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suppresses cisplatin-induced apoptosis and
ROS accumulation through the miR-335-3p/ZNF32 axis
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Abstract: Small nucleolar RNA host gene 15 (SNHG15) is upregulated in many malignancies and mediates the de-
velopment of multiple cancers, including osteosarcoma (OS). However, data on the regulatory mechanisms and role
of SNHG15 in the chemoresistance of OS remain scarce. Here, we show that p53 binds to the SNHG15 promoter,
leading to decreased SNHG15 expression. Decreased SNHG15 expression promotes cisplatin-induced apoptosis
and reactive oxygen species (ROS) accumulation in OS cells. Furthermore, SNHG15 sponges and inhibits the ac-
tivity of endogenous miR-335-3p, leading to the upregulation of zinc finger protein 32 (ZNF32). Taken together,
these findings reveal that p53 downregulates SNHG15 expression in 0S. In addition, SNHG15 suppresses cisplatin-
induced apoptosis and ROS accumulation through the miR-335-3p/ZNF32 pathway.
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Introduction

Osteosarcoma (0S), a type of sarcoma that
mainly originates from bone-forming mesen-
chymal cells, is the most common primary
malignant bone tumor, with a peak incidence in
adolescence [1, 2]. The OS incidence is approxi-
mately 3/1,000,000 and occurs more often in
men than in women [3]. Although the recent
adoption of multidisciplinary treatment strate-
gies for OS, such as surgery and neoadjuvant
chemotherapy, has increased the 5-year sur-
vival rate of patients, the overall survival rate
remains less than 70% [4, 5]. In addition, drug
resistance, especially to cisplatin (CDDP), has
compounded challenges in the treatment of OS
[6]. Therefore, an understanding of the molecu-
lar mechanisms of chemoresistance in OS is
important to circumvent resistance.

Long noncoding RNAs (IncRNAs) mediate
essential biological functions by interacting
with DNA, RNA or proteins [7, 8]. In addition,
IncRNAs may serve as competing endogenous
RNAs (ceRNAs) that sponge miRNAs [9]. Based

on accumulating evidence, IncRNAs play a key
role in diverse types of cancers, such as thyroid
cancer [10], hepatocellular carcinoma [11],
prostate cancer [12] and melanoma [13]. In
addition, numerous IncRNAs, such as SNHG3
[14], AFAP1-AS1 [15] and CCAT2 [16], have
been characterized as oncogenes, especially in
0OS. In contrast, some IncRNAs, such as NKILA
[17], HIF2PUT [18] or MEG3 [19], serve as tumor
suppressors.

SNHG15, which is located on chromosome
7pl13, is a conserved, short-lived IncRNA with a
size of 860 bp [20]. Previous studies document-
ed that the upregulation of SNHG15 increases
the occurrence, survival and metastasis of
tumor cells, such as colorectal, lung and thyroid
cancer cells [21]. Furthermore, Liu et al. showed
that SNHG15 contributes to invasion, prolifera-
tion, migration, and autophagy in OS through
the negative regulation of miR-141 [22]. In addi-
tion, a series of reports have described the role
of SNHG15 in chemotherapeutic resistance
[23, 24]. Aberrant expression of SNHG15 also
contributes to the resistance of lung adenocar-
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cinoma cells and breast cancer cells to gefitinib
and cisplatin, respectively [23, 24]. However,
limited data are available on the molecular reg-
ulatory mechanism of SNHG15 and its role in
the chemoresistance of OS cells.

Here, we show that SNHG15 inhibits CDDP-
induced apoptosis and ROS generation in OS.
Furthermore, p53 downregulates SNHG15
expression by directly binding to the SNHG15
promoter in OS cells. In addition, SNHG15
sponges miR-335-3p, leading to the regulation
of ZNF32 expression. Together, we report the
importance of the p53-SNHG15-miR-335-3p-
ZNF32 axis in mediating chemoresistance in
0sS.

Materials and methods
Cell culture and reagents

The human OS cancer cell lines 143B, U20S
and H1299 were provided by the American
Type Culture Collection. We cultured 143B and
U20S cells in DMEM supplemented with 10%
fetal bovine serum (FBS; ExCell Bio, Lot:
FSP500), 2 mM L-glutamine, penicillin (100 U/
ml), and streptomycin (100 pg/ml). H1299 cells
were cultured in RPMI-1640 supplemented
with 10% fetal bovine serum (FBS; ExCell Bio,
Lot: FSP500), 2 mM L-glutamine, penicillin (100
U/ml), and streptomycin (100 ug/ml). The cells
were maintained at 37°C in a humidified atmo-
sphere with 5% CO,. The following antibodies
and drugs were used in this study: PARP1
(Santa Cruz Biotechnology, SC-8007, 1:1000),
p53 (Santa Cruz Biotechnology, SC-126, 1:10
for ChIP, 1:1000 for WB), GAPDH (Santa Cruz
Biotechnology, SC-25778, 1:1000), ZNF32
(Proteintech, 14266-1-AP) and cisplatin (Sigma,
P4394).

RNA interference

RNA interference was performed as previously
described [25]. The shRNA was purchased from
Sigma. In addition, the following sequences
were used to target p53: p53 No. 1: CGGCGC-
ACAGAGGAAGAGAA and No. 2: GTCCAGATGA-
AGCTCCCAGAA. We used siRNAs to silence
SNHG15 expression using the following siRNA
sequences: No. 1 5-GCAGUCUUUGUCCAUGA-
AA-3" and No. 2 5-GCAAGCCUUGGCACCUU-
AA-3'.

MicroRNA mimics and inhibitors

The miRNA-335-3p mimics and inhibitors
were synthesized by GenePharma Company
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(Shanghai, People’s Republic of China). For
each transfection in a six-well plate, 100 nM
mMiRNA mimics, scrambled miRNAs or miRNA
inhibitor were used. OS cells were transfected
using Oligofectamine (Invitrogen) according to
the manufacturer’s instructions.

Long noncoding RNA sequencing analysis

RNA extraction, library construction, sequenc-
ing and data analysis were performed by
BioMarker (Beijing, China).

Real-time RT-PCR and RT-PCR

Total RNA was extracted using TRIzol (Invi-
trogen). One microgram of total RNA was used
for cDNA synthesis using the PrimeScript™ RT
reagent kit (Takara, RRO47A) according to the
manufacturer’s instructions. We used the fol-
lowing primers: actin: F: 5-GACCTGACTGACTA-
CCTCATGAAGAT-3 and R: 5-GTCACACTTCATGA-
TGGAGTTGAAGG-3; and SNHG15: F: 5-GTCTT-
CGGCAGTCTAGTCATC-3 and R: 5-CTCTTCCACT-
TTGAGACCGTC-3.

Promoter reporters and dual-luciferase assay

After transfecting the OS cells, luciferase activ-
ity was measured in a 1.5 ml Eppendorf tube
using the Promega Dual-Luciferases Reporter
Assay kit (Promega E1980) according to the
manufacturer’'s protocol. We normalized the
relative Renilla luciferase activity to the firefly
luciferase activity.

We inserted the SNHG15 promoter in the pGL3
basic vector to evaluate the potential regula-
tion of this promoter by p53. We used the fol-
lowing primer sequences: P1 Up: gcGGTACCta-
aaaactgtgacctce; dn: gcCTCGACgtctctecgacce-
gecectt; P2 Up: gcGGTACCtccacccgecteeeeg; dn:
gcCTCGACgtctctecgaccgecectt; P3 Up: gcGGTAC-
Catgaaacctctccac; dn: gcCTCGACgtctctecgacce-
geeett; p4  gcGGTACCAtgaaacctctccaca; dn:
gcCTCGACgtctectegaccgecctt.

On the other hand, we inserted the SNHG15
and ZNF32 3’UTRs in the pSICHECK2 plasmid
to evaluate whether miR-335-3p potentially
regulated these sequences. We used the fol-
lowing primers: SNHG15 UP: gcGCGGCCGCCG-
GCGCAGCGCGCGGCGT, Dn: gcCTCGACCATATT-
TAAATCCATA; and ZNF32 3'UTR UP: gcGCG-
GCCGCCCACTTTCCTGAAGA, Dn: gcCTCGAC
TAATGATAATAAACAAG.
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Chromatin immunoprecipitation assay

Chromatin immunoprecipitation tests were per-
formed using the Millipore ChlIP kit (17-371RF)
according to the manufacturer’s instructions. In
addition, we used the following specific pri-
mers for RT-PCR to bind DNA fragments: BS
Forward: 5-taaaaactgtgacctcc-3’; Reverse: 5-
tcacctgaggtcaggaa-3'.

Cell viability assay

U20S and 143B OS cells with or without
SNHG15 overexpression were plated in 96-well
plates at a density of 5000 cells in 200 pl of
medium per well 24 hours before the experi-
ment. Cells were treated with 10 yM cisplatin,
and then cell viability was determined using the
CCK-8 assay kit according to the manufactur-
er’'s instructions.

Annexin V-FITC staining and FACS

We estimated cell death using the cell apopto-
sis assay (YEASEN) according to the staining
protocol described by the manufacturer. Briefly,
5x10° cells were harvested by centrifugation at
1000 g for 5 minutes and then suspended cells
in 100 ul of binding buffer. The cells were incu-
bated for 10 minutes with 5 pl of Annexin
V-Alexa Fluor 488 and 10 pl of Pl at room tem-
perature in the dark. After the addition of 400
ul of binding buffer, we performed a FACS (BD)
analysis to detect apoptotic cells.

We also performed the ROS assay (Beyotime)
using the staining protocol described by the
manufacturer.

Statistical analysis

The statistical significance of the differences
between various groups was determined using
a one-tailed paired t test, and error bars repre-
sent the standard deviations of the means
(s.d.).

Results

The tumor suppressor gene p53 downregu-
lated the expression of the SNHG15 gene

The tumor suppressor gene p53 often under-
goes inactivating mutations in many human
cancers, including 0S. We used H1299 cells, a
p53-deficient lung adenocarcinoma cell line, to
establish stable expression of wild-type p53
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controlled by doxycycline as a method to assess
whether wild-type p53 altered IncRNA expres-
sion. After an incubation with or without doxycy-
cline, the cells were subjected to IncRNA
sequencing, and then altered IncRNAs were
identified (Figure 1A-C and Supplementary
Table 1). Among other IncRNAs, p53 signifi-
cantly suppressed the expression of SNHG15
(Figure 1D). We generated p53-overexpressing
H1299 cells and confirmed the change in
SNHG15 expression using qRT-PCR and RT-PCR
to confirm that SNHG15 expression was sup-
pressed. Our findings showed that p53 overex-
pression inhibited SNHG15 expression (Figure
1E-G). We subsequently overexpressed p53 in
H1299 cells. Compared with the control cells,
the ectopic expression of p53 downregulated
SNHG15 expression in a dose-dependent man-
ner (Figure 1H and 1l). Based on the decreased
SNHG15 expression in H1299 cells expressing
wild-type p53, we then analyzed the effects of
p53 mutants (p53-R175H and p53-R273H) on
SNHG15 expression. Intriguingly, unlike wild-
type p53, the R175H and R273H mutants did
not decrease SNHG15 expression (Figure 1J-L).

We silenced the p53 gene in U20S cells using
two different shRNAs to further confirm the
downregulation of the SNHG15 gene by p53 in
0S. Compared with the control cells, p53 silenc-
ing substantially increased SNHG15 expres-
sion (Figure 1M-0). We then treated control or
p53 knockdown U20S cells with 5 uM cisplatin.
Cisplatin markedly decreased SNHG15 expres-
sion, a phenomenon that was abolished by
silencing the p53 gene (Figure 1P and 1Q).
Taken together, p53 downregulates SNHG15
expression.

p53 binds to the promoter of the SNHG15
gene

We determined the p53-binding sites in the
SNHG15 gene by first inserting the upstream
sequence of the SNHG15 gene as well as three
different truncations into pGL3-based plas-
mids, which were referred to as P1-P4 (Figure
2A). The P1-P4 plasmids were separately trans-
fected into 293T cells with or without p53 over-
expression. Unlike P2-P4-transfected cells, P1
luciferase activity was reduced in cells overex-
pressing the p53 gene compared with control
cells (Figure 2B). Thus, this finding implies that
the region from -2000 to -1500 bp was critical
for the regulation of SNHG15 expression by the
p53 protein. We transfected the P1 plasmid

Am J Cancer Res 2022;12(2):816-828


http://www.ajcr.us/files/ajcr0140431suppltab1.xlsx
http://www.ajcr.us/files/ajcr0140431suppltab1.xlsx

SNHG15 suppresses cisplatin-induced osteosarcoma cell apoptosis

A CTR p53 B MA plot c
20 |

eUp

®Down
e Normal

p53vs CTR (Log FC>3)

LncRNAs

10 4

-10

- I
Ao N &
Log2FC
& °
3
, , Log2(FC)
N - = N
=) o =} 1S) o

-20 -10 0 10
Log2(FPKM)
D' E F 12 G
% ]
209 H1299 309 H1299
z CTR p53 < CTR p53
w 06 X 06
-~ o — P53
o 100bp - -SNHG15 7 40kD-
Z o3 I 03
@ 200bp---Ac“" 5 35KD- v s - GAPDH
0 0
CTR p53 T2 CTR p53 12
| J K
H 5121 15
_H1299 z 1 p53 WT R175H R273H :
p53 - + 4+ 50.8 | e g 1
o 04 L 005 ax
123 p053_+ ++ 1.2 3 45 6 1%1_,,_+ .
p53 WT R175H R273H
L M o N m CTR
p ®m shRNAp53#1
p53 WT R175H R273H 6 -
Fot ‘= % o & = kb shRNA CTR #1 #2 - B shRNAp53#2
>
) *x
o |40kD— - 4 - <
4] 4
= = == w= s @p @ —GAPDH — Actin 25 |
T |3skD— 0
1.2 3 45 6 = .
U20s
(0] P Q mCDDPOuM
p53 shRNA CTR  p53 4 . MCDDPSM
shRNA CTR #1 #2 CODP 0 5 0 5uM -
>
—p53 i 33 -
o~ Z,
2
04 |
1 2 3 1 2 3 4 L 1
w 0 -
ShRNA CTR p53

Figure 1. p53 downregulates SNHG15 expression. (A-C) p53 Tet-on H1299 cells were treated with or without doxy-
cycline for 24 h. Cells were then subjected to RNA sequencing analysis (A), and the differentially expressed genes
are shown (B, C). (D) The expression level of SNHG15 was shown. (E-G) The expression of wild-type p53 was induced
by doxycycline in H1299 cells, and SNHG15 expression was analyzed using RT-PCR and qRT-PCR (E, F). The expres-
sion of p53 was detected using Western blotting (G). (H, 1) Wild-type p53 was introduced into H1299 cells, and
then SNGH15 expression was analyzed using RT-PCR and qRT-PCR (H, I). (J-L) RT-PCR and gRT-PCR data showing
SNHG15 expression in H1299 cells transfected with wild-type p53 or mutant p53 (R175H or R273H) constructs
and induced by doxycycline (J, K). Western blot analysis showing the expression of p53 or its mutant protein (L).
(M-0) RT-PCR and gRT-PCR data showing SNHG15 expression in U20S cells with p53 knockdown (M, N). Western
blot analysis showing the expression of p53 (0). (P, Q) U20S cells with or without p53 knockdown were treated with
cisplatin (CDDP). SNHG15 expression was analyzed using RT-PCR and qRT-PCR.
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Figure 2. p53 binds the SNHG15 promoter. (A) Schematic illustration of the pGL3-based reporter constructs used to
evaluate SNHG15 promoter activity. (B) The SNHG15 promoter constructs P41, P2, P3 and P4 were separately trans-
fected into 293T cells with or without p53, and then the promoter activity was detected. Data are presented as the
means + SD of triplicate measurements, ***P<0.001. (C) P1 was transfected into H1299 cells with or without p53
overexpression. The luciferase activity was measured. Data are presented as the means + SD of triplicate measure-
ments, ““P<0.001. (D) P1 was transfected into p53 knockdown U20S cells, and then SNHG15 promoter activity
was measured. Data are presented as the means + SD of triplicate measurements, “*P<0.01. (E) Schematic illustra-
tion of the wild-type p53 binding site (BS) and the matching mutant site (BSM) in the SNHG15 promoter. (F) BS or
BSM was transfected with or without p53 into HEK293T cells, and then the promoter activity of BS and BSM was
measured. Data are presented as the means * SD of triplicate measurements, "**P<0.001. (G) BS was introduced
into H1299 cells along with p53 or p53 mutants, and then the promoter activity was detected. Data are presented
as the means * SD of triplicate measurements, “*P<0.001. (H) BS was introduced into p53 knockdown U20S cells
or control cells. Cells were then treated with or without 5 uM CDDP for 24 h before assaying for luciferase activity.
Data are presented as the means + SD of triplicate measurements, “*P<0.01 and ***P<0.001. (I, J) The wild type
p53 and mutants were introduced into p53 silenced U20S cells together with BS. The activity of BS and SNHG15
expression were measured (1, J). Data are presented as the means + SD of triplicate measurements, ***P<0.001. (K)
ChIP analysis showing the binding of p53 to the SNHG15 promoter in p53 knockdown U20S cells or control cells.
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into H1299 cells with or without p53 overex-
pression or U20S cells with or without p53
knockdown to validate this observation.
Overexpression of the p53 gene suppressed
the luciferase activity of P1in H1299 cells com-
pared with the control group (Figure 2C).
However, p53 knockdown increased the lucifer-
ase activity of cells expressing the P1 plasmid
(Figure 2D).

An assessment of the P1 sequence using the
JASPAR database showed a putative p53 bind-
ing site in the SNHG15 promoter. In addition,
we validated the p53 binding site by employing
two different pGL3-based luciferase reporter
plasmids containing the wild-type binding site
(BS) and binding site mutant (BSM) (Figure 2E).
The BS and BSM plasmids were transfected
into 293T cells with the p53 overexpression or
control plasmid. Overexpression of the p53
gene strongly inhibited the activity of the lucif-
erase reporter gene harboring BS but not BSM
(Figure 2F). Subsequently, BS was transfected
into H1299 cells with or without p53 or the
mutant expression plasmid, and then the lucif-
erase activity was assayed. Unlike the mutants,
wild-type p53 downregulated the luciferase
activities of BS (Figure 2G). In addition, we
transfected BS into U20S cells with or without
p53 silencing. The cells were then treated with
5 uM cisplatin. This assay showed decreased
luciferase activity in U20S cells compared to
the control group in response to cisplatin treat-
ment. However, the decreased luciferase activ-
ity was reversed after 5 uM cisplatin treatment
in cells with p53 knockdown (Figure 2H). To fur-
ther confirm it, we transfected the p53 or the
mutant expression plasmid together with BS
into U20S cells with p53 knockdown. The lucif-
erase activity of BS and SNHG15 expression
were detected. Similarly, wild-type p53 not the
mutants downregulated the luciferase activi-
ties of BS and SNHG15 expression in osteosar-
coma cells (Figure 21 and 2J). In addition, we
performed a chromatin immunoprecipitation
(ChIP) assay to determine the specificity of p53
binding to chromatin fragments containing BS
using a p53 antibody for immunoprecipitation
of samples from U20S cells. The binding capac-
ity of the p53 protein to the SNHG15 promoter
was weakened in p53 knockdown cells (Figure
2K). Based on these results, the p53 protein
binds to the SNHG15 promoter and downregu-
lates the expression of the SNHG15 gene.

821

SNHG15 diminishes cisplatin-induced apopto-
sis and ROS accumulation in osteosarcoma

We overexpressed SNHG15 in U20S and 143B
cells to explore the functions of SNHG15 in OS
cells. The cells were then treated with a gradual
increase in cisplatin concentration. Cell apop-
tosis and viability were analyzed using Western
blot and CCK-8 assays. Compared with control
cells, SNHG15 overexpression reduced cisplat-
in-induced apoptosis, as evidenced by the
decreased PARP cleavage and increased cell
viability (Figure 3A-E). In addition, flow cytome-
try analyses indicated that SNHG15 sup-
pressed cisplatin-induced apoptosis in OS cells
(Figure 3F and 3G).

We silenced SNHG15 using siRNAs in U20S
cells and then confirmed the knockdown effi-
ciency using RT-PCR to further verify this obser-
vation. The data showed a significant reduction
in SNHG15 expression (Figure 3H). Cells were
treated with cisplatin, and cell apoptosis was
measured using flow cytometry and Western
blot analyses. SNHG15 knockdown facilitated
cisplatin-induced cell apoptosis (Figure 3I-K).
In addition, compared with the control group,
overexpression of the SNHG15 gene dimin-
ished cisplatin-induced ROS accumulation in
U20S cells (Figure 3L and 3M).

Since our data showed that p53 inhibited
SNHG15 expression, we sought to evaluate
whether p53-mediated increase in cisplatin-
induced cell apoptosis was mediated by
SNHG15. We silenced the SNHG15 gene in
U20S cells with or without p53 depletion and
then treated the cells with or without 5 uM
cisplatin. Notably, p53 knockdown markedly
decreased cisplatin-induced cell apoptosis.
However, the decrease in apoptosis was
reversed by SNHG15 knockdown (Figure 3N).
Taken together, SNHG15 is a key regulator of
chemoresistance in OS cells and mediates the
effect of p53 on cisplatin-induced apoptosis.

SNHG15 suppresses cisplatin-induced apopto-
sis by functioning as a ceRNA of miR-335-3p

Based on the findings of a key role for SNHG15
in the suppression of cisplatin-induced apopto-
sis, we aimed to identify downstream effector
proteins. Previous studies indicated that
SNHG15 functions as a ceRNA with potential
roles in posttranscriptional regulation [26]. We

Am J Cancer Res 2022;12(2):816-828
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Figure 3. SNHG15 decreased cisplatin-induced apoptosis and ROS levels in osteosarcoma cells. (A) SNHG15 was
overexpressed in U20S and 143B cells and assessed using RT-PCR. (B-G) U20S and 143B cells with or without
SNHG15 overexpression were treated with cisplatin. Cell apoptosis and cell viability were analyzed using Western
blot (B and D), CCK-8 (C and E) and flow cytometry assays (F and G). The relative expression of cleaved PARP to GAP-
DH was quantified in (B and D). Data in (C, E and G) are presented as the means + SD of triplicate measurements,
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“*P<0.01 and ""P<0.001. (H) SNHG15 was silenced in U20S cells using siRNAs, and its expression was analyzed
using RT-PCR. (I-K) Cell apoptosis was analyzed using flow cytometry (I, J) and Western blot analysis (K). (L, M) ROS
levels were analyzed using flow cytometry. Data in M are presented as the means + SD of triplicate measurements,
“*P<0.01 and ""P<0.001. (N) p53 expression was silenced in U20S cells with or without SNHG15 knockdown, and
then the cells were treated with cisplatin. Cell apoptosis was detected using Western blotting.
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Figure 4. SNHG15 suppressed cisplatin-induced apoptosis by acting as a ceRNA of miR-335-3p. (A) The miRNAs
binding SNHG15 were predicted by the miRDB database. (B, C) The pSICHECK-2 reporter plasmid containing wild-
type SNHG15 (SNHG15 WT) was transfected into U20S and 143B cells with or without miR-7158-5p or miR-335-3p,
and then the activity of SNHG15 WT was detected. Data in (B and C) are presented as the means + SD of triplicate
measurements, “P<0.01 and """P<0.001. (D) SNHG15 WT was transfected into U20S cells with or without miR-
7158-5p or miR-335-3p inhibitors, and then the activity of SNGH15 WT was detected. Data are presented as the
means * SD of triplicate measurements, “*P<0.001. (E) Schematic illustration of the pSICHECK-2 reporter plasmid
containing the miR-335-3p wild-type binding site (BS) in SNHG15 and the matching mutant (BSM) that were used
in luciferase assays. (F) SNHG15 WT or MUT was transfected into U20S cells with or without miR-335-3p, and then
the luciferase activity was measured. Data are presented as the means + SD of triplicate measurements, “P<0.05.
(G) U20S cells with or without miR-335-3p overexpression were treated with cisplatin. Cell apoptosis was analyzed
using Western blotting. (H) miR-335-3p was inhibited in 143B cells, and then the cells were treated with or without
cisplatin. Cell apoptosis was analyzed using Western blotting. (I) U20S cells with or without SNHG15 overexpression
were transfected with miR-335-3p. The cells were then treated with cisplatin, and cell apoptosis was subsequently
analyzed using Western blotting.

predicted the downstream miRNAs of SNHG15 5p or miR-335-3p to confirm the in silico data.
using a bioinformatics analysis. Two candidate We showed that miR-7158-5p and miR-335-3p
mMiRNAs (miR-7158-5p and miR-335-3p) were reduced the luciferase activity of SNHG15 WT.
shown to bind SNHG15 (Figure 4A). A pSI- However, the downregulation of SNHG15 WT
CHECK-2 reporter plasmid containing wild-type activity by miR-335-3p was more significant
SNHG15 (SNHG15 WT) was transfected into that than by miR-7158-5p in OS cells (Figure 4B
U20S and 14 3B cells with or without miR-7158- and 4C). We then transfected SNHG15 WT into
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143B cells with or without miR-7158-5p or miR-
335-3p inhibitors. Measurement of the lucifer-
ase activity showed that, compared with the
control group, the miR-335-3p inhibitor notice-
ablyincreased the luciferase activity of SNGH15
WT in 143B cells (Figure 4D).

Thereafter, we inserted SNHG15 containing the
miR-335-3p wild-type binding site (SNHG15
WT) or the matching mutant (SNHG15 MUT)
into the pSICHECK-2 reporter plasmid (Figure
4E). These plasmids were transfected into
U20S cells with or without miR-335-3p overex-
pression. The luciferase activity was signifi-
cantly suppressed by miR-335-3p in the cells
expressing SNHG15 WT but not SNHG15 MUT
(Figure 4F). Thus, SNHG15 functions as a
ceRNA of miR-335-3p.

We evaluated whether SNHG15 inhibits cisplat-
in-induced apoptosis by sponging miR-335-3p
by first investigating the effect of miR-335-3p
on cisplatin-induced apoptosis and showed
that miR-335-3p overexpression increased cis-
platin-induced apoptosis in U20S cells (Figure
4G). As expected, inhibition of miR-335-3p
deceased cisplatin-induced apoptosis (Figure
4H). We overexpressed miR-335-3p in U20S
cells with or without SNHG15 overexpression
and then treated them with or without 5 uM cis-
platin. Notably, miR-335-3p overexpression
diminished the effect of SNHG15 on cisplatin-
induced cell apoptosis (Figure 4l). Taken
together, SNHG15 inhibits cisplatin-induced
apoptosis by sponging miR-335-3p.

SNHG15 decreases cisplatin-induced apopto-
sis and ROS accumulation by modulating the
miR-335-3p-ZNF32 axis

Based on findings described above that
SNHG15 suppresses cisplatin-induced apopto-
sis and ROS accumulation by sponging miR-
335-3p, we hypothesized that miR-335-3p
downstream genes might be key regulators of
cell apoptosis and oxidative stress. ZNF32 was
one of the predicted target genes of miR-335-
3p, and it is involved in the regulation of cell
oxidative stress and chemoresistance. We
overexpressed miR-335-3p in U20S or 143B
cells to validate these in silico analyses. We
then assayed ZNF32 expression using Western
blot analysis. The data showed significant inhi-
bition of ZNF32 expression by miR-335-3p
(Figure 5A and 5B). In contrast, depletion of
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miR-335-3p increased ZNF32 expression (Fi-
gure 5C and 5D). Thereafter, we inserted the
ZNF32 3’UTR containing the wild-type binding
site (BS) or the matching mutant (BSM) into the
pSICHEK2 plasmid (Figure 5E). BS and BSM
were then transfected into U20S cells with or
without miR-335-3p overexpression, and then
luciferase activity was measured. Compared
with the control group, miR-335-3p significan-
tly reduced the luciferase activity of the
BS-containing cells but not in the cells trans-
fected with BSM. Collectively, these data sug-
gest that miR-335-3p targets ZNF32 in OS
(Figure 5F).

We silenced SNHG15 in U20S or 143B cells to
investigate the effects of SNHG15 and p53 on
the miR-335-3p-specific expression of ZNF32.
Compared with the control cells, SNHG15
knockdown reduced ZNF32 expression, but
this change was reversed by the miR-335-3p
inhibitor (Figure 5G and 5H). Similarly, p53
knockdown upregulated ZNF32 expression, a
phenomenon that was abolished by overex-
pression of miR-335-3p (Figure 5I). Based on
these data, the regulation of ZNF32 expression
by SNHG15 or p53 was mediated by
miR-335-3p.

In addition, we examined the effect of ZNF32
overexpression on cisplatin-induced cell apop-
tosis and ROS accumulation in OS cells.
Compared with the control group, the upregula-
tion of ZNF32 inhibited cisplatin-induced cell
apoptosis and ROS accumulation (Figure 5J-L).
In addition, the upregulation of ZNF32 reversed
the increase in cell apoptosis induced by
SNHG15 depletion (Figure 5M and 5N), thus
indicating that SNGH15 suppressed cisplatin-
induced OS cell apoptosis by regulating the
miR-335-3P/ZNF32 axis.

Discussion

Although SNHG15 has been shown to mediate
the development of multiple cancers, limited
data are available on its role and regulatory
mechanism in osteosarcoma. In the present
study, we dissected the role of the IncRNA
SNHG15 in cisplatin-induced OS cell apoptosis.
We showed that p53 suppresses SNHG15
expression by directly binding to the SNHG15
promoter in OS cells. Furthermore, SNHG15
suppresses cisplatin-induced apoptosis and
ROS accumulation by targeting the miR-335-
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Figure 5. SNHG15 decreased cisplatin-induced apoptosis and ROS levels by regulating the miR-335-3p-ZNF32 axis.
A, B. miR-335-3p was transfected into U20S or 143B cells. We then analyzed ZNF32 expression using Western
blotting. The relative expression of ZNF32 to GAPDH was quantified. C, D. The miR-335-3p inhibitor was transfected
into U20S or 143B cells, and then ZNF32 expression was analyzed using Western blotting. The relative expression
of ZNF32 to GAPDH was quantified. E. The miR-335-3p binding site in the ZNF32 3’UTR was predicted by the Tar-
getScan database. Schematic illustration of the pSICHECK-2 reporter plasmid containing the miR-335-3p wild-type
binding site (BS) in the ZNF32 3’UTR or the matching mutant (BSM) used in the luciferase assays. F. ZNF32 3'UTR
WT or MUT was transfected into U20S cells with or without miR-335-3p overexpression, and then the luciferase ac-
tivity was assessed. The data are presented as the means + SD of triplicate measurements, “"P<0.001. G. SNHG15
expression was silenced in U20S or 143B cells, and then ZNF32 levels were analyzed using Western blotting. H.
The miR-335-3p inhibitor was transfected into U20S cells with or without SNHG15 knockdown. ZNF32 expression
was measured using Western blot analysis. I. U20S cells with or without p53 knockdown were transfected with
miR-335-3p, and then ZNF32 and p53 levels were analyzed using Western blotting. J. U20S cells with or without
ZNF32 overexpression were treated with cisplatin, and cell apoptosis was measured using Western blotting. The
relative expression of cleaved PARP to GAPDH was quantified. K, L. U20S cells with or without ZNF32 overexpression
were treated with cisplatin, and then ROS levels were measured using flow cytometry. The data are presented as
the means + SD of triplicate measurements, “““P<0.001. M, N. SNHG15 was silenced in U20S cells with or without
ZNF32 overexpression and then cells were treated with cisplatin. Cell apoptosis was measured using flow cytometry.
The data are presented as the means * SD of triplicate measurements, "**P<0.001.
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3p-ZNF32 axis. Our study indicated that
the p53-SNHG15-miR-335-3p-ZNF32 signaling
pathway plays a key role in cisplatin-induced
OS cell apoptosis.

Previous studies documented the upregulation
of both SNHG15 and MYC in colorectal cancer,
and SNHG15 was shown to increase cell prolif-
eration, invasion and resistance to 5-FU [27].
Further investigation revealed that two E-box
motifs in the SNHG15 sequence were bound by
the MYC protein, implying that SNHG15 tran-
scription is directly modulated by the MYC
oncogene [27]. Here, we showed the signifi-
cant suppression of SNHG15 expression in
response to wild-type p53, indicating that
SNHG15 might be downregulated by the tumor
suppressor gene p53. Further studies con-
firmed that only WT p53, but not mutant p53,
repressed SNHG15 expression by directly bind-
ing to its promoter in a transcription-dependent
manner.

In addition, accumulating evidence has shown
the upregulation of SNHG15 in hepatocellular
carcinoma, pancreatic ductal adenocarcinoma
and colorectal cancer [28-30]. In addition,
SNHG15 is associated with chemoresistance in
breast cancer by targeting miR-381 [24]; thus,
SNHG15 might be a potential oncogene that
induces drug resistance. Consistent with previ-
ous studies, SNHG15 decreased cisplatin-
induced apoptosis and ROS accumulation in
OS cells in the present study. SNHG15 overex-
pression decreased cisplatin-induced apopto-
sis and ROS accumulation and increased cell
viability. In addition, SNHG15 ablation signifi-
cantly facilitated cisplatin-induced cell apopto-
sis. On the other hand, p53 knockdown sub-
stantially repressed cisplatin-induced cell
apoptosis, a phenomenon that was reversed by
SNHG15 knockdown. Based on these data,
SNHG15 contributes to the pb53-mediated
resistance of osteosarcoma cells to cisplatin.

We further studied the potential mechanisms
of SNHG15 in the resistance of OS cells to cis-
platin. Previous studies have shown that
SNHG15 suppresses the expression of miRNAs
by functioning as a ceRNA of miRNAs [26, 31].
Consequently, using bioinformatics analysis,
we predicted miR-335-3p as a putative
SNHG15 target. In addition, luciferase reporter
assays showed that miR-335-3p was a down-
stream target of SNHG15. On the other hand,
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miR-335-3p might function as a tumor sup-
pressor. For example, Zhao et al. showed low
expression of miR-335-3p in non-small cell
lung cancer (NSCLC) tissues and cell lines
compared with normal cells and this miRNA
targeted S100 calcium-binding protein Al14
(S100A14) to exert its effect as a tumor sup-
pressor. Moreover, miR-355-3p expression is
suppressed in OS, and inhibition of miR-355-
3p increases the proliferation, migration and
invasion of OS cells [32]. In our study, miR-335-
3p overexpression enhanced cisplatin-induced
apoptosis in U20S cells. As expected, inhibition
of miR-335-3p deceased cisplatin-induced
apoptosis. Therefore, SNHG15 inhibits cisplat-
in-induced apoptosis by sponging miR-335-3p.

On the other hand, ZNF32, a crucial transcrip-
tion factor belonging to the Kruppel-related
zinc finger family, has been shown to contribute
to the induction of multidrug resistance in lung
cancer [33]. In our study, ZNF32 inhibited cispl-
atin-induced cell apoptosis and ROS accumula-
tion. In addition, ZNF32 expression was inhibit-
ed by miR-355-3p by binding of the 3'UTR. In
addition, further investigation suggested that
SNHG15 induced ZNF32 expression by spong-
ing miR-355-3p, thus decreasing CDDP-
induced apoptosis in OS cells.

Taken together, SNHG15, a p53-responsive
INcRNA, represses CDDP-induced apoptosis
and ROS accumulation in human osteosarco-
ma cells through the miR-355-3p/ZNF32 axis.
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