa_circ_0001829
was capable of binding to miR-155-5p by luciferase reporter assays. Therefore, our results indicated that
hsa_circ_0001829 could bind to miR-155-5p and had the potential to play its oncogenic role by acting as
a miRNA sponge. However, other functions of hsa_circ_0001829 still need to be elucidated in GC cells.

MiR-155-5p is a multifaceted regulator of cell proliferation, cell cycle, development, immunity and
in�ammation that plays pivotal roles in numerous cancers(36). MiR-155-5p has been demonstrated to be
elevated in breast and lung cancer and correlated with poor prognosis(37, 38). However, the role of miR-
155-5p in GC remains contradictory and largely unclear. Li and colleagues reported that miR-155-5p is
one of the most downregulated miRNAs and may serve as a tumor suppressor in GC(39), whereas Qu′s
group claimed that the levels of miR-155-5p were obviously increased and miR-155-5p acts as an
oncogene in GC(40). In our study, the CCK-8 and EdU assays showed that miR-155-5p mimics effectively
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reversed the hsa_circ_0001829-mediated promotion of GC cell proliferation, and likewise, the transwell
assay showed that miR-155-5p mimics attenuated the ability of hsa_circ_0001829 to promote invasion of
GC cells. Therefore, our results support the notion that miR-155-5p plays a suppressing role in GC
development.

SMAD2, as a receptor-regulated SMAD member, is the primary intracellular signaling mediator and
transcription factor for transforming growth factor-β (TGFβ) family signaling. Zhang et al. reported that
both the mRNA and protein levels of SMAD2 were elevated in MNNG-initiated gastric cancer rats(41), and
Bruna et al. found that high TGFβ-SMAD activity is present in aggressive, highly proliferative gliomas(42).
The reports that the expression of p-SMAD2 is associated with malignant phenotype and poor prognosis
in patients with advanced GC(43) and that high TGFβ-SMAD activity confers poor prognosis in patients
with glioma(42) support the promotional effect of SMAD2 on GC progression. Moreover, TGFβ can induce
epithelial-to-mesenchymal transition (EMT) through canonical SMAD2/3 pathways(44, 45) and the EMT
induced by SMAD2 may account for the effect of SMAD2 on GC cells invasion. In our study, we indicated
that miR-155-5p could directly bind to SMAD2 and negatively regulate SMAD2 expression by dual
luciferase reporter assay and qPCR. In addition, SMAD2 mRNA was highly expressed in cancer tissues
and was positively correlated with the level of hsa_circ_0001829. We also found that SMAD2 expression
was positively regulated by hsa_circ_0001829, which was attenuated by miR-155-5p. These results
indicated that hsa_circ_0001829 could regulate SMAD2 expression by sponging miR-155-5p, thereby
promoting proliferation and invasion of GC cells.

Conclusions
Taken together, we identi�ed a novel circRNA, hsa_circ_0001829 that is upregulated in GC cell lines and
tissues. Furthermore, we demonstrated that hsa_circ_0001829 promotes the malignant behaviors of GC
cells by sponging miR-155-5p to regulate SMAD2 expression. Our �ndings �rstly identify the role of
hsa_circ_0001829 in GC, which may offer an effective biomarker for diagnosis/prognosis and a
promising target for therapy in GC.
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Figure 1

Screening and expression of hsa_circ_0001829 in gastric cancer cells. (A) Volcano plot of the
differentially expressed circRNAs in GES-1-T and GES-1-N cells (FC ≥ 2 or FC ≤ 0.5 and P < 0.05).
Signi�cantly upregulated circRNAs are indicated in red and downregulated circRNAs are indicated in
green. The blue arrow indicates hsa_circ_0001829. (B) Heat map of the differentially expressed circRNAs
in GES-1-T and GES-1-N cells. Red indicates a higher fold-change and blue indicates a lower fold-change.
(C) Expression of the top 10 upregulated circRNAs in GES-1-T compared with GES-1-N cells was detected
via qRT-PCR. (D) Expression of hsa_circ_0001829 in four gastric cell lines compared with GES-1-N cells.
(E) Expression of hsa_circ_0001829 in gastric cancer tissues compared with adjacent normal tissues (n =
20, P < 0.0001). (F) The genomic loci of the SLC45A4 gene and hsa_circ_0001829. Red arrow indicates
the back-splicing of hsa_circ_0001829 con�rmed by Sanger sequencing. (F) qRT-PCR analysis of
hsa_circ_0001829 and SLC45A4 mRNA after treatment with RNase R in GES-1-T cells. (G) The abundance
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of hsa_circ_0001829 and SLC45A4 mRNA was, respectively, tested by qRT-PCR in GES-1-T cells treated
with Actinomycin D at the indicated time points. *p < 0.05, **p < 0.01.

Figure 2

Silencing of hsa_circ_0001829 inhibits GC cells proliferation, migration and invasion in vitro. (A) The
interference e�ciency of three hsa_circ_0001829-targeting siRNAs on hsa_circ_0001829 and SLC45A4
mRNA level were examined by qRT-PCR. (B-C) CCK-8 and EdU assays of GES-1-T and MKN-28 cells
transfected with control or siRNAs. (D) Colony formation assay of GES-1-T and MKN-28 cells stably
transfected with control or shRNAs by lentiviral infection. (E-F) Transwell and wound healing assays of
GES-1-T and MKN-28 cells transfected with control or siRNAs. *p < 0.05, ** p < 0.01.
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Figure 3

Overexpression of hsa_circ_0001829 promotes GC cells proliferation, migration and invasion in vitro. (A)
The overexpression e�ciency of pcDNA-hsa_circ_0001829 on hsa_circ_0001829 and SLC45A4 mRNA
level were measured by qRT-PCR. (B) CCK-8 assay of GES-1-T and MKN-28 cells transfected with control
vector or pcDNA-hsa_circ_0001829. (C) EdU assay of GES-1-T and MKN-28 cells transfected with control
vector or pcDNA-hsa_circ_0001829. Transwell (D) and wound healing (E) assays of GES-1-T and MKN-28
cells transfected with control vector or pcDNA-hsa_circ_0001829. *p < 0.05, **p < 0.01.
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Figure 4

The changes of cell cycle and apoptosis rate of GC cells with silencing or overexpression of
hsa_circ_0001829. (A) FCM analysis of the cell cycle in GES-1-T and MKN-28 cells transfected with
control or siRNAs. (B) Apoptosis alteration of GES-1-T and MKN-28 cells after transfection with siRNAs.
(C) FCM analysis of the cell cycle in GES-1-T and MKN-28 cells transfected with control vector or pcDNA-
hsa_circ_0001829. (D) Apoptosis alter of GES-1-T and MKN-28 cells after transfection with control vector
or pcDNA-hsa_circ_0001829. Data were presented as mean ± S.D., *p < 0.05, ** p < 0.01.
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Figure 5

hsa_circ_0001829 acts as a molecular sponge for miR-155-5p, and SMAD2 was validated as a target
gene of miR-155-5p. (A) Cytoplasmic and nuclear distribution of hsa_circ_0001829 in GES-1-T cells was
detected by qRT-PCR. (B) The subcellular localization of hsa_circ_0001829 in GES-1-T cells by FISH
assay. The nuclei were stained with DAPI for blue color, and the cytoplasmic hsa_circ_0001829 was
stained for red color. (D) (Up) The binding sites of wild type or mutant hsa_circ_0001829 with miR-155-
5p. (Down) Dual luciferase reporter assays demonstrated that hsa_circ_0001829 could sponge miR-155-
5p. (E) KEGG pathway analysis of the 556 predicted target genes. (F) The effects of miR-155-5p mimics
and inhibitors on the expression of SMAD2 mRNA detected by qRT-PCR. *vs NC mimic group, #vs NC
inhibitor group. (G) (Up) The binding sites of wild type or mutant SMAD2 3′-UTR with miR-155-5p. (Down)
Dual luciferase reporter assays demonstrated that SMAD2 is a direct target of miR-155-5p. *p < 0.05, **p
< 0.01, # p < 0.05, ## p < 0.01.
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Figure 6

hsa_circ_0001829 promotes GC progression via the miR-155-5p-SMAD2 pathway. (A) SMAD2 expression
in gastric cancer tissues compared with adjacent normal tissues (n = 20, P < 0.05). (B) Correlations
between hsa_circ_0001829 and SMAD2 expression were found with Pearson′ correlation analysis in 20
paired GC tissues (P = 0.001). (C) SMAD2 expression in GES-1-T and MKN-28 cells with
hsa_circ_0001829 knockdown or overexpression. *vs si-NC group, #vs vector group. (D-G) GES-1-T and
MKN-28 cells were transfected with vector, vetor+miR-155-5p, hsa_circ_0001829, or miR-155-
5p+hsa_circ_0001829. Then relative expression of SMAD2 was measured by qRT-PCR analysis (D), and
the ability of proliferation and invasion was assessed by CCK-8 assay (E), EdU assay (F) and invasion
assay (G). *p < 0.05, ** p < 0.01, # p < 0.05, ## p < 0.01.
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Figure 7

Suppression of hsa_circ_0001829 expression inhibited subcutaneous tumor growth in vivo. (A)
Schematic representation of xenograft tumor after 7 weeks of tumor growth in sh-circRNA-1# or sh-NC
groups. (B-C) Analysis of the differences in tumor volumes and tumor weights between sh-circRNA-1#
and sh-NC groups. (D) IHC analysis of PCNA, MMP2 and SMAD2 expression levels in xenograft tumors
tissue from the sh-circRNA-1# and sh-NC groups. *p < 0.05, ** p < 0.01.
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