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Gastric cancer (GC) ranks as the most common gastrointestinal cancer and is among the
leading causes of cancer death worldwide. Glaucocalyxin A (GLA), an entkauranoid
diterpene isolated from Rab-dosia japonica var., possesses various bioactivities. To date,
the data on the effect of GLA on GC are still minimal, and the molecular mechanisms
remain largely unknown. Herein, we found that GLA could significantly inhibit the
proliferation, cell adhesion, and invasion of HGT-1, SNU-1, SNU-6, and NCI-N87 GC
cells in a dose-dependent manner. GLA enhanced the apoptosis of the GC cells as
evidenced by the increased caspase-3 activity and the elevated levels of cleaved caspase-
3 and cleaved PARP in GC cells in the presence of GLA. We then showed that the
downregulation of Murine Double Minute Clone 2 (MDM2) and Ring Finger Protein 6
(RNFB) by GLA was implicated in the GLA-induced inhibition of the GC cells. Furthermore,
MDM2 and RNF6 were identified as the targets of miR-3658 that was downregulated in
the GC cells and upregulated by GLA. Moreover, it was shown that miR-3658 was
hypermethylated in the GC cells, and GLA could rescue the expression of miR-3658 via
demethylation by abrogating EZH2-mediated epigenetic silencing. In addition to the miR-
3658-MDM2/RNF6 regulatory axis, activation of the SMG1-UPF mRNA decay pathway
contributed to the downregulation of MDM2 and RNF6 by GLA in the GC cells. The
inhibitory effect of GLA on gastric cancer and the expression of MDM2 and RNF6 was also
validated in in vivo study. Our findings suggest that has the therapeutic potential for GC by
downregulating oncogenes via posttranscriptional regulation.
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INTRODUCTION

GC is the most common gastrointestinal cancer and a leading cause of cancer death worldwide (1).
Despite the tremendous efforts and progress made in recent decades in treating GC, the overall
survival rate for patients remains poor. Therefore, it is urgent to discover and develop new
therapeutic approaches or agents for GC. Glaucocalyxin A (GLA), an entkauranoid diterpene
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isolated from Rab- dosia japonica var., exhibits multiple
pharmacological effects such as anticancer effect, induction of
osteogenesis, suppression of inflammation, and prevention of
myocardial infarction (2-9). MDM2 and RNF6 are extensively-
studied oncoproteins in various malignancies, including GC (10-
13). Mdm?2 is an oncogene mapped to chromosome 12q13-14,
and the most critical function of MDM2 in cancers is to target
the tumor suppressor P53 protein via proteasomal degradation
or blockade of activity (10). MDM2 protein is so far the best
negative modulator of P53. MDM2 can enhance tumor onset and
progression by catalyzing P53 ubiquitination that induces
degradation and deactivating the transactivation domain of
P53 (10). Ruf6 is located on chromosome 13q12.13, and as a
tumor promoter, RNF6 belongs to the E3 ligase family and is
implicated in the growth, proliferation, adhesion, and invasion of
cancer cells via the ubiquitination process. RNF6 can regulate the
activation of the Wnt/B-catenin pathway and JAK/STAT3
pathways in cancer (14, 15).

MicroRNAs (miRNAs) are small single-stranded non-coding
RNA molecules containing 19-23 nucleotides that have emerged
as posttranscriptional regulators of the target genes (16, 17).
MiRNAs target downstream genes by interacting with the
specific binding site in the three prime untranslated regions
(3-UTR) in mRNA. MiRNAs have been documented to be
involved in GC initiation and progression, and the pattern of
deregulated miRNAs represents the features related to diagnosis,
prognosis, and therapeutic resistance in GC (16-19). Recent data
have revealed that miR-3658 acts as tumor suppressor miRNA in
colorectal cancer by targeting octamer-binding transcription
factor 4 (Oct4) (17). In addition to deregulated RNA silencing
by miRNAs that occurred at the posttranscriptional level in
cancer cells, the impairment of the nonsense-mediated mRNA
decay (NMD) mechanism plays a critical role in driving the onset
and progression of cancer via posttranscriptional regulation (20).

To date, the data on the effect of GLA on GC are still minimal,
with molecular mechanisms yet to be extensively revealed. A
recent study conducted by Zhou et al. showed that GLA could
prevent hypoxia-induced epithelial-mesenchymal transition in
MGC-803 GC cells via the PI3K/Akt signaling pathway (21).
Herein, we found that GLA can inhibit the malignant behaviors
of GC cells by downregulating the expression of MDM2 and
RNF6 via epigenetic abrogation of EZH2-mediated miR-3658
silencing. Moreover, GLA can also suppress the expression of
MDM?2 and RNF6 by enhancing mRNA decay through
activation of the SMG1-UPF mechanism.

MATERIALS AND METHODS

Materials

GLA (Figure 1A) is a natural compound obtained from BOC
Sciences, New York, USA, with white powder appearance
and >98% purity. The molecular formula of GLA is
C20H2804, and the molecular weight of 332.43 Da. GLA was
dissolved in dimethyl sulfoxide (DMSO). Human SNU-1, SNU-
16, NCI-N87, normal gastric epithelial GES-1 cells, and Hs

738.5t/Int cells were from ATCC, Virginia, USA. RPMI-1640
medium, Dulbecco’s Modified Eagle’s Medium (DMEM), fetal
bovine serum (FBS), 100 U/ml penicillin and streptomycin, miR-
3658 inhibitor, Lipofectamine LTX transfection reagent, 4%
paraformaldehyde, SMG1 siRNA and control, Pierce BCA
protein assay kit, and IL-1f and TNF-o. ELISA kits were
obtained from Thermo Fisher Scientific, Massachusetts, USA.
Human HGT-1 cells, Matrigel, fibronectin, 5-Aza-CdR, miR-
3658 mimic, lysis buffer, PVDF membrane, ECL detection
reagent, EZ-Magna CHIP kit, actinomycin D, and N-Methyl-
N-nitrosourea (MNU) were obtained from MilliporeSigma,
Massachusetts, USA. Matrigel-coated Transwell inserts (8 pm:
pore size) and cell culture plates were obtained from Corning,
New York, USA. Primary antibodies used in the present study
include rabbit anti-cleaved caspase-3 antibody, rabbit anti-
cleaved PARP antibody, Rabbit anti-B-integrin antibody (Cell
Signaling Technology, Massachusetts, USA), rabbit anti-MDM2
antibody, rabbit anti-RNF6 antibody, rabbit anti-GAPDH
antibody, rabbit anti-EZH2 antibody, and rabbit anti-
H3K27me3 antibody (Abcam, Massachusetts, USA). Goat-anti
rabbit IgG, rabbit normal IgG, and WST-8/CCK8 kit were
obtained from Abcam. Caspase-3 colorimetric assay kit was
obtained from BioVision (California, USA). Human MDM2
and RNF6 lentivirus particles were from Creative Biogene,
New York, USA. Trizol and SuperScript IV first-stand
Synthesis System were from Invitrogen, Massachusetts, USA.
TagMan MicroRNA Reverse Transcription Kit, U6 snRNA, and
PowerUp SYBR Green Master Mix PCR kit were from Applied
Biosystems, Massachusetts, USA. Myeloperoxidase (MPO) assay
kit was the product from HyCult Biotechnology, Uden,
The Netherlands.

Cell Culture

Human GC cell lines HGT-1, SNU-1, SNU-16, and NCI-N87
were maintained in RPMI-1640 medium supplemented with
10% FBS and 100 U/ml penicillin and streptomycin at 37°C in
a humidified incubator with 5% CO,. Normal human gastric
epithelial GES-1 cells and Human Hs 738.St/Int cells were
cultured in DMEM supplemented with 10% and FBS and 100
U/ml antibiotics.

Cell Counting Kit 8 (WST-8/CCK8) Assay
Cell viability was examined using the WST-8/CCK8 kit
according to the manufacturer’s instruction. Briefly, the GC
cells were seeded at 5x10° cells/well in 96-well culture plates.
After 3 hours of recovery, the cells were treated with serial
concentrations of GLA for 24 h, 48 h, or 72 h. Subsequently,
WST-8/CCK8 solution was added to each well and incubated for
4 hours at 37°C. WST-8/CCK8 tetrazolium salt was reduced by
cellular dehydrogenases to a formazan product soluble in culture
medium. The amount of formazan produced was proportional to
the number of living cells and was measured by absorbance at
460 nm using a BioTek microplate reader.

Western Blot Analysis
GC cells with different treatment were lysed in lysis Buffer.
Gastric tumor tissues from mice were lysed with lysis buffer
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using a Miltenyi gentleMACS Dissociator. Protein
concentrations were determined using BCA protein assay kit.
30-50 pg of total protein was subjected to 4-10% SDS-PAGE gels,
transferred onto PVDF membranes, and blocked in 5% non-fat
milk for 1 h at room temperature. The membranes were then
incubated with specific primary antibodies overnight at 4°C. The
membranes were subsequently incubated with secondary
antibodies conjugated with horseradish peroxidase for 1 h at
room temperature. The immunoblots were subsequently
visualized using ECL detection reagents. The densitometry of
the bands was analyzed using Image J.

Cell Adhesion Assay

For the cell adhesion assay, a 96-well plate was pre-coated with
300 pug/mL of Matrigel and 10 ug/mL fibronectin at 4°C
overnight and blocked with 1% (w/v) albumin. GC cells were
centrifuged, resuspended in complete medium, and seeded on
the 96- well plate at a density of 1 x 104 per well. After adhering
for 90 min, the cells in the wells were washed with phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde for
10 min, and stained with 0.5% crystal violet for 10 min. The
stained attached cells were lysed using 30% glacial acetic acid for
10 min. OD values at 570 nm were then measured.

Cell Invasion Assay

For the cell invasion assay, 2 x 10* GC cells (100 ul per well) were
seeded in a Matrigel-coated Transwell insert (8 pm: pore size) in
a 24-well culture plate and maintained in serum-free medium.
The medium with different concentrations of GLA was added to
the lower chamber. After incubation for 12h at 37°C, cells on the
top surface of the insert were removed with a cotton swab, and
cells that invaded to the bottom surface of the insert were
fixed with 4% paraformaldehyde for 30 minutes, stain
Transwell inserts in DAPI for 10 minutes then subjected to
microscopic inspection.

Transfection

HGT and SNU-1 cells reaching 70% confluence in a six-well
culture were transfected with 10 pM of miR-3658 inhibitor,
mimic, or the negative controls, and 2 ug of PGL3 luciferase
reporter vectors containing either wild-type 3> UTR or muted
3’UTR of MDM2 or RNF6 using Lipofectamine LTX reagent
according to the manufacturers’ instructions. The culture
medium was replaced with complete medium at 6 h after
transfection. The cells were harvested for subsequent assays
after 48 h transfection.

RNA Extraction and Reverse Transcription
Quantity (RT- PCR)

Total RNA was extracted from the GC cells and gastric tumor
tissues from mice using Trizol. 5 ng of purified RNA were retro-
transcribed using TagMan MicroRNA Reverse Transcription
Kit. The levels of miR-3658 were measured using Real-Time
quantitative PCR according to the TagMan MicroRNA Assay
protocol, and U6 snRNA served as an internal control. The PCR
reaction was carried out in a 96-well PCR microplate at 95°C for

10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
The primers for miR-3658 are forward 5-GTGGGGGTTTA
AGAAAACACCAT-3" and reverse 5- GTGCAGG
GTCCGAGGT-3. To analyze the mRNA levels of MDM2 and
RNF6, 1 ug/ml of total RNA was reversely transcribed into
cDNA using a SuperScript IV first-stand Synthesis System. Real-
Time PCR was then performed using a PowerUp SYBR Green
Master Mix PCR kit. The PCR reactions were performed at 95°C
for 15 min, followed by 40 cycles of 95°C for 30 s and 58°C for 30
s. The primers for human MDM2, RNF6, and the internal
control 18S were as follows: MDM2 (human) forward 5’-
CACCTCACAGATTCCAGCTT-3" and reverse 5'-
CGCCAAACAAAT CTCCTAGA-3’; MDM2 (mouse) forward
5- ATGAGGTCTATCGGGTCACAGT-3" and reverse primer
5-CACATCCAAG CCTTCT TCTGC-3’; RNF6 (human)
forward 5°- AGAAGATGGCAGCAAGAGCG -3 and reverse
5- TCAAGTCAGGCTGAGATGCTAGT-3%18S (human)
forward 5- AGCAGCCGCGGTAAT TCCAGCT -3’and
reverse 5- CGGGACACTCAGCTAAGAGCATC-3’; 18S
(mouse) forward 5- AGTCCCTGC CCTTTGTACACA -3’
and reverse 5- CGATCCGAGGGCCTCACTA-3. Primers for
mouse RNF6 were the products of Amsbio, Cambridge, USA.
The PCR results were calculated using the 2-AACt method.

Chromatin Immunoprecipitation

(CHIP) Assay

CHIP assays were performed using an EZ-Magna CHIP kit
according to the manufacturer’s instructions. After being fixed
with 1% formaldehyde, nucleoprotein complexes were sheared to
200-500 bp with sonication and then immunoprecipitated with
anti-EZH2 or anti-H3K27me3 antibodies overnight at 4°C. The
enrichment of the DNA fragment of miR-3658 upstream coding
region in the immunoprecipitated complexes was then detected
using PCR.

Statistical Analysis

All the data are shown as mean + standard deviation (S.D).
Statistical significance was determined by unpaired Student’s
two-tailed t-test or one-way ANOVA analysis, with p < 0.05 was
considered to be significant (*p < 0.05, **p < 0.01, ***p < 0.001).
Incidences in the in vivo study were assessed by Chi-square test,
followed by pairwise analysis. Each experiment was performed a
minimum of three times.

Animal Experiments

Animal experiments were performed according to the guidelines
provided by the experimental animal center of Hangzhou
Hugingyu Hall Pharmaceutical Co., Ltd, Hangzhou, China, and
approved by the Animal Care and Use Committee of Hangzhou
Hugingyu Hall Pharmaceutical Co., Ltd. 24 six-week-old C57BL/6
mice were divided into 4 groups with 6 mice in each group: vehicle
control, H. pylori + MNU, GLA only, H. pylori + MNU+ GLA. H.
pylori and MNU were used to induce gastric cancer in the mice.
The mice were inoculated with a total dose of 1 x 108 colony-
forming units of H. pylori (Sydney strain 1) per mouse in 200 pl of
trypticase broth by oral gavage 6 times for 2 weeks before MNU
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administration. The mice were given MNU freshly dissolved in
distilled drinking water at the concentration of 240 ppm in a light-
shielded bottle on alternate weeks for 10 weeks. The mice were then
kept being housed with free access to food and water, waiting for
the development of gastric tumors for 18 weeks. 10 mg/kg GLA
were administrated by oral gavage twice a week for 12 weeks after 6
weeks post MNU treatment. The mice were sacrificed by CO,
asphyxiation and stomach tissue was taken for the subsequent
process at 18 weeks after completion of MNU induction. To
examine the pro-inflammatory status in the gastric tissues by
measuring the levels of mucosal myeloperoxidase (MPO), a
marker of inflammation, and pro-inflammatory cytokines, 20 mg
of scraped gastric mucosa from mice was homogenized in 500 pL
of lysis buffer on ice and centrifuged at 13,000 rpm for 15 minutes.
The supernatant was collected for MPO assay and the ELISA for
IL-1B and TNF-o. according to the manufacturers’ instructions.

RESULTS

GLA Inhibits the Malignant Behavior

of GC Cells

We sought to investigate the effect of GLA on the malignant
behaviors of GC cells. HGT-1, SNU-1, SNU-6, and NCI-N87 GC
cell lines were treated with 0, 0.1, 0.5, 2.5, 5, 10, 20, and 40 uM of
GLA for 24 h, 48 h, or 72h. We found that GLA exerted an
antiproliferative effect on all four GC cell lines in a dose-
dependent fashion (Figure 1B) but didn’t significantly affect
the cell viability of normal human gastric epithelial GES-1 cells
and human Hs 738.5t/Int cells at the concentrations from 0.1 uM
to 10 uM (Supplementary Figure 1). Thus, 10 pM was set as the
highest concentration of GLA in our mechanistic assays. We
examined the effect of GLA on the apoptotic status of the GC
cells. The caspase-3 activity and the expression of cleaved
caspase-3 and cleaved PARP were significantly increased by
GLA treatment (Figure 1C). Collectively, the GC cells
exhibited a greatly reduced ability to proliferate, accompanied
by dramatically improved apoptosis in the presence of GLA. Cell
adhesion is among the essential steps for cancer cells to invade.
We further examined the impact of GLA on the cell adhesion
process in the GC cells. The expression of B1-integrin, a critical
protein associated with cell adhesion, was downregulated in the
presence of GLA (Figure 1D). As shown in Figure 1E, GLA
significantly blocked the adhesion of GC cells to fibronectin and
Matrigel in a dose-dependent manner. Consistently, the invasive
capability of the GC cells was also hampered by
GLA (Figure 1F).

The Inhibitory Effect of GLA on GC Cells Is
Mediated by Downregulating MDM2
and RNF6

Mdm?2 and RNF6 are classified as oncogenes in various types of
cancer, including gastric cancer. Our previous screening of the
genes that are regulated by GLA in gastric cancer cells revealed
that Mdm2 and RNF6 were the most downregulated genes,
among others, in response to GLA treatment in gastric cancer

cells. Thus, we selected Mdm2 and RNF6 in the present study to
explore the molecular mechanism underlying the inhibitory
effect of GLA in gastric cancer cells. We explored the role
played by GLA-MDM2/RNF6 in controlling the malignant
behavior of GC cells. As shown in Figure 2A, the expression
of MDM2 and RNF6 were dramatically upregulated in all the
four GC cells at mRNA and protein levels, and GLA significantly
inhibited the expression of MDM2 and RNF6. We then explored
the relationship between MDM2 and RNF6 expression and GLA
effect. Given the consistent results in the four gastric cell lines in
the presence of GLA, we then chose and focused on two cell lines
(HGT-1land SNU-1) among them for further mechanistic
studies. We found that restoration of MDM2 and RNF6 by
ectopic overexpression could significantly abrogate the
inhibitory effect of GLA on proliferation (Figure 2B), adhesion
(Figure 2C), and invasion (Figure 2D) of the HGT-1 and SNU-
1 cells.

MDM2 and RNF6 Are the Targets of MiR-
3658 That Is Downregulated in GC Cells
and Upregulated by GLA Treatment

It has been reported that microRNAs play important roles in
regulating the expression of oncogenes. To confirm whether
microRNAs are involved in inhibiting the expression of MDM2
and RNF6 by GLA, TargetScan and miRDB prediction
algorithms were utilized to predict the microRNAs targeting
MDM2 and RNF6. MDM2 and RNF6 were both predicted
targets of miR-3658 (Figure 3A). Compared to the levels of
miR-3658 expressed in GES-1 normal gastric epithelial cells and
Hs 738.5t/Int cells, miR-3658 was significantly downregulated in
GC cells (Figure 3B). MiR-3658 was upregulated in GC cells in
response to GLA treatment (Figure 3B). MiR-3658 mimic could
dramatically downregulate the expression of MDM2 and RNF6
at mRNA and protein levels in the GC cells (Figure 3C). Thus,
we deduced that miR-3658-MDM2/RNF6 might be implicated in
the inhibition of GC cells by GLA. It was found that
overexpression of miR-3658 by transfection of its mimic
enhanced the effect of GLA, whereas the inhibitor of miR-3658
mitigated the effect of GLA in GC cells (Figure 3D). To further
validate whether miR-3658 directly targets MDM?2 and RNF6, a
PGL3 reporter vector containing either wild-type 3° UTR or
muted 3’UTR of MDM2 or RNF6 was performed. As shown in
Figure 3E, the fluorescent reporter intensity was decreased in the
cells with transfection of wild-type 3'UTR of MDM2 or RNF6
but remained unaffected in the cells transfected with mutant
3’UTRs in the GC cells transfected with miR-3658 mimic. These
findings suggest that miR-3658 silences MDM2 and RNF6 by
directly targeting.

MiR-3658 Is Hypermethylated in GC Cells,
and GLA Can Restore MiR-3658 by
Abrogating EZH2-Mediated Epigenetic
Silencing

Since miR-3658 could act as a tumor suppressor microRNA and
is downregulated in gastric cancer, we sought to explore the
mechanism underlying the restoration of miR-3658 by GLA in
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FIGURE 1 | Inhibition of the malignant behavior of GC cells by GLA. (A) Chemical structure of GLA. (B) Changes in cell viability of HGT-1, SNU-1, SNU-6, and NCI-N87
GC cell lines treated with 0, 0.1, 0.5, 2.5, 5, 10, 20, and 40 uM of GLA at 24 h, 48 h, or 72h (% of control). (C) The caspase-3 activity was shown as OD values at 405
nm in HGT-1, SNU-1, SNU-6, and NCI-N87 treated with the indicated concentrations of GLA (left panel). Western blot analysis of cleaved caspase-3 and cleaved PARP
in HGT-1, SNU-1, SNU-6, and NCI-N87 cells in the presence of 10 uM of GLA (right panel). GAPDH served as an internal control. (D) Western blot analysis of B-integrin
in HGT-1, SNU-1, SNU-6, and NCI-N87 cells in the presence of 10 uM of GLA. (E) Cell adhesion activity shown as OD values at 570 nm in HGT-1 and SNU-1 cells
in the presence of 0, 0.1, 0.5, 2.5, 5, or 10 pM of GLA for 90 min. (F) Invasion of HGT-1, SNU-1, SNU-6, and NCI-N87 cells treated with 10 uM of GLA of for 12 h
(100 x magnification; scale bar-250 pm). The Western blot analysis was repeated three times. The data represented the mean + SD (n=3). *p < 0.05, **p < 0.01,
***<0.001.

GC cells. Cancer-related aberrant methylation is commonly  GC cells, we treated GC cells with 5-Aza-CdR, an S-phase-
observed in miRNA genes, and the hypermethylation leads to  specific demethylating agent, to induce demethylation. As
the downregulation of the expression of tumor-suppressive  shown in Figure 4A, the levels of miR-3658 were significantly
miRNAs in cancer cells (22-25). To investigate whether DNA  elevated in the cells treated with 5-Aza-CdR or GLA, suggesting
methylation is involved in the downregulation of miR-3658 in  that miR-3658 is hypermethylated in GC cells, and GLA may
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increase miR-3658 expression via demethylation. EZH2 is the
enzymatic subunit of Polycomb Repressive Complex 2 (PRC2)
that functions to silence the transcription of target genes by
hyper-methylating histone H3 lysine 27. As shown in Figure 4B,
EZH2 could directly bind to the upstream region of miR-3658,
and the occupancy of histone methylation H3K27me3 was also
detected in the CHIP precipitate. In contrast, GLA treatment
blocked the association of EZH2 and H3K27me3 with the
upstream region of miR-3658. These findings indicate that
GLA could restore miR-3658 expression by abrogating EZH2-
mediated epigenetic silencing through hypermethylation.
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FIGURE 2 | Inhibition of MDM2 and RNF6 in GC cells by GLA. (A) Fold change in mRNA levels of MDM2 and RNF6 examined by real-time RT-PCR in GES-1, Hs
738. St/Int, HGT-1, SNU-1, SNU-6, and NCI-N87 cells with the treatment of 10 uM of GLA (left panel). Western blot analysis of MDM2 and RNF6 in the indicated
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GLA Activated the SMG1-UPF mRNA
Decay Mechanism, Which Mediated mRNA
Decay of MDM2 and RNF6

SMG1-UPF mechanism functions to downregulate the expression of
various essential factors that facilitate tumorigenesis by inducing their
mRNA decay (26, 27). Our analysis of pathway-based sequencing
data integration and visualization conducted and generated using
RNA from GC cells treated with GLA performed by Arraystar Inc.
showed that GLA could activate the SMG1-UPF3B pathway by
phosphorylation (Figure 5A). To investigate the effect of GLA on
the mRNA stability of MDM2 and RNF6 in gastric tumor cells, we
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used actinomycin D, a transcription inhibitor widely used to inhibit
the synthesis of new mRNA in the assessment of mRNA decay. We
found that GLA significantly enhanced mRNA decay of both MDM2
and RNF6 in HGT-1 and SNU-1 cells (Figure 5B). Given that the
generation of new mRNAs of MDM2 and RNF6 was blocked by
actinomycin D, the decrease in the levels of the mRNAs in GLA
treated cells reflected an accelerated mRNA degradation compared to
that in control cells in the absence of GLA. Furthermore, silencing the
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expression of SMG1 by siRNA led to the reduction in the mRNA
decay enhancement triggered by GLA treatment (Figure 5B). A
significant difference between control siRNA and SMGI1 siRNA
control was not observed in our study, which is consistent with the
fact that the activation or function of SMG1-UPF3B by
phosphorylation is closely involved in GLA-accelerated decay of
MDM2 and RNF6 mRNAs and the SMG1-UPF3B pathway is
inactivated in gastric cancer cells in the absence of GLA. Thus, our

Frontiers in Oncology | www.frontiersin.org 7

June 2022 | Volume 12 | Article 871169


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Liu et al.

Glaucocalyxin A Inhibits Gastric Cancer

SNU-1

Relative levels of miR-3658
promoter occupancy (% of input)

120
100

80
600 60
40
400 20

Relative miR-3658 expression
(% Control)

Con 5-Aza-CdR GLA 5-Aza-CdR
+GLA

A B
1000 HGT-1 HGT-1 SNU-1
=
g 120 120
$ e 100 L
£ 800 . /) 100 -
S 80 80 )
% £ 600 60 60
e =
%8 40 40
&
g é 400 20 20
0
£ 200 4 S o T ONPOV’V?
= & xc,v A IR \@\ & W é;b o
& 0 & & & & & ¢ &
N W S R
Con  5-Aza-CdR  GLA  5-Aza-CdR S & « N APy
+GLA & &

HGT-1

FIGURE 4 | Epigenetic regulation of miR-3658 by GLA. (A) HGT-1 and SNU-1 cells were treated with 5 umol/L of 5-Aza-CdR for 72 h to induce demethylation in
the presence of GLA (10 uM) or in the absence of GLA. (B) CHIP assay for the effect of GLA on the occupancy of EZH2 and histone methylation marker H3K27me3
to the upstream region of miR-3658. The data represented the mean + SD (n=3). *p < 0.05, **p < 0.01, **p < 0.001.

results indicate that GLA could inhibit the expression of MDM2 and
RNF6 in GC cells via not only upregulation of miR-3658 but also
activation of the SMG1-UPF mRNA decay mechanism.

GLA Alleviates Gastric Cancer and
Downregulates the Expression of MDM2
and RNF®6 In Vivo

We then sought to determine whether GLA could inhibit gastric
cancer induced by a combination of H. pylori and MNU in mice.
The effective number of mice and the incidences of gastric
tumors are shown in Table 1 and Figure 6A. The incidences
and tumor weight were significantly decreased in GLA treated
group. No gastric tumors were formed in the negative control
group and GLA only group. The levels of mucosal MPO and the
expression of pro-inflammatory cytokines, IL-18 and TNF-o. in
gastric mucosal were examined to evaluate the pro-inflammatory
status. As shown in Figure 6B, the gastric mucosal MPO levels
were significantly increased in H. pylori and MNU group
compared to that of the negative control group and GLA only
group, which was reduced by GLA treatment. The changes in the
levels of IL-1p and TNF-o were consistent with the MPO result.
Furthermore, the expression of MDM2 and RNF6 was increased
in the tumor tissues in H. pylori and MNU group, and the effect
was abrogated by GLA treatment (Figure 6C). There was no
detectable MDM2 and RNF6 expression in the control group and
GLA only group (data not shown).

DISCUSSION

Despite the advancements in the treatment of GC, the 5-year overall
survival of GC remains low. The discovery and development of new
molecular compounds for treating GC and exploring the underlying

molecular mechanisms are essential for developing novel
therapeutic regimens that improve GC prognosis. In the present
study, we revealed the GLA-MDM2/RNF6 inhibitory mechanism
underlying the suppressive effect of GLA on GC. The studies on the
role of GLA and the mechanism in inhibiting GC remain minimal.
In the present study, we found that GLA significantly inhibited the
malignant behavior of GC cells, and the inhibitory effect of GLA on
GC cells was mediated by downregulating MDM?2 and RNF6. The
downregulation of MDM2 and RNF6 by GLA was at least by
restoring miR-3658 and inducing SMG1-UPF-MDM2/RNF6
mRNA decay machinery.

MDM?2 inhibits the transactivation of tumor suppressor P53.
Being a P53-specific E3 ubiquitin ligase, MDM?2 is a principal factor
in P53 destruction (28). MDM2 has proved to play an essential role
in cancer progression by inducing cell proliferation, invasion, and
therapeutic resistance and inhibiting the apoptotic process, serving
as a useful predictive marker for poor prognosis in various human
cancers such as GC, breast cancer, hepatocellular carcinoma, and
lung cancer (11, 29-31). MDM2 expression parameters are closely
correlated with H. pylori infection and higher stages GC (29). We
found that GLA treatment dramatically inhibited the expression of
MDM2, suggesting that the reduction of MDM2 levels in the
presence of GLA is involved in hampering the malignant

TABLE 1 | Incidence of gastric tumors in the in vivo study.

Group Effective number Incidence (%)Total tumor
Negative control 0 0

H. pylori + MNU 6 100

GLA 0 0

H. pylori + MNU + GLA 3 50*

Incidences were assessed by Chi-square test, followed by pairwise analysis.
*P<0.05 vs H. pylori + MINU group.
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behavior of GC cells. RNF6, a RING-type E3 ubiquitin ligase, has
been found to play an oncogenic role in cancer (15, 32, 33). RNF6
belongs to the RNF family, which induces proteasomal degradation
of its downstream proteins by ubiquitination and tagging (34-36).
Similar to MDM2, RNF6 is also downregulated by GLA in GC cells.
Given the E3 ubiquitin ligase property of both MDM2 and RNF6 in
cancer metabolism (37), GLA might exert its antitumor effect on
GC cells by blocking MDM2 and RNF6-mediated deregulated
ubiquitination processes.

We then sought to investigate how GLA downregulates MDM?2
and RNF6 expression in GC cells. The roles played by miRNAs, either
as a tumor suppressor or as tumor enhancer, in regulating oncogene
expression in cancers have been widely reported (38-40). MiR-3658
was then introduced as a bona fide upstream negative regulator for
both MDM2 and RNF6 by prediction algorithms, which was validated
by the inverse correlation in expression between miR-3658 and
MDM2/RNF6 and the direct interaction in the in vitro assay.
Hosseini et al. have shown that miR-3658 acts as a tumor
suppressor in colorectal cancer cells. MiR-3658 was downregulated
and the forced overexpression of miR-3658 in colorectal cancer cells
brought about proliferation inhibition, cell cycle arrest, and retarded
mobility (17). Consistent with their findings, we found that miR-3658
was downregulated in GCs and functioned to correct the malignant
behaviors of GC cells. Furthermore, the levels of miR-3658 were
elevated in response to GLA treatment in GC cells, suggesting that
restoration of the function of miR-3658-MDM2/RNF6 axis by GLA
contributed to its antitumor effect on GC cells. These findings indicate
that miR-3658 plays a tumor-suppressor role and participates in

Time in Actinomycin D (5 pg/ml)

FIGURE 5 | Activation of the SMG1-UPF mRNA decay mechanism by GLA contributes to the downregulation of MDM2 and RNF6 in GC cells. (A) Pathway analysis
of SMG1-UPF in GC cells in the presence of GLA. (B) The stability of MDM2 and RNF6 mRNA at O h, 4 h, and 8 h in HGT-1 and SNU-1 cells with SMG1 siRNA
transfection after treatment with 5 pg/ml of actinomycin D and 10 pM of GLA. The data represented the mean + SD (n=3). *p < 0.05.

mediating the downregulation of MDM2/RNF6 by GLA. Given the
critical role of miR-3658 in the GLA-MDM2/RNF6 mechanism, we
then sought to examine how GLA affected the expression of miR-3658.
Studies have demonstrated that DN A methylation plays a crucial role
in silencing tumor-suppressive miRNAs in tumors (41-43). To
determine whether suppression of DNA hypermethylation was
involved in the upregulation of miR-3658 by GLA in the GC cells, 5-
Aza-CdR, a widely used demethylation inducer, was utilized to treat
GC cells. The levels of miR-3658 were significantly increased in the
presence of 5-Aza-CdR. Thus, we deduced that suppression of miR-
3658 in GC cells was mediated by hypermethylation that was then
validated by anti-EZH2 and anti- H3K27me3 CHIP assays. These
results suggest that GLA can “switch on” the transcription of miR-
3658 via demethylation. Further studies are needed to examine
whether GLA could play a general role of demethylation inducer in
cancer cells by epigenetically “turning on” the transcription of
hypermethylated tumor suppressor genes.

In addition to the miR-3658 pathway, our pathway analysis
data in GC cells treated with GLA showed that GLA could
activate the SMG1-UPF pathway that functions to downregulate
the expression of various essential factors facilitating
tumorigenesis by inducing mRNA decay (26, 27). The SMGI1-
UPF pathway is a core part of NMD, a quality-control
mechanism that rapidly degrades aberrant mRNAs (22, 23).
Impairment of NMD-mediated mRNA degradation against
oncogenesis is involved in various pathophysiological processes
of cancer (44-46). Tumor suppressor genes and factors are prone
to induce NMD that can downregulate the expression of many
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FIGURE 6 | The inhibitory effect of GLA in the in vivo gastric cancer mouse model. (A) The incidence and relative tumor weight of gastric tumors at 18 weeks after MNU
induction. The incidence was calculated as the percentage of tumor-bearing mice/total mice in each group. (B) The mucosal levels of MPO and pro-inflammatory cytokines,
IL-1B and TNF-o in group, were examined at 18 weeks after MNU induction. (C) The expression of MDM2 and RNF6 at mRNA and protein levels in stomach tissues
in each group. The Western blot analysis was repeated three times. The data represented the mean + SD (n=3). *p < 0.05, **p < 0.01, **p < 0.001.

oncogenes and factors implicated in signaling pathways that lead
to cancer (44, 47). We found that GLA enhanced the mRNA
decay of MDM2 and RNF6 via SMG1 pathway, thus to further
decrease their expression at the posttranscriptional level. Based
on the findings in our study, the SMG1-UPF mRNA decay
pathway and miR-3658 silencing are two independent
posttranscriptional regulatory mechanisms underlying the
inhibitory effect of GLA on gastric cancer cells, and they have
an additive effect of enabling the desired anti-cancer effect of
GLA. However, more studies are needed to further validate the
relationship between miR-3658 demethylation and SMG1-UPF
mRNA decay induced by GLA, such as functional analysis, p53
degradation or protein ubiquitination.

Our results reveal that the activation of both miR-3658-mediated
RNA silencing and the SMG1 mRNA decay mechanism that
hampers the expression of oncogenes, Mdm2 and RNFG6,
contributes to the inhibitory effect of GLA on GC cells. Being a
natural compound from Rab- dosia japonica var, GLA could greatly
benefit treating GC by targeting the expression of oncogenes
represented by MDM2 and RNF6 in a posttranscriptional
dependent manner.
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