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Exosomal CircPRRX1 Enhances Doxorubicin
Resistance in Gastric Cancer by Regulating
MiR-3064-5p/PTPN14 Signaling

Shumin Wang, Mei Ping, Bin Song, Yarong Guo, Yuanfei Li, and Junmei Jia
Department of Oncology, First Hospital of Shanxi Medical University, Taiyuan City, Shanxi Province, China.

Purpose: Gastric cancer (GC) is a malignant tumor with a high mortality rate. Drug resistance is a major obstacle to GC therapy.
This study aimed to investigate the role and mechanism of exosomal circPRRX1 in doxorubicin resistance in GC.

Materials and Methods: HGC-27 and AGS cells were exposed to different doses of doxorubicin to construct doxorubicin-resis-
tant cell lines. Levels of circPRRX1, miR-3064-5p, and nonreceptor tyrosine phosphatase 14 (PTPN14) were detected by quantita-
tive real-time PCR or Western blot assay. Then, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide, transwell,
and Western blot assays were used to explore the function of circPRRX1 in GC cells. Interactions among circPRRX1, miR-3064-5p,
and PTPN14 were confirmed by dual-luciferase reporter assay. The in vivo function of circPRRX1 was analyzed in a xenograft tu-
mor model.

Results: CircPRRX1 was highly expressed in doxorubicin-resistant GC cell lines. Knockdown of circPRRX1 reversed doxorubicin
resistance in doxorubicin-resistant GC cells. Additionally, extracellular circPRRX1 was carried by exosomes to spread doxorubi-
cin resistance. CircPRRX1 silencing reduced doxorubicin resistance by targeting miR-3064-5p or regulating PTPN14. In GC pa-
tients, high levels of circPRRX1 in serum exosomes were associated with poor responses to doxorubicin treatment. Moreover, de-
pletion of circPRRX1 reduced doxorubicin resistance in vivo.

Conclusion: CircPRRX1 strengthened doxorubicin resistance by modulating miR-3064-5p/PTPN14 signaling and might be a

therapeutic target for GC patients.
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INTRODUCTION

Gastric cancer (GC) is a common gastrointestinal cancer that
ranks third in cancer-related deaths.' The occurrence of GC is
primarily caused by Helicobacter pylori infections.? Due to the
emergence of drug resistance, conventional chemotherapy
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strategies have limited efficacy in patients with advanced GC.?
Therefore, exploring the molecular mechanism of GC resis-
tance is crucial to improving the prognosis of GC.

Recently, accumulating evidence has indicated that circular
RNAs (circRNAs) with covalent closed-loop structures exert a
vital regulatory effect on the occurrence and development of
various cancers.* Abnormally expressed circRNAs in GC have
been found to mediate tumor progression by regulating mi-
croRNAs:® for example, circ-RanGAP1 accelerated tumor me-
tastasis in GC through a miR-877-3p/VEGFA regulatory axis.®
Circ-PVT1 enhanced the resistance of GC cells to paclitaxel
via down-regulating miR-124-3p and elevating ZEB1.” Also,
circFN1 targeted miR-182-5p to regulate cisplatin sensitivity
in GC.® Furthermore, high-throughput sequencing results
have revealed that hsa_circ_0004370 derived from paired-re-
lated homeobox 1 (PRRX1) is up-regulated in GC tissues.
However, the function of circPRRX1 in GC progression has
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not been investigated.

Emerging evidence has demonstrated that circRNAs can
modulate gene expression through competing endogenous
RNA (ceRNA) mechanisms or by serving as miRNA sponges.’
In our preliminary research, bioinformatics software indicated
that circPRRX1 might be a decoy for miR-3064-5p. Hence, we
investigated the relationship between circPRRX1 and miR-
3064-5p in doxorubicin resistance among GC cells. Mean-
while, nonreceptor tyrosine phosphatase 14 (PTPN14) has
been identified as a potential tumor suppressor by interacting
with YAP, a key effector of the Hippo signaling pathway:'’ for
instance, PTPN14 has been found to suppress osteosarcoma
development via deactivating YAP1." However, one previous
study showed that PTPN14 is a tumor-promoting factor in GC,
inducing epithelial-to-mesenchymal transition (EMT)."*

Exosomes are nanovesicles that contain a large number of
functional biomolecules.”* Exosome-encapsulated biomole-
cules participate in intercellular communication by being ab-
sorbed by other cells.” Exosomal circRNAs contribute to tu-
mor metastasis and cell communication by influencing the
biological processes of recipient cells.”” Whether exosomes
secreted by resistant cancer cells can confer chemoresistance
to sensitive cells, however, is largely unknown. Therefore, we
explored the effect of exosome-mediated circRNA on doxoru-
bicin resistance.

In the present study, we explored the effect of exosome-
mediated circPRRX1 on doxorubicin resistance and tumor
progression. Furthermore, the therapeutic significance of
exosomal circPRRX1 in doxorubicin-resistant GC patients
was investigated.

MATERIALS AND METHODS

Clinical specimens

This research was ratified by the Ethics Committee of First Hos-
pital of Shanxi Medical University. Fifty-six GC patients who re-
ceived doxorubicin treatment were recruited from First Hospi-
tal of Shanxi Medical University. From each participant, 5 mL of
venous blood was collected using venipuncture, and serum
samples were obtained by centrifugation. The clinicopathologic
features of these patients are presented in Table 1. All partici-
pants signed written informed consent. According to the Re-
sponse Evaluation Criteria in Solid Tumors, GC patients were
divided into response (n=24) and non-response (n=32) groups.

Cell culture

Human GC cell lines (HGC-27 and AGS) were obtained from
Shanghai Honsun Biotechnology Co., Ltd (Shanghai, China).
HGC-27 and AGS cells were exposed to increasing doses of doxo-
rubicin (DR; Solarbio, Beijing, China) to generate doxorubicin-
resistant GC cell lines (HGC-27/DR and AGS/DR). The resistant
cells were incubated with doxorubicin (1 pg/mL). All cells were
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Table 1. Clinicopathological features of the patients (n=56)

Sex

Female 35

Male 21
Age (yr)

>60 36

<60 20
Tumor size (cm)

>3 24

<3 32
Tumor site

Cardiac 34

Non-cardiac 22
Helicobacter pylori infection

Yes 27

No 29
TNM stage

[l 23

[V 33

cultured in RPMI-1640 medium (Gibco, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco) at 37°C
with 5% CO..

Exosome isolation

In brief, the culture medium of doxorubicin-resistant cells
and serum were centrifuged at 3000xg for 10 min to precipi-
tate cells and then centrifuged at 10000xg for 30 min to re-
move cell debris. Then, the supernatant was ultracentrifuged
at 110,000xg for 60 min, and the exosomes were resuspended
in PBS, followed by ultracentrifugation for 60 min to purify
exosomes. Additionally, a Philips CM120 transmission elec-
tron microscope (TEM) (Philips Research, Eindhoven, Neth-
erlands) was used to observe the morphology of exosomes.

Cell transfection

Small interfering RNA (siRNA) against circPRRX1 (si-cir-
cPRRX1), siRNA control (si-NC), miR-3064-5p mimics (miR-
3064-5p), mimics control (miR-NC), miR-3064-5p inhibitor
(anti-miR-3064-5p), inhibitor control (anti-miR-NC), PTPN14
overexpression vector (PTPN14), and empty overexpression
vector (vector) were purchased from GenePharma (Shanghai,
China). Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA)
was used to transfect oligonucleotides or vectors into cells.

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen). The
complementary DNA was synthesized using the FastQuant RT
Kit (Tiangen, Beijing, China) or miScript I RT Kit (Qiagen,
Frankfurt, Germany). Expression levels were detected using
AceQ gPCR SYBR Green Master Mix (Vazyme, Nanjing, China)
and calculated using 2*2“ method. GAPDH or U6 was used as
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an internal control. Primers were as follows: circPRRX1-F:
5"-ACCCACCGATTATCTCTCCTG-3’; circPRRX1-R:
5-TCCTATTCCTTCGCTGCTTTC-3’; miR-3064-5p-F: 5'-CTG-
GCTGTTGTGGTGTGC-3’; miR-3064-5p-R: 5'- TGGTGTCGTG-
GAGTCG-3’; PTPN14-F: 5’-ATGCCTTTTGGTCTGAAGCTC-3’;
PTPN14-R: 5'-CCCTGTGCTTTCCACCGAC-3’; GAPDH-F:
5'-GGGAAACTGTGGCGTGAT-3’; GAPDH-R: 5'-GAGTGGGT-
GTCGCTGTTGA-3’; U6-F: 5'-CTCGCTTCGGCAGCACA-3’;
U6-R: 5-AACGCTTCACGAATTTGCGT-3.

Cell viability assay

Cells (3x10%) were seeded into 96-well plates and stimulated
with gradient concentrations of doxorubicin for 48 h. In addi-
tion, the corresponding cells (3x10%) were cultured in 96-well
plates for 0, 24, 48, or 72 h. Next, the cells were exposed to
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) solution (Solarbio) for 2 h. Subsequently, di-
methyl sulfoxide (DMSO; Solarbio) was added to each well.
Finally, the optical density was measured at 490 nm using a
Multi-Mode Reader (BioTek, Burlington, VT, USA). When cell
viability was reduced to 50%, the corresponding doxorubicin
concentration was defined as the half-maximal inhibitory
concentration (IC50).

Transwell assay

For cell migration assay, cells were injected into the upper
chamber. Meanwhile, 10% FBS was added to the lower cham-
ber. Then, the migrated cells were stained with crystal violet
for 20 min. Subsequently, the cells were counted using a mi-
croscope in five randomly selected fields. For cell invasion as-
say, transwell chambers were coated with Matrigel (BD Bio-
sciences, San Diego, CA, USA), with the remaining steps the
same as those in the migration assay.

Western blot assay

Cells were lysed using RIPA buffer (Solarbio). Protein samples
were separated by polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride membranes (Milli-
pore, Billerica, MA, USA). Next, the membranes were treated
with primary antibodies against matrix metallopeptidase 9
(MMP9; ab38898, Abcam, Cambridge, UK), matrix metallo-
peptidase 2 (MMP2; ab97779, Abcam), CD63 (ab68418, Ab-
cam), CD9 (ab223052, Abcam), PTPN14 (ab204321, Abcam),
or GAPDH (ab9485, Abcam). Then, the membranes were
probed with secondary antibody (ab7090, Abcam) for 2 h at
room temperature. The protein bands were visualized using
an enhanced chemiluminescence system (Qiagen).

Dual-luciferase reporter assay

CircPRRX1 or PTPN14 3'UTR containing miR-3064-5p wild-
type or mutant binding sites was cloned into pmirGLO vector
(Promega, Madison, WI, USA), named as circPRRX1 WT, cir-
cPRRX1 MUT, PTPN14 3'UTR WT, or PTPN14 3'UTR MUT.
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Then, the constructed luciferase reporter and miR-3064-5p
or miR-NC were co-transfected into HGC-27 and AGS cells.
The luciferase activity was examined using the Dual-Lucy As-
say Kit (Solarbio).

Xenograft assay

Xenograft experiments were approved by the Animal Re-
search Committee of First Hospital of Shanxi Medical Univer-
sity. Briefly, lentiviral vectors harboring circPRRX1 short hair-
pin RNA (sh-circPRRX1) or control (sh-NC) were purchased
from GenePharma. HGC-27/DR cells (5x10°) transfected with
sh-circPRRX1 or sh-NC were subcutaneously injected into the
right backs of BALB/c nude mice (n=7 per group). After 5
days, the mice were given 5 mg/kg of doxorubicin every 5
days. Tumor volume was measured every 5 days. After 30
days, the xenograft was excised and weighed. Also, the expres-
sion levels of circPRRX1, miR-3064-5p, and PTPN14 were ex-
amined by qRT-PCR or Western blot.

Statistical analysis

GraphPad Prism 7.0 software (GraphPad, San Diego, CA,
USA) was utilized to analyze all data. Data are presented as
meanststandard deviations. Differences were assessed using
Student’s t-test or one-way analysis of variance. p<0.05 was
considered statistically significant.

RESULTS

CircPRRX1 up-regulated in doxorubicin-resistant

GC cells

To explore the regulatory effect of doxorubicin resistance, we
treated parental cells (HGC-27 and AGS) with doxorubicin to
construct doxorubicin-resistant cells (HGC-27/DR and AGS/
DR). As exhibited in Fig. 1A and B, the IC50 of doxorubicin in
HGC-27/DR and AGS/DR cells was significantly higher than
that in HGC-27 and AGS cells, indicating that doxorubicin-re-
sistant cells were successfully established. Also, MTT analysis
revealed that the proliferation ability of doxorubicin-resistant
cells was markedly greater than that of parental cells (Fig. 1C
and D). Furthermore, transwell assay demonstrated that
doxorubicin-resistant cells exhibit increased cell migration
and invasion relative to HGC-27 and AGS cells (Fig. 1E and F).
Similarly, Western blot assay revealed marked elevations in
EMT-related protein levels (MMP9 and MMP2), compared
with parental cells (Fig. 1G and H). Moreover, heatmaps indi-
cated the up-regulation of 18 circRNAs in GC tissues, and
qRT-PCR showed that circPRRX1 expression was significantly
increased in HGC-27/DR and AGS/DR cells, compared to pa-
rental cells (Fig. 11, ], and K).

https://doi.org/10.3349/ymj.2020.61.9.750



Shumin Wang, et al.

CircPRRX1 knockdown hinders GC progression and
doxorubicin resistance in doxorubicin-resistant
GCcells

Based on the abnormal up-regulation of circPRRX1 in doxo-
rubicin-resistant GC cells, we used a series of loss-of-function
experiments to test the relationship between circPRRX1 and
doxorubicin resistance. First, the knockdown efficiency of cir-
cPRRX1 in doxorubicin-resistant cells was determined using
gqRT-PCR (Fig. 2A and B). Compared with the control group,
circPRRX1 silencing reduced IC50 values in HGC-27/DR and
AGS/DR cells (Fig. 2C and D). In addition, down-regulation of
circPRRX1 suppressed the proliferation, migration, and inva-
sion of HGC-27/DR and AGS/DR cells, compared to the con-
trol group (Fig. 2E-H). Also, Western blot analysis demonstrat-
ed that transfection with si-circPRRX1 resulted in a significant
reduction in the levels of MMP9 and MMP2 (Fig. 2I and J).
These data indicated that knockdown of circPRRX1 inhibits
the cell viability, migration, and invasion of doxorubicin-re-
sistant GC cells.
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Extracellular circPRRX1 is packaged into exosomes

To determine whether circPRRX1 is secreted by exosomes, we
examined the expression of circPRRX1 after treatment with
RNase A or RNase A+Triton X100. The results revealed that cir-
cPRRX1 expression in the medium was not affected by RNase
A, but was remarkably decreased after RNase A and Triton
X100 treatment, indicating that circPRRX1 is enveloped by
membranes rather than directly secreted (Fig. 3A). Next, we
isolated exosomes from the culture medium of doxorubicin-re-
sistant cells, and the representative images of exosomes were
acquired by TEM (Fig. 3B). Additionally, Western blot analysis
revealed the presence of exosome markers (CD63 and CD9)
(Fig. 3C). Also, the expression of circPRRX1 in exosomes of
doxorubicin-resistant cells was significantly higher than that in
exosomes of parental cells (Fig. 3D). These data indicated that
circPRRX1 is secreted by being transferred into exosomes.

Exosome-mediated circPRRX1 enhances doxorubicin
resistance in GC cells
To investigate the effect of exosome-carried circPRRX1 on
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Fig. 1. CircPRRX1 is up-regulated in DR GC cell lines. (A and B) HGC-27, AGS, HGC-27/DR, and AGS/DR cells were treated with gradient concentrations of
doxorubicin, and cell viability was detected by the MTT method. (C and D) Cell proliferation was assessed by MTT assay. (E and F) Cell migration and in-
vasion were detected by transwell assay. (G and H) The levels of MMP9 and MMP2 were measured by Western blot. (I) A heatmap displays 18 circRNAs
up-regulated in GC tissues. (J and K) The expression of circPRRX1 in parental cells (HGC-27 and AGS) and resistant cells (HGC-27/DR and AGS/DR) was

examined by qRT-PCR. *p<0.05. DR, doxorubicin-resistant; GC, gastric cancer.
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doxorubicin resistance, HGC-27 and AGS cells were incubated cPRRXI1 expression in recipient cells (HGC-27 and AGS) incu-

with extracted exosomes before transfection with si-NC or si- bated with exosomes, suggesting that exosome-packaged
circPRRXI1. First, qRT-PCR showed a significant increase in cir- circPRRX1 could be absorbed by recipient cells, whereas
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Fig. 2. CircPRRX1 knockdown hinders GC progression and doxorubicin resistance in DR-resistant GC cells. HGC-27/DR and AGS/DR cells were incu-
bated with si-NC or si-circPRRX1. (A and B) The expression levels of circPRRX1 were measured using gRT-PCR. (C and D) After DR treatment, cell vi-
ability was examined by MTT assay and IC50 values were calculated. (E and F) Cell proliferation was evaluated by MTT assay. (G and H) Cell migra-
tion and invasion were measured by transwell assay. (I and J) The protein levels of MMP9 and MMP2 were detected by Western blot. *p<0.05. DR,
doxorubicin-resistant; GC, gastric cancer.
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transfection with si-circPRRX1 attenuated the up-regulation of
circPRRX1 (Fig. 4A and B). Further, exosome treatment in-
creased the IC50 values of HGC-27 and AGS cells, while inhibi-
tion of circPRRX1 abolished this effect (Fig. 4C and D). MTT
analysis and transwell assay suggested that exosome incuba-
tion triggered cell proliferation, migration, and invasion in re-
cipient cells, whereas these effects were abrogated by down-
regulating circPRRX1 (Fig. 4E-H). Furthermore, silencing of
circPRRX1 reversed the elevation in MMP9 and MMP?2 expres-
sion stimulated by exosome treatment (Fig. 41 and J).

CircPRRX1 directly interacts with miR-3064-5p

The putative binding site of circPRRX1 and miR-3064-5p was
predicted by starBase v2.0 database (Fig. 5A). Dual-luciferase
reporter assay revealed that miR-3064-5p mimics strikingly re-
duced the luciferase activity of circPRRX1 WT reporter (Fig. 5B
and C). Next, HGC-27 and AGS cells were transfected with si-
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NC or si-circPRRX1, and qRT-PCR showed that knockdown of
circPRRX1 remarkably increased the expression levels of miR-
3064-5p (Fig. 5D and E). Meanwhile, miR-3064-5p levels were
markedly decreased in HGC-27/DR and AGS/DR cells, com-
pared with HGC-27 and AGS cells (Fig. 5F and G). Collectively,
these data showed that circPRRX1 directly targets miR-3064-5p.

Inhibition of miR-3064-5p reverses the effect of
circPRRX1 depletion on doxorubicin-resistant
GCcells

First, knockdown of circPRRX1 abolished the down-regula-
tion of miR-3064-5p induced by HGC-27 and AGS cells incu-
bated with exosomes (Fig. 6A and B). To further investigate
whether circPRRX1 affected doxorubicin resistance by regu-
lating miR-3064-5p, a series of functional rescue experiments
were performed in doxorubicin-resistant cells. The results of
gRT-PCR suggested that transfection with anti-miR-3064-5p
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Fig. 6. Inhibition of miR-3064-5p reverses the effect of circPRRX1 depletion on DR-resistant GC cells. (A and B) HGC-27 and AGS cells treated with exo-
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756

https://doi.org/10.3349/ymj.2020.61.9.750



Shumin Wang, et al.

alleviated the increases in miR-3064-5p expression caused by
circPRRX1 knockdown (Fig. 6C and D). Moreover, inhibition
of circPRRX1 impeded cell proliferation, migration, and inva-
sion in doxorubicin-resistant cells, while miR-3064-5p inhibi-
tor reversed these effects (Fig. 6E-J). Also, introduction of anti-
miR-3064-5p abrogated the reduced expression of MMP9 and
MMP2 induced by down-regulation of circPRRX1 (Fig. 6K and
L). These data indicated that circPRRX1 depletion suppresses
cell proliferation, migration, and invasion by modulating miR-
3064-5p in doxorubicin-resistant GC cells.

PTPN14 is targeted by miR-3064-5p

To further elucidate the mechanism of circPRRX1 in GC, we
again employed the starBase v2.0 database, which predicted
that PTPN14 may be a potential target of miR-3064-5p (Fig.
7A). Then, dual-luciferase reporter assay was performed in
HGC-27 and AGS cells co-transfected with PTPN14 3'UTR
WT or PTPN14 3'UTR MUT and miR-3064-5p or miR-NC. The
results demonstrated that mature miR-3064-5p significantly
decreases the luciferase activity of WT-TRIM44 reporter (Fig.
7B and C). In addition, PTPN14 protein levels in HGC-27/DR
and AGS/DR cells were markedly higher than that those in
HGC-27 and AGS cells (Fig. 7D and E). Overexpression of

A
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miR-3064-5p inhibited PTPN14 protein expression in HGC-27
and AGS cells (Fig. 7F and G). Furthermore, suppression of
circPRRX1 overtly reduced PTPN14 protein levels, whereas
miR-3064-5p inhibitor rescued the effect (Fig. 7H and I).
These data suggested that circPRRX1 regulates PTPN14 ex-
pression by sponging miR-3064-5p.

PTPN14 overexpression reverses the effect of
circPRRX1 knockdown on resistant GC cells

Next, we performed a series of rescue experiments to investi-
gate whether circPRRX1 regulates doxorubicin resistance by
affecting PTPN14. As exhibited in Fig. 8A and B, silencing of
circPRRX1 abrogated increased PTPN14 expression in HGC-
27 and AGS cells elicited by exosome treatment. Additionally,
transfection with PTPN14 undermined the down-regulation of
PTPN14 expression caused by circPRRX1 depletion (Fig. 8C
and D). Furthermore, circPRRX1 knockdown suppressed cell
proliferation, migration, and invasion in doxorubicin-resistant
cells, whereas the effects were overturned by overexpressing
PTPNI14 (Fig. 8E-]). At the same time, up-regulation of PTPN14
alleviated the decrease in MMP9 and MMP2 expression
caused by circPRRX1 inhibition (Fig. 8K and L). These data in-
dicated that circPRRX1 silencing repressed cell proliferation,
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Fig. 7. PTPN14, a target of miR-3064-5p. (A) The putative binding sites for miR-3064-5p and PTPN14 3'UTR are displayed. (B and C) The targeting relation-
ship between miR-3064-5p and PTPN14 was verified by dual-luciferase reporter assay. (D and E) The protein levels of PTPN14 in HGC-27, HGC-27/DR,
AGS and AGS/DR cells were examined using Western blot. (F and G) PTPN14 protein expression was detected in HGC-27 and AGS cells transfected with
miR-NC or miR-3064-5p. (H and I) PTPN14 protein levels were measured in HGC-27 and AGS cells transfected with si-NC, si-circPRRX1, si-
circPRRX1+anti-miR-NC, or si-circPRRX1+anti-miR-3064-5p. * p<0.05. DR, doxorubicin-resistant.
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migration, and invasion by regulating PTPN14 in doxorubicin-
resistant GC cells.

Serum exosomal circPRRX1 is associated with
doxorubicin resistance in GC patients

Exosomes were extracted from the serum of 56 GC patients
treated with doxorubicin, and qRT-PCR showed that circPRRX1
expression was significantly higher in patients who did not re-
spond to doxorubicin than in patients who responded to doxo-
rubicin (Fig. 9A). To clarify the stability of circPRRX1 in serum
exosomes, the extracted exosomes were incubated at different
times, treated with RNase A, or cultured with solutions of differ-
ent pH values. Then, circPRRX1 expression was detected after
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treatment with different conditions, and the results revealed
that circPRRX1 levels were not affected by any experimental
conditions (Fig. 9B-D). Meanwhile, receiver operating charac-
teristic curves demonstrated that exosomal circPRRX1 had a
high diagnostic value for GC patients (Fig. 9E). In addition, the
proportion of patients who responded to doxorubicin treat-
ment in the high circPRRX1 expression group was significantly
lower than that in the low circPRRX1 expression group (Fig. 9F).
These data suggested that exosomal circPRRX1 could be used
as a diagnostic biomarker for GC patients.

CircPRRX1 enhances doxorubicin resistance in vivo
To investigate the effect of circPRRX1 on doxorubicin resis-
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Fig. 8. PTPN14 overexpression reverses the effect of circPRRX1 knockdown in resistant GC cells. (A and B) HGC-27 and AGS cells were transfected with
si-NC or si-circPRRX1 after incubation with exosomes, and the protein levels of PTPN14 were detected using Western blot. (C-L) HGC-27/DR and AGS/DR
cells were transduced with si-NC, si-circPRRX1, si-circPRRX1+vector, or si-circPRRX1+PTPN14, respectively. (C and D) The expression of PTPN14 was
measured by Western blot. (E and F) Cell viability was determined by the MTT method, and IC50 values were calculated. (G and H) MTT assay was used
to assess cell proliferation. (I and J) Transwell assay was utilized to detect cell migration and invasion. (K and L) The protein levels of MMP9 and MIMP2
were measured by Western blot assay. *p<0.05. DR, doxorubicin-resistant; GC, gastric cancer.
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tance in vivo, a xenograft model was established by subcutane- alone (Fig. 10A and B). After treatment with doxorubicin,
ously injecting HGC-27/DR cells transfected with sh-NC or sh- transfection with sh-circPRRX1 decreased the levels of cir-
circPRRX1 into nude mice. After 5 days, mice were dosed with cPRRX1 and PTPN14 and increased miR-3064-5p expression
doxorubicin every 5 days. The results illustrated that circPRRX1 (Fig. 10C-E). These results indicated that silencing of cir-
silencing and doxorubicin stimulation remarkably reduced tu- cPRRX1 reduces doxorubicin resistance in vivo.

mor volume and weight, compared to doxorubicin treatment
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Fig. 9. Serum exosomal circPRRX1 is associated with doxorubicin resistance in GC patients. (A) Serum exosomes were extracted from GC patients re-
sponding or not responding to doxorubicin treatment, and circPRRX1 expression was detected using qRT-PCR. (B) The expression of circPRRX1 was de-
tected after serum exosomes were incubated for different times. (C) CircPRRX1 expression was measured after serum exosomes were treated with
RNase A. (D) CircPRRX1 expression was examined after serum exosomes were stimulated with NaOH or HCI. (E) The diagnostic value of exosomal cir-
cPRRX1 in GC patients treated with doxorubicin was analyzed by ROC curves. (F) The proportions of patients resistant to doxorubicin treatment in high
circPRRX1 expression and low circPRRX1 expression groups are shown. *p<0.05. GC, gastric cancer.
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Fig. 10. CircPRRX1 enhances doxorubicin resistance in vivo. HGC-27/DR cells transfected with sh-NC or sh-circPRRX1 were subcutaneously injected into
the right backs of nude mice. (A) After 5 days, the mice were given 5 mg/kg of doxorubicin every 5 days, and the tumor volume was measured. (B) The
mice were killed 30 days later, and the tumors were weighed. (C and D) The levels of circPRRX1 and miR-3064-5p were measured by qRT-PCR. (E) The
protein expression of PTPN14 was detected by Western blot. * p<0.05.
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DISCUSSION

The emergence of chemoresistance has become a major stum-
bling block in the treatment of advanced GC.'*"” The molecu-
lar mechanisms of drug resistance are complex, and non-cod-
ing RNAs play a critical role in mediating chemoresistance in
tumors.®® In addition, tumor-derived exosomes modulate tu-
mor metastasis, angiogenesis, and chemoresistance."” In the
current study, we clarified the relationship between exosome-
mediated circPRRX1 and doxorubicin resistance in GC.

Mounting evidence suggests that circRNAs play a regulatory
role in a range of biological functions through the ceRNA
mechanism.***' For example, Huang, et al.** discovered that
circAKT3 potentiates cisplatin resistance in GC via functioning
as a ceR. A through inhibition of miR-198 and up-regulation
PIK3R1. Ma, et al.”® revealed that circRACGAP1 enhances re-
sistance to apatinib in GC cells through modulation of autoph-
agy via regulating a miR-3657/ATG7 pathway. Furthermore,
research has revealed that circPRRX1 expedites the develop-
ment of esophageal cancer by binding to miR-1294 and up-reg-
ulating LASP1.* Based on the significant up-regulation of cir-
cPRRXI1 expression in GC, we speculated that circPRRX1 plays
a carcinogenic role in GC. Loss-of-function experiments
showed that knockdown of circPRRX1 reduces the malignancy
of GC and doxorubicin resistance.

In this study, we discovered that circPRRX1 is secreted by
exosomes and that exosomal circPRRX1 increases doxorubi-
cin resistance. Studies have indicated that circRNAs are en-
riched and stable in exosomes and that exosomal circRNAs
are important mediators of intercellular communication.” In
terms of mechanisms, circPRRX1 was a decoy for miR-3064-
5p. In hepatocellular carcinoma, miR-3064-5p blocked angio-
genesis by binding to MALAT1 and regulating the FOXA1
pathway.” In GC, circCOL6A3 was found to facilitate tumor
progression by acting as a sponge for miR-3064-5p and acti-
vating COL6A3.”” In our research, miR-3064-5p was down-
regulated in doxorubicin-resistant cells. Interestingly, inhibi-
tion of miR-3064-5p reversed the effect of circPRRX1 silencing
on doxorubicin resistance and tumor progression.

We also speculated that circPRRX1 regulated PTPN14 ex-
pression by serving as a sponge for miR-3064-5p. Han, et al.*®
suggested that PTPN14 aggravates the malignancy of GC via
regulating YAP phosphorylation. Wang, et al.*® demonstrated
that HOTAIR increases PTPN14 expression to improve GC cell
resistance to paclitaxel and doxorubicin by sponging miR-217.
In the present study, PTPN14 was overtly up-regulated in
doxorubicin-resistant cells. Furtherly, PTPN14 overexpression
rescued the effect of circPRRX1 depletion on doxorubicin sen-
sitivity and cell growth and metastasis.

Since exosomal circPRRX1 could be transferred to sensitive
cells to develop doxorubicin resistance, we further examined
the level of circPRRX1 in serum exosomes. In recent years,
studies have corroborated that circRNAs in serum exosomes
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are abundant and stable, making them a tumor detection fac-
tor and a promising biomarker for tumor diagnosis and prog-
nosis.*” We found that exosomal circPRRX1 could serve as a di-
agnostic biomarker for GC patients.

In conclusion, we first confirmed that exosome-transferred
circPRRX1 induces doxorubicin resistance and suppresses
cell growth and metastasis in doxorubicin resistant-GC cells.
In clinical chemotherapy, exosomal circPRRX1 in serum may
be a promising diagnostic biomarker for patients with GC.
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