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Abstract

Gastric cancer (GCO) is the most common cancer throughout the world. Despite advances of the treatments, detailed
oncogenic mechanisms are largely unknown. In our previous study, we investigated microRNA (miR) expression
profiles in human GC using miR microarrays. We found miR-192/215 were upregulated in GC tissues. Then gene
microarray was implemented to discover the targets of miR-192/215. We compared the expression profile of BGC823
cells transfected with miR-192/215 inhibitors, and HFE145 cells transfected with miR-192/-215 mimics, respectively.
SET8 was identified as a proposed target based on the expression change of more than twofold. SET8 belongs to the
SET domain-containing methyltransferase family and specifically catalyzes monomethylation of H4K20me. It is
involved in diverse functions in tumorigenesis and metastasis. Therefore, we focused on the contributions of miR-192/
215/SET8 axis to the development of GC. In this study, we observe that functionally, SET8 regulated by miR-192/215 is
involved in GC-related biological activities. SET8 is also found to trigger oncogene-induced senescence (OIS) in GC
in vivo and in vitro, which is dependent on the DDR (DNA damage response) and p53. Our findings reveal that SET8
functions as a negative regulator of metastasis via the OIS-signaling pathway. Taken together, we investigated the

functional significance, molecular mechanisms, and clinical impact of miR-192/215/SET8/p53 in GC.

Introduction

Gastric cancer (GC) is one of the most common cancers
all over the world, especially in Asia. Despite the improved
surgical and adjuvant treatment approaches’, the
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prognosis of GC patients is still poor. Five-year overall
survival of GC is generally 25-30%. Therefore, it is
necessary to better understand the molecular pathogen-
esis of GC. In this study, we focus on the molecular
mechanism of GC development and the discovery of the
novel, dependable, and noninvasive biomarkers for GC.
microRNA (miR) is a small, single-stranded RNA, and
negatively regulates the target genes by interacting with
the untranslated regions (UTRs) of targets®. It plays a
critical role in cancer-related proliferation, migration,
apoptosis, and cell-cycle progression. In our previous
study, we investigated the miR expression profiles in
human GC using miR microarrays. We found miR-192/
215 were upregulated in GC tissues”. MiR-192/215
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belongs to the miR-192 family, possessing the same
octameric seed sequence. In this study, we further con-
firmed that miR-192/215 function as oncogenic miRs
(oncomiRs) in GC. To discover targets of miR-192/215
that were significantly dysregulated in GC, custom
microarray analyses with an expanded set of probes were
performed. HFE145 and BGC823 cells were transfected
with mimics or inhibitors of miR-192 or -215 or a nega-
tive control (NC) miR. Genes exhibiting more than two-
fold changes in two comparisons were regarded as the
proposed targets. SET8 was properly identified by these
filtering criteria.

Histone methyltransferase SET8 (also known as SETDS,
PR-SET7, and KMT5A) belongs to the SET domain-
containing methyltransferase family and specifically cat-
alyzes monomethylation of H4K20me, that is, the for-
mation of H4K20me1®. SETS8 exhibits diverse functions in
transcriptional regulation, DNA repair, tumor metastasis,
genome integrity, and cell-cycle progression®. SET8 has
been proposed to be associated with cancer occurrence
and progression by affecting cell proliferation® and pro-
moting the epithelial-mesenchymal transition (EMT)*®
in osteosarcoma and breast cancer. Interestingly, SET8
has also shown involvement in the oncogene-induced
senescence (OIS) mechanism, a tumor-suppressing
response that must be disrupted for cancer to develop.
Our results suggest that SET8 is directly regulated by
miR-192/215 in human GC, as demonstrated by its
decreased mRNA and protein expression in GC. Binding
of miR-192/215 to the 3'UTR of SET8 resulted in the
promotion of GC cell proliferation, migration, and
metastasis. In addition, SET8 was shown to be involved in
triggering OIS in GC in vivo and in vitro, which was
activated by p53 in GC. The functional role of the miR-
192/215-SET8-p53 axis in repressing the senescence sig-
nal pathway exacerbates the progression of GC.

Methods
Cell lines, patient samples, culture conditions, and
reagents

Immortalized human normal gastric epithelial cells
(HFE145) were obtained from Drs. Hassan Ashktorab and
Duane Smoot. BGC823, SGC7901, and AGS were
obtained from Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). MKN28 cells were obtained
from the American Type Culture Collection and China
Infrastructure of Cell Line Resources, respectively. The
cell lines were freshly authenticated in last year. All cells
were grown in DMEM media supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin
(P/S) at 37°C in 5% CO, incubator. Fresh GC samples
were obtained from the first Affiliated Hospital of
Shenzhen University, and patients prior to radiotherapy
and chemotherapy. In this study, 48 patients were
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collected and histologically confirmed new cases of GC.
All the processes were consistent with the requirement of
the Institutional Review Board of The School Medicine of
Shenzhen University (No. 201505001). CDDP (Cis-dia-
mminedichloroplatinum, best known as cisplatin, CDDP)
was purchased from Calbiochem (Billerica, MA). To
induce DNA damage, cells were treated with CDDP at
indicated concentrations and harvested for protein isola-
tion at the stated time points.

Gene microarray

Gene microarrays were carried out to identify the tar-
gets of miR-192/215, all of which were according to the
previously described”.

Briefly, gene microarrays were carried out on the Agilent
Whole Genome Oligo Microarrays (4x44K, Agilent, Santa
Clara, CA, USA) in GC cells. Microarrays performance and
analysis were performed on two groups of cell lines: BGC823
cells with miR-192 and -215 inhibitors, and HFE145 cells
with miR-192 and -215 mimics. Twofold differences in gene
expression determined genes considered for further analysis.
Data were extracted and further analysis was conducted by
Agilent Gene Spring GX 11.5.1 software.

Transfection of miRs and siRNAs

Cells were seeded at 50% confluence, and miRs, inhi-
bitors or mimics with concentration of 60nM were
transfected via Lipofectamine RNAi MAX (Invitrogen).
Synthesized RNA Mimics or inhibitors of miRs were
purchased from Dharmacon (Lafayette, CO, USA).
SET8siRNA (SET8si) and miRs antagomir with
cholesterol-conjugated used for assays in vivo were syn-
thesized by Ribobio (Guangzhou, China). SiRNAs were
mixed to achieve the necessary knockdown of SET8
protein expression as determined in Fig. 3A. Therefore,
the mixed siRNAs were used in the needed experiments.
Nonspecific controls for mimics, inhibitors, and siRNAs
were used as negative controls (NC). All the SETSsi
sequences are listed in Table S1. In order to detect the
expression of senescence-associated secretory phenotype
(SASP), both RNA and protein were harvested after 48
and 96 h of transfections. RNA was extracted as described
in the qRT-PCR section. Protein extraction was followed
with the previously described in the western blot section”.

Real-time qRT-PCR

Total RNA, including miRs from the tissue samples and
cultured cells, was extracted using TRIzol reagent (Invi-
trogen, USA) according to established protocols. The
expression level of miRs was analyzed by quantitative real-
time PCR (qRT-PCR) using the All-in-One miRNA qRT-
PCR Detection Kit (Gene Copoeia). The Advantage RT-
for-PCR Kit (Invitrogen, USA) was used to generate
cDNA for the detection of mRNA. The expression level of
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SETS, IL-1a, IL-1b, IL-6, IL-8, p53, and p21 were analyzed
by qRT-PCR (Takara, Dalian). GAPDH and U6 were used
as the inner reference to normalize the mRNA and miRs
expression, respectively. RT-PCR was carried out to
detect the levels of EMT associated genes (E-cadherin,
Snail, MMP9, Vimentin, and ZEB1) regulated by SETS.
Subcutaneous tumor tissues were examined with SETS,
p21, and p53 to test the proliferation abilities and the
switch of OIS with different treatments. The relative
mRNA or miRs levels were calculated using the com-
parative Ct method (2722CY, Primers were indicated in
supplementary Table 1.

Tissue microarrays and IHC

Tissue microarrays, paraffin-embedded GC samples
were collected from 90 patients who underwent GC
resection without prior radiotherapy and chemotherapy
including GC and para-cancer tissues. All the cases were
attached with complete clinical data for further analysis.
Immunohistochemistry (IHC) was performed according
to the protocol to examine the expression of SET8 in GC
tissues. EnVision + detection system (Dako) was used
following the manufacturer’s instructions. In brief, sec-
tions overnight incubated at 4 °C with a 1:500 dilution of
monoclonal anti-SET8 (ab3798, Abcam) and a 1:5000
dilution of the second antibody. All the clinical pathology
data were collected and the correlations between SET8
and the clinical data were analyzed. Positive score of SET8
was calculated according to the percent positivity of
stained cells (0—4 scores, 3—4 regarded as the high
expression) and the staining intensity (0-3, 0 means
negatively stained, 3 means strongly stained). The value
p <0.05 was regarded as the significant difference.

Kaplan—Meier survival analysis

In order to analyze the survival significance of SETS,
Kaplan—Meier survival analysis was performed. Data of
GC patients were from TCGA database and our tissue
microarray. TCGA has so far collected more than 11,000
cancer patient specimens and matched normal tissues. At
present, it is the largest and richest cancer genome
database in the world. In our analysis, there were 415
cases of stomach adenocarcinoma (STAD) in total, but
only 408 clinical documents of patients were collected.
Therefore, 408 cases with STAD were involved in the
survival analysis of SET8. In TCGA database, we also
analyzed the survival significance of miR-192. As seven
patients with missing survival time, 389 cases were ana-
lyzed. Finally, 90 GC cases of tissue microarrays were
executed the Kaplan—Meier survival analysis as well.

Cell lysis, SDS-PAGE, and immune blot

Cells were lysed with RIPA lysis buffer (50 mM Tris, pH
8.0; 150 mM NaCl, 1% NP-40; 0.5% sodium deoxycolate;
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0.1% SDS; 1 mM Benzamidin-HCl; 0.5 pg/ml Aprotinin),
and equal amounts of protein were electro-phoretically
separated in a polyacrylamide 8-12% gel. The following
primary antibodies were used: SET8 (1:1000), p53 (1:1000),
and p21 (1:1000) were all purchased from Cell Signal
Technology, USA. Senescence Marker Antibody Kit (CST,
USA), including senescence-associated cell-cycle arrest (p16
INK4A, p21 Wafl/Cipl), senescence-associated DNA
damage (Phospho-gamma-Histone H2A.X,yH2A.X), and
the SASP (HMGB], IL-6, TNF-alpha, MMP3) were used to
detect the changes of senescence phenotype. DNA damage
checkpoint  proteins, Chkl (2G1D5), Phospho-Chkl
(Ser345) (133D3), Chk2 (1C12), and Phospho-Chk2
(Thr68) (C13C1) (CST, USA) were also measured.
GAPDH (1:2000) was used as the inner control. All the
procedures were following the previous details’.

Luciferase activity assay

Sequences of 3’-UTR of SET8 containing wild type (wt)
or mutant (mut) were synthesized by Gene copoeia
(Guangzhou, China) and cloned into the luciferase
reporter vector pEZX-MTO06 to acquire the SET8-3'-UTR
reporter constructs (pEZX-wt-SET8 and pEZX-nut-
SET8). Co-transfection of miRs and luciferase report
vectors, miRs of 60nM, and plasmids of 40ng were
transfected using Lipofectamine 3000 according to the
instructions (Invitrogen, USA). The luciferase activity was
measured 48 h after transfections by the Dual-Luciferase
Reporter Assay Kit (Promega)’. Each assay was repeated
in three independent experiments.

Cell proliferation, migration, and apoptosis assays

For the assays in vitro, we detected the change of bio-
behavioral functions of GC cells transfected with SET8si or
siRNA NC. The cell proliferation and cell migration assays
of transfected GC cells were determined as previously
described>’. EdU proliferation assay (RiboBio Inc.) was
carried out according to the manufacturer’s instructions.
HFE145 and SGC7901 cells were plated in 6 cm plates with
different transfections, and the cells incubated with 50 uM
EdU for 5 h. The images were taken by confocal microscope.

A wound-healing assay was performed to measure cell
migration. Briefly, cells were plated in triplicate in a 6-well
plate. Linear scratch wounds were created by 200 pl sterile
pipette tip when each well was confluent cells. Artificial
scratch was made and wound images were photographed
and migration was monitored at 0, 24, 48h after
scratching using Olympus 1X71 camera system. Each
experiment was repeated three times.

The extent of apoptosis was monitored by using the
Annexin-V FLUOS Staining Kit (Invitrogen, USA), fol-
lowing the manufacturer’s instructions. In short, cells
were collected and re-suspended in 100 ml of solution
with Annexin-V-FLUOS labeling and PI-staining solution
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(Roche Applied Science, Indianapolis, USA). Then cells
incubated at room temperature for 15 min in the dark,
analyzed by the flow cytometry using a FACSCA instru-
ment with CELLQUEST analysis software (BD Bios-
ciences). All these experiments repeated three times.

Cell counting kit-8 assay

The cells were seeded in 96-well plates (2.5 x 10> cells/
well) with 100 pl cell suspension in each well and incu-
bated for 7 days. Cells were treated with CDDP at 0, 5, 10,
and 20 uM concentrations. CCK-8 assay was performed
by adding CCK-8 for 2 h according to the manufacture’s
instruction. The absorbance value of each well was mea-
sured with a microplate reader of 450 nm. Each experi-
ment was repeated three times.

Animal models

To evaluate the tumor growth in vivo, BALB/c-nu female
nude mice (4-5 weeks old) were purchased from the
Guangdong  Province Laboratory Animal Center
(Guangzhou, China). The mice were bred in specific
pathogen-free conditions in mesh cages under controlled
conditions of temperature (23 + 3°C) and relative humidity
(50 + 20%). Animal models were set up followed the pro-
cedure as previously described”. Briefly, 1 x 10° BGC823
cells with or without cholesterol-conjugated negative con-
trol (NC) or miR-192 inhibitors (192inh) or SET8siRNA
(SET8si) were suspended in 100 ml PBS and injected s.c.
into the opposite rear flank of the nude mice. Each group
included five mice. After 5 days, 10 nmol cholesterol-
conjugated inhibitors or siRNAs were injected for each
implant for 3 days. Then treatments were delivered once a
week until sacrificed. Tumor size was measured by caliper
measurement of two perpendicular diameters of the
implants. Tumor-bearing mice were sacrificed on day 21.
All the tumor tissues were fixed, paraffin-embedding, and
sectioned. To evaluate metastasis in vivo, 1 x 10° cells were
injected into the tail veins of mice (n =5 per group). All
procedures were performed as previously described”.
Shortly, mice were euthanized after 8 weeks of injections,
and the lungs were removed, rinsed, fixed, and subjected to
pathological examination. Tissues were stained by H&E,
and metastasis was quantified by counting tumor lesions
under a microscope. All protocols for animal studies were
reviewed and approved by the Institutional Animal Care
and Use Committee of Medical College of Shenzhen
University. A method of randomization was used in the
animal models. Animal models were blinded to the group
allocation during the experiment.

SA-B-Gal staining

Cells were fixed in 2% formaldehyde and 0.2% glutar-
aldehyde in PBS for 5min at room temperature. Then
cells were stained for the SA-B-Gal according to the
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manufacturer’s instructions (Senescence B-Galactosidase
Staining Kit, Beyotime, China). SA-B-Gal cells and total
nuclei were counted manually, and calculated the positive
ratio of the SA-B-Gal-positive cells.

Statistical analysis

Statistical analysis was performed using Microsoft
Excel. The analysis was performed using paired Student’s
t-tests. The results are presented as the mean + SD
(standard deviation, SD). The correlation test was eval-
uated with y” test. One-way ANOVA was used to test the
significance of assays in vitro.

Results
SET8 expression was low in GC tissues and cells

To determine the expression level of SET8 in GC, we
detected the mRNA and protein level of SET8 in gastric
cells and tissue. Result showed SET8 mRNA and protein
were found to be reduced in three GC cell lines
(SGC7901, AGS, and MKN28), but not in HFE145 cells
(Fig. 1A). Expression levels of SET8 in 48 paired fresh GC
tissues were significantly lower in many GC tissues than
in normal mucosa (p < 0.05). Compared with normal tis-
sues, only 12/48 pairs showed over-expression of SET8 in
cancerous tissues, while 36/48 tissue pairs showed under-
expression of SET8 in GC (Fig. 1B up).

To analyze the correlation between the expression of
miR-192/215 and SET8, we also measured the expression
of miR-192/215 in 30 of these 48 paired tissues. Corre-
lation analyses between miR-192/215 and SET8 indicated
that miR-192 and -215 were highly expressed in GC tis-
sues, a finding that was consistent with our previous
results™? (Fig. 1B down). However, there was no statisti-
cally significant difference in the correlation between the
miR-192/215 and SETS8 levels (Fig. 1C & Figure SI1).
Therefore, SET8 was found to be expressed at low levels
in GC tissues and cells, which suggests that it may func-
tion as a suppressor of GC.

A GC-tissue microarray comprising 180 GC samples
of primary tumors and normal tissues was used to
detect SET8 protein levels. SET8 protein levels were
significantly lower in cancer tissues when compared
with normal tissues (Fig. 1D). Moreover, scores from
IHC staining showed that 81 of the 90 samples exhibited
high expression of SET8 in normal mucosa. All patients
who supplied samples for the GC-tissue microarray
were followed up for 5 or 6 years, and their complete
clinical-pathological data were collected for further
analysis. Significant correlations were revealed between
the SET8 expression levels and the AJCC’s stage and the
extent of remote metastasis (Table 1). Thus, SETS8
expression was downregulated in the latter stage of
AJCC (stages 3 and 4), relative to the expression level in
the early stage of AJCCs (stages 1 and 2). Furthermore,
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the expression of SET8 was significantly reduced in executed survival analyses of miR-192 and SET8 using
remote metastases. We therefore speculate that the survival data from TCGA (The Cancer Genome
decreased expression of SET8 may play a key role in the ~ Atlas, TCGA) and our tissue microarray. Unfortunately,
invasion and metastasis of GC. Furthermore, we these analyses failed to demonstrate statistical
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Table 1 Relationship between SET8 expressions and
clinicopathologic features in GC.

Features N High Low P X
expression expression

All case 90 67 23

90

Age

<55 25 18 7 0.742  0.109

=55 65 49 16

Gender

Male 53 41 12 0448 0575

Female 37 26 11

Tumor size

<5cm 34 28 6 018 1.796

>5cm 56 39 17

Differentiation

Well-moderate 21 18 3 0.176 1829

Poor 69 49 20

Serosal invasion

No 9 9 0 0.064 3433

Yes 81 58 23

Vessel invasion

No 61 48 13 0.181 1.792

Yes 29 19 10

Lymphatic

metastasis

No 23 19 4 0.198 1.082

Yes 67 48 19

AJCC’s stage

1+2 36 31 5 0.038 4.293

3+4 54 36 18

Remote metastasis

No 86 66 20 002 5379

Yes 4 1 3

Italic values indicate statistical significance p < 0.05.

differences in patient survival probabilities attributable
to miR-192 or SET8 (Figure S2).

SET8 inhibits proliferation and migration in GC in vitro and
in vivo

In vitro assays were conducted to identify the biological
behavior of SET8 in GC. The efficiency of SET8si was
validated by qRT-PCR and protein blot (Fig. 2A). EdU
proliferation assays showed that inhibition of SET8 led to
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significant promotion of proliferation of SGC7901 and
HFE145 cells relative to the control (Fig. 2B, p <0.05).
Wound-healing assays were performed to examine the
invasive ability of SET8 in GC. These showed that
monolayers of SGC7901 and HFE145 cells that were
transfected with SET8si displayed increased cell invasion
over 48 h, as their scratch gaps were closer than those of
NC cells (Fig. 2C, p <0.05).

Meanwhile, emerging data have shown that SET8 reg-
ulates carcinogenesis by apoptosis®. Consequently, Cells
treated with SETsi showed an inhibition of apoptosis
compared to controls as determined by flow cytometry
detection of Annexin-V and propidium iodide (PI) posi-
tive cells (Fig. 2D, p < 0.05). In HFE145 cells, the apoptosis
rate was also decreased by inhibition of SET8. These
findings confirm that SET8 is closely involved in cell
proliferation, migration, and apoptosis in GC.

To confirm the proliferation-suppression role of SETS8
in vivo, we preformed subcutaneous tumor xenograft
assays. This showed that inhibition of SET8 led to dis-
tinctly larger tumors in the treated group than in the
control group. Thus, in summary, we showed that SET8
played a crucial role in the promotion of GC. The p53 and
p21 expression were decreased after the level of SET8 was
reduced (Fig. 2E). In addition, we also examined the
expression of EMT markers regulated by the change of
SETS8 in vivo. Results showed that, compared with the
siRNA control group, expression of Snail, MMP9,
Vimentin, and ZEB1 was increased in the tissues treated
with SET8si, and E-cadherin was expressed at low level
(Figure S3).

P53 and p21 are involved in the OIS induced by SET8
in GC cell

Several studies have also shown that SET8 was involved
in OIS’, wherein the acute expression of an oncogene led
to the growth arrest phenotype. Moreover, almost all OIS
inducers triggered activation of p53 and its transcriptional
target p21'°. In our study, we found that decreased
expression of SET8 resulted in a low level of p53 and p21
in SGC7901 (Fig. 3A left). Immune blot indicated that
attenuated expression of SET8 prevented the expression
of SASP, including HMGBI, IL-6, TNF-alpha, MMP3,
and pl6. Moreover, the expression of Lamin B1, which is
frequently less expressed in senescent cells, was inversely
related to the expression of SET8 (Fig. 3A, right). Con-
sequently, mRNA levels of SASP factors, including IL-1a,
IL-1b, IL-6, and IL-8, were examined by qRT-PCR. The
results show that IL-6 and IL-8 were notably down-
regulated by knockdown of SET8 in SGC7901 (Fig. 3B).
To further ascertain whether SET8-induced senescence in
GC, SA-B-Gal staining was performed. It was found that
SA-B-Gal positivity also varied with senescent state of
cells. Upon inhibition of SETS, cells positive for SA-B-Gal
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were decreased significantly (Fig. 3C). In summary, these
data show that p53 may play a role in the progress of GC
by assisting SET8 to induce senescence.

miR-192/215 targeting SET8 accelerated the progression
of GC

Gene microarray analyses of GC cells with over- or
under-expression of miR-192/215 were used to screen
for the targets of miRs. SET8 was found to be one of the
differentially expressed genes with twofold changes
(Figure S4A and Table S2). Therefore, we focused on the
miR-192/215-SET8 axis in GC. Given the existence of a
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putative binding site between 3’-UTR of SET8 and miR-
192/215, we constructed luciferase reporter vectors
containing the wild-type and mutant SET8-3'-UTR
(Figure S4B). Further analysis by qRT-PCR and protein
blot confirmed that the expression of SET8 was
decreased by miR-192/215 mimics, and then upregulated
by miR-192/215 inhibitors (Fig. 4A up), which confirmed
the inverse correlation between these factors. Briefly, we
generated reporter constructs by inserting the SET8-3'-
UTR region (wild type) downstream of the firefly luci-
ferase gene. The results revealed that miR-192/215
notably suppressed the luciferase activity in the wild-type
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Fig. 4 (See legend on next page)
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(see figure on previous page)

\.

Fig. 4 miR-192-SET8 axis inhibits p53/p21 to regulate GC cell proliferation and metastasis. A Up: detection of mRNA and protein levels of SET8
regulated by miR-192/215. Transfection of miR-192/215 inhibitors, SET8 was significantly increased in SGC7901 and HFE145. Conversely, SET8 was
significantly downregulated in cells treated with miR-192/215 mimics. Down: results of the luciferase reporter assays. Transfection of miR-192/215
mimics significantly downregulated the firefly luciferase activity of SET8-3’-UTR-wt vector, whereas the SET8-3/-UTR-mut vector was upregulated. NC,
negative control in all experiments. B Subcutaneous tumor xenograft assays. The growth of subcutaneous tumors was suppressed by inhibition of
miR-192. Co-miR-192inh and SETSsi significantly reversed this growth suppression. C Assays of lung metastasis of nude mice. The results suggest that
the number of metastatic lesions decreased significantly after transfection of miR-192 inhibitors, whereas co-transfection of miR-192 inhibitors and
SET8si led to an increase in the metastatic lesions. D Examination of mRNA levels of SET8, p53, and p21. In mice tissues, knockdown of SET8 was
effective. Meanwhile, p53 and p21 were clearly regulated by SET8. 192, miR-192; inh, inhibitor; si, SiRNA. GAPDH as a loading control; mut, mutation;
S, SET8-3/-UTR-wt vector. S-mut, SET8-3’-UTR-mutant vector. *P < 0.05. Error bars represent +SD.

SETS8 reporter, but not in the mutant (Fig. 4A down).
Thus, we had demonstrated that miR-192/215 directly
regulated 3’-UTR of SET8 in GC.

Subcutaneous tumor xenograft assays were carried out
to explore the miR-192-SET8 axis in GC. Treatment of
SGC7901 cells with miR-192 inhibitors resulted in
decreased xenograft growth compared with an NC group.
Conversely, xenograft growth was rescued significantly in
the miR-192 inhibitors/SET8si co-treated group (Fig. 4B).
Tail-vein injection-based in vivo metastasis assays were
also performed to assess the metastatic influence of the
miR-192-SET8 axis on GC development. The results
indicated that inhibition of miR-192 significantly
restrained the lung metastases of nude mice. In addition,
co-transfection of miR-192 inhibitors and SET8si rescued
the lung metastases, although no significant difference
was observed (Fig. 4C).

We found that SET8-based induction of OIS in GC was
related to p53 and p21. Therefore, we measured the
expression of p53 and p2l in tumor tissues, which
revealed that inhibition of miR-192 led to increased
expression of p53 and p2l. Conversely, after co-
transfection of miR-192 inhibitor and SET8si, decreased
expression of p53 and p21 were observed (Fig. 4D).
Therefore, these data show that the miR-192-SETS8 axis
could enhance the progress of GC by acting via p53.

MiR-192/215-SET8 axis promoted GC progression by
halting DDR-dependent senescence in GC

Notably, in Fig. 5A, expression of p53 and p21 were
reduced in co-transfection of miR-192/215 inhibitors and
SET8si in SGC7901, both at the level of mRNA and
protein. It was consistent with the result of the xenograft
assays. In addition, qRT-PCR of known SASP factors
confirmed that inhibition of miR-192/215 significantly
enhanced the expression of Il-1a, IL-1b, IL-6, and IL-8 in
SGC7901 after transfection of miR-192/215 inhibitors for
48 h. Meanwhile, co-transfection of miR-192/215 inhibi-
tors and SET8si led to the decrease of IL-6 and IL-8
expression (Fig. 5B). These results were consistent with
the changes observed in SGC7901 cells after transfection
of miR-192/215 inhibitors and or SET8si for 96 h (Figure
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S5). Staining with senescence marker SA-B-Gal demon-
strated that inhibition of miR-192 led to significantly
increased SA-B-Gal positivity, whereas positive cells of
SA-B-Gal were decreased in miR-192 inhibitor/SET8si-
treated cells. However, the regulation of miR-215 had
little effect (Fig. 5C). As we speculated, levels of p53, p21,
and pl6 were changed by the variation in the levels of
SETS: decreased expression of SET8 caused an immediate
decrease in p53, p21, and p16 expression.

At the level of protein expression, SASP p16 was found
to be upregulated in SGC7901 cells treated with miR-192/
215 inhibitors, and downregulated in SGC7901 cells co-
transfected with an miR-192/215 inhibitor and SET8si
(Fig. 6A). The protein levels of SASP factors (HMGB1, IL-
6, TNF-alpha, MMP3) were also examined. It was con-
sistently found that miR-192/215 inhibitors effectively
promoted the expression of these SASP factors, compared
with NC. Conversely, in SGC7901 cells treated with miR-
192/215 inhibitors and SETS8si, the expression of these
factors was significantly attenuated. Lamin B1 was present
in low levels in the cells treated with miR-192/215 inhi-
bitor, compared with NC cells, but the levels were
increased in the miR-192/215 inhibitor/SET8si-treated
cells (Fig. 6A). Gray value was measured, and there were
some of the changes with significances. In a conclusion,
SASP secreted by senescence cells are the important
phenotypes of senescence. Decreased SET8 expression
correlated with SASP phenotype, therefore levels of SET8
positively correlate with senescence.

DNA damage response (DDR) is the main mechanism
of the initiation of OIS resulting in SASP activation and
checkpoint arrests. Therefore, the expression of
H4K20mel, y-H2AX, phospho-Chkl (P-Chkl) and
phospho-Chk2 (P-Chk2) were assayed to confirm that
OIS in GC was dependent on DNA damage. In response
to activation of the DDR, we used DDR agents to treat
cells. CDDP was used and expression of P-Chk1, P-Chk2,
formation of y-H2AX were detected. The optimum con-
centration of CDDP used in different gastric cells was
groped by CCK-8 assay (Figure S6A&C). We also exam-
ined the time point of the response of CDDP treatment.
The results showed that expression of pChk1, pChk2, and
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y-H2AX was increased at 8 and 24h (Figure S6B&D).
Moreover, we examined the changes of senescence-
associated proteins. It suggested that HAMGBI1, IL-6,
MMP3, and p53 were increased apparently after 2h of
treatment (Figure S7). All these changes were in accor-
dance with the result of the CDDP treatment. Moreover,
we observed that the expression of H4K20mel was
upregulated by miR-192/215 inhibitors, and lowered in
cells treated with miR-192/215 inhibitors and SET8si in
response to senescence induction. In addition, miR-192/
215 inhibitors resulted in the augment of P-Chk2,
although little change in the P-Chkl. Meanwhile, co-
transfection of miR-192/215 and SETS8si resulted in
decreased stability of H4K20mel and P-Chk2 (Fig. 6B). In
addition, treatment with SET8si alone in SGC7901,
expression of H4K20mel and P-Chk2 were down-
regulated significantly (Fig. 6C). However, an insignificant
change in the level of y-H2AX was observed after SET8si.
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This study demonstrated that SET-mediated OIS in GC
was partly triggered by DDR, and miR-192/215-SET8 axis
regulated GC progress was dependent on OIS.

Discussion

In this study, we confirmed that SET8 was regulated by
miR-192/215 in GC, which affected the biological prop-
erties of GC cells. It showed that SET8 was downregulated
at both the mRNA and protein levels in GC tissues.
Intriguingly, SET8 was found to function as a negative
control of DNA damage-dependent OIS in GC, which
provides mechanistic insights into a novel pathway by
which SET8 may operate in tumors.

Mounting evidence indicated that SET8 was also tar-
geted by other miRs. MiR-7 targeting SET8 suppresses the
invasive potential of breast cancer cells*. Polymorphism at
the miRs’ binding site in the 3’ UTR of SET8 is associated
with the risk of several tumors''™'?. Parchami et al.'*
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determined that genetic changes in miR-27a, miR-146a,
and the miR-502’s binding site of the SET8 can be the risk
factors of breast cancer'®. Diao et al.'® reported that
single-nucleotide polymorphisms (SNP) in the miR-502
binding site of the SET8-3" UTR seems to influence the
survival of non-Hodgkin’s lymphoma (NHL). SET8 also
interacts with Twist to regulate the EMT", Liu et al’
identified miR-502 may suppress EMT by inhibiting SETS8
in breast cancer. More importantly, studies have shown
that SET8 is over-expressed in various types of cancer. For
example, in hepatocellular carcinoma (HCC), non-small
cell lung carcinoma (NSCLC), bladder cancer, chronic
myelogenous leukemia, and NHL'>'®', SET8 functions
largely as an oncogene. In esophageal cancers, SET8
mediated by miR-502 modifies the outcome by inhibiting
proliferation and invasion and by promoting the apoptosis
of tumor cells'®. In breast cancer, SET8 is involved in
EMT". In sum, these studies have highlighted the key
role of SET8 in tumorigenesis and its function as an
oncogene, primarily associated with cancer metastasis.

However, in this study, expression of SET8 was sig-
nificantly reduced in GC. Among 48 paired specimens,
almost 36 pairs showed low expression of SET8 mRNA in
cancer vs. normal tissues. By IHC, tissue-array analysis
revealed that SET8 was reduced in GC tissues and located
in the cell nuclei. The patient samples of GC used to
measure SET8 levels showed that many tumor samples
had lower SET8 levels. We seek to establish miR-192/215
downregulates SET8 levels. But it did not show sig-
nificance in the GC samples. This may be due to inade-
quate grading of tumors or inadequate samples. We
speculate that SET8 may be a potential negative regulator
protein in GC. To the best of our knowledge, only one
study has examined the expression of SET8 in GC. Thus,
Shi et al."” showed by IHC of 100 GC-tissue samples that
SET8 was most highly expressed in GC tissues. Our
findings were the opposite, meaning that the function of
SET8 in GC is controversial. To resolve this dispute, we
searched for possible explanations.

Fortunately, previous studies have discussed the possi-
bility of SET8 in OIS®. OIS is a critical tumor-suppressor
mechanism, which prevents hyper-proliferation and
transformation of cells. Currently, it regarded that OIS is
triggered by DNA replication stress and a concomitant
activation of DDR, which resulted in cell-cycle checkpoint
arrests and the SASP activation (Fig. 6D, adapted from
Zhu et al®). Thus, OIS is a form of replication-
independent senescence that can be induced prema-
turely in young cells by activation of oncogenes. It can be
identified by senescence biomarkers such as SA-p-Gal and
by the secretion of proteins such as cytokines, growth
factors, and proteases. In support of this notion, several
groups found that OIS can also be induced by other
oncogenes such as Braf'*%f, AKT, cyclin E*!, and Ha-

Official journal of the Cell Death Differentiation Association

Page 13 of 15

Ras*. Garnett et al.”> showed that in a mouse model of
lung cancer, before OIS, p53 loss was permissive for the
transition from lung adenoma to adenocarcinoma. In
contrast, after OIS was established via induction by
BrafV69%E, p53 loss led to senescence and the failure of
disease progression. Also involved is the PI3K/AKT/
mTOR pathway, which is frequently activated in human
cancer. Thus, whereas the myristoylated form of AKT
induced OIS in human endothelial cells via a p53/p21-
dependent pathway>*, almost all OIS inducers were found
to trigger activation of p53 and its transcriptional target
p21 and/or increase the expression of p16>*.

Importantly, emerging evidence suggests that SET8 is
also involved in OIS. Wang et al.” demonstrated that
SETS8 induced senescence via CRL4Y* or SCFb-TRCP
and led to growth arrest via an OIS-based mechanism.
These workers found that SCFb-TRCP earmarked SET8
for ubiquitination and degradation in a casein kinase I-
dependent manner and was activated by DNA-damaging
agents. Biologically, it was determined that both
CRL4“‘% and SCFb-TRCP-mediated pathways con-
tribute to ultraviolet-induced SET8 degradation to con-
trol cell-cycle progression, governing the onset of DNA
damage-induced checkpoints’. In addition, Benamar
et al.>> demonstrated that CDT2 induced SETS- and
p21-dependent DNA re-replication and senescence to
inhibit growth in a panel of melanoma cell lines. More-
over, degradation of the CRL4-CDT2-SET8/p21 axis is
the primary target of inhibition by pevonedistat in mel-
anoma. Therefore, SET8 is both necessary and sufficient
to promote re-replication program®’. Given this pre-
sumably tumor-suppressive nature, senescence can be
viewed as a barrier to cancer and therefore constitutes a
potential target for a therapeutic regimen. Therefore, we
speculated that SET8 induced replication-independent
senescence in GC.

Almost all OIS inducers triggered the activation of p53
and induced the expression of its transcriptional target
p21%2. Accumulating documents proved p53 was related
with the progression and treatment of GC. It was reported
that HDAC4 regulated by miR-140 reduced cell pro-
liferation via the p53-p73/BIK pathway in GC?**. Mean-
while, in colon cancer, osteosarcoma and lung
adenocarcinoma, miR-192/215 and p53 were found to
interact”” . Song et al.*® showed that miR-192 regulates
cellular proliferation via the p53-miRNA circuit in colon
carcinoma. Our study showed that inhibition of miR-192/
215 induced elevated expression of p53 and p21 in GC
cells. In contrast, co-transfection of miR-192/215 inhibi-
tors and SET8si into cells led to attenuated levels of p53
and p21. Meanwhile, changes in levels of secreted protein
IL-6 and IL-8 were consistent with levels of p53 and p21,
although no changes were seen in the levels of IL-1a and
IL-1b. Furthermore, the staining of SA-B-Gal and
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senescence-associated proteins was positively correlated
with the level of SETS8. Thus, according to these various
biological functions of SETS, it was regarded as a potential
oncogene, but one that induced senescence irreversibly in
initiation or progression of GC, acting via p53. Without a
doubt, further investigations will be required to decipher
how SET8 functions oncogenically and interacts with p53
to induce senescence in GC.

OIS is a tumor-suppressing defense mechanism during
tumorigenesis that inhibits oncogenic transformation in
multiple human tumor types and serves as an initial
barrier to cancer development in vivo'®*'. The exact
mechanism by which dysregulated SET8 protein pro-
motes re-replication and senescence in GC remains
unclear. However, another study found that these func-
tioned as tumorigenesis barriers, involving DNA replica-
tion stress and OIS, and that these two barriers were
tightly associated'****°. Some oncogenes induce OIS via
DNA damage responses by hyper-replication of DNA
caused by sustained oncogenic signals'>'®. SETS is a
histone H4-lysine 20 methyltransferase required for nor-
mal cell proliferation. Inhibition of SET8 methyltransfer-
ase activity causes replicative stress. Therefore, histone
H4K20 methylation may be critical for this activity>>*'. In
addition, Chkl and Chk2 are early markers of the DNA
damage response.

We found that SET8si immediately restrained
H4K20m1, consistent with a previous report®’. The
inhibition of miR-192/215 increased the expression of
H4K20m1, and the co-transfection of miR-192/215 inhi-
bitors and SETS8si caused the downregulation of
H4K20ml. The levels of the DNA damage marker P-Chk2
were also attenuated by SET8si in our assays, which was
consistent with the previous report®. Co-transfections
rescued the expression successfully. Once DNA damage
occurred, it activated the DNA damage checkpoint and
led to apoptosis'>. Chk2 coordinates the repair for S-
phase entry (G1 checkpoint) via phosphorylation of p53,
which transactivates p21. In conclusion, SET8-induced
OIS is potentially associated with DNA damage.

Taken together, our data are consistent with the fol-
lowing model. Primarily, SET8 is an oncogene, which
suppressed p53/p21 pathway by methylation, tending to
transform normal cells to pre-neoplastic cells. However,
senescence functions as a barrier to promote fail-safe
programs to protect the normal cells from transformation,
operating via a process called OIS. In this study, we found
DDR mechanism participated in the initiation of OIS in
GC. The major tumor-suppressor pathways are activated:
p53/p21 (Fig. 7). As a result, in combination with miR-
192/215, the regulator of SET8, a regulatory axis is formed
that halts the expression of p53 and results in the inhi-
bition of cellular senescence. Ultimately, this results in
pre-neoplastic cells becoming cancer cells.
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Fig. 7 Proposed model of SET8/P53-senescence axis hypothesis.
Physiological levels of SET8 in GC led to the activation of senescence
that enhanced p53 expression, and promote the fail-safe program.
SASP increased in the senescence cells.

In this study, we revealed the existence of a new
mechanism in GC that involves SET8 regulation by miR-
192/215. Thus, the miR-192/215-SET8 axis promotes the
initiation and progress of GC in response to DNA damage
and the occurrence of senescence. Because the expression
levels of SET8 in tumor tissues are significantly low, it
may constitute an effective research target for cancer
therapy. Therefore, further functional analyses should
explore the SET8-dependent OIS pathway as a possible
research target in various types of cancer.
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