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Abstract.
BACKGROUND: Bladder cancer (BC) is the most common malignant tumor in the urinary system with a high incidence,
imposing a burden on the healthcare system worldwide. The participation of long non-coding RNAs (lncRNAs) in BC has
attracted increasing attention.
OBJECTIVE: The aim in the current study was to explore the potential mechanism involving SH3BP5-AS1 in modulating
BC cell proliferation, apoptosis and ferroptosis.
METHODS: qPCR and WB analysis measured the expression of RNAs and proteins. Functional and mechanism experiments
were performed to investigate RNA impacts on cell proliferation, apoptosis and ferroptosis, and explore the correlation
between RNA and protein expression.
RESULTS: SH3BP5-AS1 was down-regulated in BC cells, and SH3BP5-AS1 overexpression could inhibit BC cell prolif-
eration but facilitate the cell apoptosis. SH3BP5-AS1 was also found to facilitate the ferroptosis of BC cells. Additionally,
SH3BP5-AS1 was confirmed to recruit IGF2BP2 to regulate VDAC2 expression in the m6A-dependent manner. VDAC2 was
detected to be down-regulated in BC cells and was verified to inhibit BC cell growth. Moreover, it was indicated from rescue
assays that SH3BP5-AS1 could modulate VDAC2 expression to promote the ferroptosis of BC cells.
CONCLUSION: SH3BP5-AS1 could affect BC cell proliferation, apoptosis and ferroptosis via IGF2BP2/VDAC2, providing
a novel molecular perspective for understanding BC.
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INTRODUCTION

Bladder cancer (BC) is one of the most prevalent
urinary malignancies, severely affecting the quality
of human life due to its mortality and recurrence
[1, 2]. Classifying patients into low-, intermediate-,
and high-risk groups is of crucial importance to the
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recommendation of treatment, including immediate
chemotherapy instillation, intravesical immunother-
apy and radical cystectomy [3]. Accumulating studies
have made important contributions to BC treatment
due to the discovery of novel diagnosis biomark-
ers, but the mortality displays less marked changes
despite advancements in BC detection and treatment,
and the five-year overall survival remains unsatis-
fying [4]. Therefore, further investigation into the
molecular mechanisms still deserves much attention
for the discovery of potential diagnostic markers.

The participation of long non-coding RNAs (lncR-
NAs) in modulating the malignant behaviors of
tumor cells has been much discussed, and signifi-
cant functions of lncRNAs have also been validated
in such aspects as the inactivation of X-chromosomal,
remodeling of chromatin and transcriptional repres-
sion [5]. Functions of lncRNAs in BC have also
attracted much attention in recent years, and advance-
ments have been achieved in the analysis of molecular
mechanisms essential to BC cell growth and tumor
progression. Specifically, lncRNA RMRP could
function as a miR-206 sponge to affect the pro-
liferation, migration and invasion of BC cells, and
more importantly, the close relation between RMRP
expression levels and lymph node metastasis in BC
has been fathomed out [6]. LncRNA CASC11, based
on recent literature, is also testified to impact BC
cell proliferation via miRNA-150 [7]. Moreover,
exosomal PTENP1 is validated to exert inhibitory
impacts on the malignant behaviors of BC cells via
the regulation on PTEN/microRNA-17 [8]. LncRNA
SH3BP5-AS1 is up-regulated in cells extracted from
recurrent neuroblastoma tissues and displays differ-
ential expressions in neuroblastoma patients, and
based on further analysis, SH3BP5-AS1 could be
considered as a significant factor for the clinical
prediction of neuroblastoma outcomes [9]. Accord-
ing to a recently published report, SH3BP5-AS1 is
down-regulated in BC tissues when compared with
paracancerous tissues [10]. The specific functions
and regulatory mechanism of SH3BP5-AS1 in BC
require further investigation.

Ferroptosis is a novel, non-apoptotic type of cell
death in an iron-dependent pattern and character-
ized with the accumulation of lipid peroxidation
products and lethal reactive oxygen species (ROS)
derived from iron metabolism [11–13]. The signifi-
cant involvement of ferroptosis in the occurrence and
progression of various malignancies has been some-
what analyzed. To be specific, ferroptosis is closely
associated with intestinal ischemia/reperfusion injury

[14] and the immune system is also verified to
partially function through ferroptosis for the pre-
vention of tumorigenesis [15]. Additionally, the
potential correlation between lncRNAs and ferrop-
tosis in cancers has also been unveiled. For instance,
cytosolic P53RRA interacts with G3BP1 for nuclear
p53 retention, thus contributing to cell-cycle arrest
and ferroptosis [16]. ZFAS1 silence is confirmed to
attenuate the ferroptosis and pulmonary fibrosis pro-
gression via modulating miR-150-5p/SLC38A1 [17].
Herein, we also tried to figure out whether there was
a correlation between SH3BP5-AS1 and ferroptosis
in BC.

In the current study, the main aim was to probe
into SH3BP5-AS1 impacts on proliferation, apopto-
sis and ferroptosis of BC cells, and the corresponding
modulation mechanism was also investigated.

MATERIALS AND METHODS

Cell culture

Immortalized human urothelial cell line (SV-
HUC-1) and human BC cell lines (T24, J82, 5637,
HT1376) were procured from American Type Cul-
ture Collection (ATCC). The procured cells were
incubated in RPMI 1640 medium (61870127, Gibco,
USA) supplemented with 10% fetal bovine serum
(FBS; 10270-106, Gibco) and 100 U/ml penicillin-
streptomycin solution in a humidified incubator with
5% CO2 at 37◦C, respectively.

Quantitative real time PCR (qPCR)

Total RNA was extracted with Trizol (9108-1,
Thermo Fisher, USA) according to the manufactur-
er’s protocol. cDNA was synthesized from total RNA
(1 �g) with PrimeScript™ RT Master Mix. qPCR was
carried out with ChamQ Universal SYBR qPCR Mas-
ter Mix (Q711-02, Vazyme Biotech, Nanjing, China).
The results were calculated and presented as 2–��Ct.
GAPDH was regarded as the internal control. The
experiment was repeated for three times.

Cell transfection

For overexpressing SH3BP5-AS1, IGF2BP2
and VDAC2, pcDNA3.1 vectors were obtained
to construct pcDNA3.1-SH3BP5-AS1, pcDNA3.1-
IGF2BP2 and pcDNA3.1-VDAC2, respectively.
Short hairpin RNAs (shRNAs) targeting SH3BP5-
AS1, IGF2BP2 and VDAC2 were purchased for
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the silence of SH3BP5-AS1, IGF2BP2 and VDAC2
by constructing sh-SH3BP5-AS1, sh-IGF2BP2 and
sh-VDAC2. After the indicated plasmids were trans-
fected into cells with Lipofectamine 2000, qPCR was
applied to select the cells with stable transfection.

Cell counting kit-8 (CCK-8)

The Cell Counting Kit-8 (M4839, ABMOLE,
USA) was obtained to detect cell viability, with the
manufacturer’s instructions strictly followed. Cells
were seeded onto 96-well flat-bottomed plate (1,000
cells per well) and incubated at 37◦C for 24 h, fol-
lowed by the transfection of corresponding plasmids.
CCK-8 solution was added to each well and the
absorbance was determined at 450 nm by using a
microplate reader (51119770DP, Thermo Fisher).
The data was collected for 3 days. The experiment
was repeated for three times.

Flow cytometry assay

Cell apoptosis was detected with Flow Cytome-
ter (DxFLEX, Thermo Fisher) and Annexin V/PI
staining kit according to the standard protocol. After
digestion and re-suspension in the binding buffer,
cells (4 × 106) in 6-well plates were double-stained
with Annexin V/PI staining kit at room tempera-
ture. Afterwards, the apoptotic cells were analyzed
with flow cytometer. The experiment was repeated
for three times.

Iron detection assay

The iron assay kit (ab83366, Abcam, Cambridge,
MA, UK) was procured for measuring Fe2+ in cells.
Transfected cells were seeded onto 96-well plates
(3,000 cells per well). Subsequent to the removal
of insoluble materials, ferric iron was dissociated
into solution by ferric carrier proteins in an acid
buffer environment. After the iron was reduced to
ferrous form and reacted with Ferene S to form a sta-
ble colored complex, the ferrous iron was measured,
followed by analysis with a microplate reader. The
experiment was repeated for three times.

Measurement of lipid reactive oxygen species
(ROS)

Lipid ROS measurement was employed as previ-
ously described [18]. Cells (4 × 105/ml) were treated
with DSF/Cu (1 �M/1 �M) for 6 h and washed with

PBS (C10010500BT, Gibco). Then, cells were incu-
bated with 10 �M DCFH-DA in serum-free medium
at 37◦C for 30 min in a dark place. After PBS washes,
lipid ROS levels were analyzed on a flow cytometer
using a 519 nm filter for DCFH-DA fluorescein detec-
tion. Data were collected from at least 10,000 cells
per sample. The experiment was repeated for three
times.

Fluorescent in situ hybridization (FISH)

FISH assay was completed with the help of FISH
probe kit (C10910, RIBOBIO, Guangzhou, China).
Fixed cells (8,000–10,000 cells per well in 24-
well plates) were gathered for the incubation in
the hybridization buffer with SH3BP5-AS1 FISH
probe, and the negative control probes (without spe-
cific labeling) were also utilized. Subsequently, DAPI
solution was supplemented for counterstaining the
nuclei and then the stained cells were observed and
analyzed with laser scanning confocal microscope
(Smart zoom 5, ZEISS). The experiment was repeated
for three times.

Luciferase reporter assay

For the detection of methylation site on VDAC2,
VDAC2 with wide-type m6A, VDAC2 m6A with
mutated site 1206 or mutated site 1199 was respec-
tively sub-cloned into pGL3 vectors to construct
pGL3-VDAC2 (m6A-Wt), pGL3-VDAC2 (m6A-
1206 Mut) or pGL3-VDAC2 (m6A-1199 Mut).
The obtained plasmids were transfected into cells
(1.2 × 105 cells per well in 24-well plates) with co-
transfection of pcDNA3.1 or pcDNA3.1-IGF2BP2.
Dual luciferase reporter kit (RG027, Beyotime
Biotechnology, Shanghai, China) was applied to
detect the luciferase activity. The experiment was
repeated for three times.

Western blot (WB) assay

Cells were lysed in RIPA buffer for the extraction
of proteins. Total cell proteins were separated by 10%
SDS-PAGE before being transferred to polyvinyli-
dene difluoride (PVDF) membranes. The proteins
on PVDF membranes were then probed with Anti-
β-actin (ab8226, Abcam), Anti-VDAC2 (ab37985,
Abcam), and Anti-IGF2BP2 (ab128175, Abcam).
The secondary antibodies conjugated with HRP
(ab131368, Abcam) were added for subsequent 2-h
cultivation with samples. Finally, the proteins were
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measured via enhanced chemiluminescence (ECL)
detection system. 30 �g proteins were loaded onto
each lane. The experiment was repeated for three
times.

RNA pulldown

To verify the relation among different factors,
sense or anti-sense SH3BP5-AS1, sense or antisense
VDAC2, and VDAC21206M sense were respectively
procured. Cells (2 × 107) were lysed in the lysis
buffer preliminarily. To verify the relation between
SH3BP5-AS1/VDAC2 and IGF2BP2, sense or anti-
sense SH3BP5-AS1/VDAC2 was added into cell
lysates. In addition, sense or antisense VDAC2 and
VDAC21206M sense was used to pull down IGF2BP2
in order to confirm the methylation site. Pierce™
Streptavidin Magnetic Beads (88816, Thermo Fisher)
were applied to pull down the biotinylated RNA-
protein duplexes. The purified protein was subjected
to WB analysis. The experiment was repeated for
three times.

RNA binding protein immunoprecipitation (RIP)

RIP assay in this study was completed with
Imprint® RNA Immunoprecipitation Kit (RIP-
12RXN, Sigma-Aldrich, USA). Firstly, 2 × 107 cells
were centrifuged and re-suspended in RIP lysis
buffer after being washed with PBS. Cell lysates
were co-cultured with Anti-IgG (ab133470, Abcam),
Anti-SRSF1 (sc-33652, Santa Cruz, CA, USA),
Anti-U2AF2 (ab37530, Abcam), Anti-HNRNPA1
(ab208027, Abcam) and Anti-IGF2BP2 (ab128175,
Abcam), which were pre-conjugated with magnetic
beads. The precipitated RNAs in the complexes were
isolated and assessed by qPCR. The experiment was
repeated for three times.

Statistical analysis

All statistical analyses were performed with Sta-
tistical Product and Service Solutions (SPSS) 20.0
software. GraphPad Prism 7.0 software was used
to draw graphs. The data were expressed as the
mean ± SD, and each assay was carried out for at
least three times. Multiple comparisons were per-
formed using Student’s t-test, one-way analysis of
variance (ANOVA) and two-way ANOVA. P < 0.05
was regarded as statistically significant.

RESULTS

SH3BP5-AS1 impedes BC cell proliferation but
facilitates BC cell apoptosis

In accordance to the bioinformatics analysis con-
ducted by Cao et al., SH3BP5-AS1, a member
of immune-related lncRNAs, was down-regulated
in BC tissues and cells relative to paracancer-
ous tissues and normal bladder epithelium cells
[10]. In the current study, before investigation into
SH3BP5-AS1 influences on BC cell behaviors,
qPCR analysis was first conducted to determine the
expression level of SH3BP5-AS1 in different cell
lines. As we expected, compared with immortalized
human urothelial cell line (SV-HUC-1), SH3BP5-
AS1 displayed a lower expression in BC cell lines,
particularly in T24 and J82 cells, and the two cell
lines were selected for implementing the subsequent
experiments (Fig. 1A). Then, pcDNA3.1-SH3BP5-
AS1 was transfected into T24 and J82 cells to
overexpress SH3BP5-AS1 (Fig. 1B). CCK-8 assay
corroborated that SH3BP5-AS1 up-regulation led to
the decreased cell proliferation (Fig. 1C), while flow
cytometry assay substantiated that BC cell apoptosis
was facilitated by pcDNA3.1-SH3BP5-AS1 transfec-
tion (Fig. 1D). Next, we evaluated the subcellular
distribution of SH3BP5-AS1 through FISH assay,
and it was manifested that SH3BP5-AS1 existed both
in cell nucleus and cytoplasm (Fig. 1E). To conclude,
SH3BP5-AS1 is ascertained to impede cell prolifer-
ation and facilitate cell apoptosis in BC.

SH3BP5-AS1 facilitates BC cell ferroptosis

LncRNAs might function by interacting with
RNA binding proteins (RBPs) in cancer cells [19].
Therefore, we wondered whether there existed
potential interaction between SH3BP5-AS1 and a
certain RBP in BC cells. According to starBase
prediction (https://starbase.sysu.edu.cn/index.php)
under the conditions of CLIP-Data > = 5 and
pan-Cancer > = 10, the top 4 RBPs with highest
ClusterNum (SRSF1, U2AF2, HNRNPA1 and
IGF2BP2) were screened out (Fig. 2A). The illustra-
tion of ferroptosis mechanism acquired from KEGG
website (https://www.kegg.jp/) was displayed
(Fig. 2B). Intriguingly, 4 of the above-mentioned
RBPs were also predicted to bind with various key
ferroptosis genes on starBase (Fig. 2C; Supplemen-
tary file). The crucial association between ferroptosis
and lncRNAs has been somewhat raveled out [20],

https://starbase.sysu.edu.cn/index.php
https://www.kegg.jp/
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Fig. 1. SH3BP5-AS1 impedes BC cell proliferation but facilitates BC cell apoptosis. (A) qPCR analysis was done for calculating the
expression level of SH3BP5-AS1 in immortalized human urothelial cell line (SV-HUC-1) and human BC cell lines (T24, J82, 5637, HT1376).
(B) SH3BP5-AS1 expression was detected in pcDNA3.1-SH3BP5-AS1-transfected cells via qPCR. (C) The viability of pcDNA3.1-SH3BP5-
AS1-transfected cells was evaluated via CCK-8 assay. (D) The apoptosis of pcDNA3.1-SH3BP5-AS1-transfected cells was analyzed via flow
cytometry assay. (E) FISH assay was done to determine the cellular distribution of SH3BP5-AS1 in T24 and J82 cells. ∗p < 0.05, ∗∗p < 0.01.

and the previous study has also unveiled the role
of RBPs in modulating cell ferroptosis in cancers
[21]. Hence, we speculated that SH3BP5-AS1 could
interact with RBPs to modulate specific ferroptosis
genes, thus affecting BC cell ferroptosis. Ferroptosis
is usually accompanied by a large amount of iron
accumulation and lipid ROS [22]. To validate our
speculation, Fe2+ in BC cells before and after
SH3BP5-AS1 overexpression was detected. Accord-
ing to the experimental results, we found that Fe2+
content was largely increased by SH3BP5-AS1

augment (Fig. 2D). Lipid ROS level was also
detected via flow cytometry, and it was revealed that
SH3BP5-AS1 overexpression could induce a higher
lipid ROS level (Fig. 2E). Herein, it is confirmed
that SH3BP5-AS1 can affect BC cell ferroptosis.

SH3BP5-AS1 recruits IGF2BP2 to positively
modulate VDAC2

To further explore the underlying regulatory mech-
anism of SH3BP5-AS1, we conducted RIP assay to



34 Y. Shao et al. / SH3BP5-AS1/IGF2BP2/VDAC2 Axis Promotes the Apoptosis and Ferroptosis of Bladder Cancer Cells

Fig. 2. SH3BP5-AS1 facilitates BC cell ferroptosis. (A) Bioinformatics tool (starBase) was applied to predict the RBPs potentially binding
to SH3BP5-AS1 under the indicated conditions (CLIP Data> = 5, pan-Cancer> = 10). (B) The ferroptosis pathway map obtained from KEGG
was demonstrated. (C) The four candidate RBPs (U2AF2, HNRNPA1, SRSF1 and IGF2BP2) were predicted to potentially bind with key
genes of ferroptosis on starBase. (D) The ferrous iron content in T24 and J82 cells with overexpressed SH3BP5-AS1 was measured with a
microplate reader. (E) Flow cytometer was applied to detect lipid ROS in BC cells with SH3BP5-AS1 up-regulation. ∗∗p < 0.01.



Y. Shao et al. / SH3BP5-AS1/IGF2BP2/VDAC2 Axis Promotes the Apoptosis and Ferroptosis of Bladder Cancer Cells 35

precipitate SH3BP5-AS1 with antibodies against the
predicted RBPs, and Anti-IgG was used as the nega-
tive control. By analyzing SH3BP5-AS1 enrichment,
it could be ascertained that IGF2BP2 was the RBP
binding to SH3BP5-AS1 in T24 and J82 cells, as
only IGF2BP2 antibody was able to significantly pre-
cipitate SH3BP5-AS1 (Fig. 3A). It had already been
displayed in Fig. 2C that IGF2BP2 was possibly asso-
ciated with some ferroptosis genes including GPX4,
VDAC2, VDAC3 and ACSL4. VDAC2 was screened
out as the downstream key ferroptosis gene via RIP, as
VDAC2 enrichment in IGF2BP2 antibody was sub-
stantial (Fig. 3B). In RNA pulldown assay, IGF2BP2
was pulled down by both biotinylated SH3BP5-AS1
sense and VDAC2 sense, which further proved the
combination between IGF2BP2 and SH3BP5-AS1 or
between IGF2BP2 and VDAC2 (Fig. 3C-D). Then,
we conducted WB analysis to detect IGF2BP2 and
VDAC2 expression in cells with SH3BP5-AS1 over-
expression, and found that SH3BP5-AS1 augment
could only enhance the protein level of VDAC2,
while that of IGF2BP2 remained almost unchanged
(Fig. 3E). Subsequently, IGF2BP2 was silenced in
T24 and J82 cells, and sh-IGF2BP2-1 was chosen in
the following experiments due to the highest knock-
down efficiency (Fig. 3F). Hereafter, sh-IGF2BP2-1
was named as sh-IGF2BP2. The results of qPCR
and WB analysis indicated that VDAC2 mRNA and
protein levels were decreased after cells were trans-
fected with sh-IGF2BP2 (Fig. 3G). Furthermore,
as depicted in Fig. 3H, VDAC2 level precipitated
in Anti-IGF2BP2 was detected to be higher in
pcDNA3.1-SH3BP5-AS1-transfected cells than in
pcDNA3.1-transfected cells. Additionally, we con-
ducted qPCR and WB analyses to detect the influence
of SH3BP5-AS1/IGF2BP2 on VDAC2 expression,
and found that the decline in VDAC2 mRNA and pro-
tein levels, resulting from IGF2BP2 depletion, could
not be recovered by SH3BP5-AS1 overexpression
(Fig. 3I). In all, SH3BP5-AS1 recruits IGF2BP2 to
enhance VDAC2 expression in BC cells.

IGF2BP2 promotes the stability of VDAC2 in an
m6A-dependent manner

Considering that IGF2BPs, including
IGF2BP1/2/3, have been testified as m6A read-
ers to enhance the stability of target mRNAs [23],
we hypothesized that IGF2BP2 might also mediate
the stability of VDAC2 through m6A modification.
As depicted in Fig. 4A, VDAC2 enrichment in
Anti-m6A was abundant, indicating the possibility

of VDAC2 m6A modification. Then, the existence
of m6A sites in VDAC2 was found after searching
on SRAMP (https://www.cuilab.cn/sramp), and the
two sites (site 1199 and site 1206) with highest
prediction scores were further investigated in this
study (Fig. 4B). Subsequently, IGF2BP2 over-
expression efficiency was testified (Fig. 4C). To
determine the specific methylation site of VDAC2
influenced by IGF2BP2, luciferase reporter assay
was implemented. Based on the experimental
results, the luciferase activity of pGL3-VDAC2
(m6A-1206 Mut) was hardly affected by IGF2BP2
up-regulation while that of pGL3-VDAC2 (m6A-Wt)
and pGL3-VDAC2 (m6A-1199 Mut) was evidently
strengthened under the same condition, reflecting
that IGF2BP2 influenced m6A methylation of
VDAC2 at site 1206 (Fig. 4D). RNA pulldown assay
was carried out for further validation. As depicted
in Fig. 4E, IGF2BP2 could be pulled down by
biotinylated VDAC2 sense, but not by biotinylated
VDAC2 antisense or biotinylated VDAC2 sense
with mutated site 1206, which further confirmed
the interaction between IGF2BP2 and VDAC21206.
Moreover, in accordance to qPCR analysis, VDAC2
transcription in BC cells with IGF2BP2 depletion
declined more quickly compared with the sh-NC
group after 50mM β-amanitin treatment (Fig. 4F).
To conclude, IGF2BP2 enhances the stability of
VDAC2 mRNA via modulating its m6A methylation
at site 1206 in BC cells.

VDAC2 overexpression inhibits BC cell
proliferation and accelerates BC cell apoptosis

To elucidate the role of VDAC2, we first assessed
VDAC2 expression in BC cells and SV-HUC-1 cells.
It was ascertained via qPCR that VDAC2 expres-
sion was aberrantly lower in BC cells compared
with SV-HUC-1 cells (Fig. 5A). Then, VDAC2 was
overexpressed in T24 and J82 cells (Fig. 5B). The
impacts of VDAC2 overexpression on BC cell prolif-
eration and apoptosis were then evaluated via CCK-8
and flow cytometry assays, respectively. In CCK-8
assay, cell viability was found to be mitigated as a
result of pcDNA3.1-VDAC2 transfection (Fig. 5C).
Flow cytometry assay unmasked BC cell apoptosis
was exacerbated by VDAC2 augment (Fig. 5D). The
above findings together reflect that VDAC2 is down-
regulated in BC cells and VDAC2 overexpression can
inhibit BC cell proliferation while promoting the cell
apoptosis.

https://www.cuilab.cn/sramp
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Fig. 3. SH3BP5-AS1 recruits IGF2BP2 to positively regulate VDAC2. (A) In RIP assay, the enrichment of SH3BP5-AS1 in Anti-U2AF2,
Anti-HNRNPA1, Anti-IGF2BP2 and Anti-SRSF1 was calculated by qPCR. (B) The possible binding between SH3BP5-AS1 and four RBPs
was evaluated by RNA pulldown assay. (C-D) IGF2BP2 level pulled down by SH3BP5-AS1/VDAC2 sense was detected via WB. (E) WB
was done to measure IGF2BP2 and VDAC2 protein levels in BC cells with overexpressed SH3BP5-AS1. (F) qPCR analysis was done to
testify IGF2BP2 knockdown efficiency. (G) qPCR and WB analyses were applied to measure VDAC2 expression in IGF2BP2-depleted
cells. (H) In RIP assay, the level of VDAC2 precipitated in Anti-IGF2BP2 was detected in T24 and J82 cells transfected with pcDNA3.1
or pcDNA3.1-SH3BP5-AS1. (I) VDAC2 mRNA and protein levels were examined via qPCR and WB in the cells with transfection of
sh-IGF2BP2 or sh-IGF2BP2 + pcDNA3.1-SH3BP5-AS1. ∗∗p < 0.01, n.s.: no significance.
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Fig. 4. IGF2BP2 enhances VDAC2 mRNA stability in an m6A-dependent manner. (A) In RIP assay, VDAC2 enrichment in Anti-m6A was
quantified via qPCR. (B) Bioinformatics analysis was done to predict the m6A methylation site on VDAC2. (C) IGF2BP2 overexpression
efficiency was determined via qPCR analysis. (D) In luciferase reporter assay, cells were co-transfected with different luciferase reporter
constructs and pcDNA3.1 or pcDNA3.1-IGF2BP2 to determine the methylation site on VDAC2. (E) After RNA pulldown assay, IGF2BP2
level pulled down by the indicated probes was measured via WB. (F) VDAC2 mRNA stability was evaluated at different time points in
sh-NC- or sh-IGF2BP2-transfected cells after the addition of 50mM β-amanitin. ∗∗P < 0.01.

SH3BP5-AS1 modulates BC cell ferroptosis via
VDAC2

To elucidate the validity of SH3BP5-AS1/VDAC2
axis in modulating BC cell ferroptosis, we designed
and implemented rescue assays. VDAC2 knock-
down efficiency was tested through qPCR in advance
(Fig. 6A). In subsequent assays, sh-VDAC2-1
(termed as sh-VDAC2) with highest knockdown
efficiency was applied. Then, we conducted rescue
assays to probe into the impacts of SH3BP5-
AS1/VDAC2 on cell ferroptosis. By analyzing the
results, we found that the elevation in Fe2+ content
induced by SH3BP5-AS1 overexpression could be
recovered by co-transfection of sh-VDAC2 (Fig. 6B).

Lipid ROS positive cell rate enhanced by SH3BP5-
AS1 up-regulation was detected to be reversed by
VDAC2 knockdown (Fig. 6C). To sum up, SH3BP5-
AS1 can mediate BC cell ferroptosis via modulation
on VDAC2.

DISCUSSION

In our study, the aberrantly low expression of
SH3BP5-AS1 in BC cells was detected. Through
functional assays, we confirmed overexpression of
SH3BP5-AS1 could inhibit BC cell proliferation
while promoting BC cell apoptosis. Existing studies
have unveiled that lncRNAs could interact with RBPs
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Fig. 5. VDAC2 is down-regulated in BC cells and VDAC2 overexpression impedes BC cell proliferation but promotes BC cell apoptosis. (A)
VDAC2 expression in SV-HUC-1 and BC cell lines was detected via qPCR. (B) VDAC2 expression was measured in pcDNA3.1-VDAC2-
transfected cells via qPCR. (C) CCK-8 was done to evaluate the proliferation of BC cells with VDAC2 overexpression. (D) The apoptotic
ability of VDAC2-overexpressed cells was detected via flow cytometry assay. ∗∗p < 0.01.

to modulate the expression of downstream genes,
thus influencing cellular processes [24]. Therefore,
we assumed that SH3BP5-AS1 might also regulate
downstream gene expression via the interaction with
certain RBP to exert influence on BC cells. Con-
sidering the association between candidate RBPs
potentially binding to SH3BP5-AS1 and key genes of
ferroptosis, we also detected Fe2+ content and lipid
ROS in BC cells with SH3BP5-AS1 overexpression
and confirmed SH3BP5-AS1 overexpression could
result in promoted ferroptosis. Through mechanism
assays, accompanied with qPCR and WB, IGF2BP2
was confirmed to be the RBP recruited by SH3BP5-
AS1 in BC cells to modulate the expression of
VDAC2, the key ferroptosis gene.

Thereafter, we continued to probe into the regu-
latory mechanism involving IGF2BP2 and VDAC2.
IGF2BP family has been repeatedly validated to
maintain mRNA stability as m6A readers [25, 26]. To
examine whether IGF2BP2 also influenced VDAC2
via m6A modulation, we first applied RIP assay to
ensure the binding between IGF2BP2 and VDAC2

m6A site. Luciferase reporter assay, RNA pulldown
assay and mRNA stability assay further validated that
IGF2BP2 could methylate VDAC2 at site 1206 to
stabilize VDAC2 mRNA.

The role of VDAC2 was also deeply examined. We
found that VDAC2 expression in BC cells was also
aberrantly low. VDAC2 has been frequently reported
as a crucial effector of ferroptosis [27]. However,
there are also studies unveiling that VDAC2 could
affect tumor cell apoptosis [28]. Considering that
SH3BP5-AS1 could affect BC cell proliferation and
apoptosis, we also conducted functional experiments
and validated that cell proliferation was hampered
by VDAC2 overexpression while cell apoptosis was
largely increased. Finally, the validity of SH3BP5-
AS1/VDAC2 in influencing BC cell ferroptosis was
ascertained through rescue experiments, as VDAC2
knockdown rescued the exacerbated ferroptosis of
BC cells induced by SH3BP5-AS1 up-regulation.

Until now, we could draw the conclusion
that SH3BP5-AS1 recruited IGF2BP2 to enhance
VDAC2 mRNA stability, thus promoting the ferrop-
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Fig. 6. SH3BP5-AS1 exerts its promoting impacts on BC cell ferroptosis via VDAC2. (A) qPCR was applied to examine VDAC2 expression
in the cells with transfection of sh-VDAC2-1/2/3. (B) Ferrous iron content in BC cells was detected with a microplate reader after the
transfection of indicated plasmids including pcDNA3.1, pcDNA3.1-SH3BP5-AS1, and pcDNA3.1-SH3BP5-AS1 + sh-VDAC2. (C) Lipid
ROS was measured in the cells with transfection of indicated plasmids. ∗∗p < 0.01.

tosis of BC cells. This study successfully revealed the
tumor suppressive role of SH3BP5-AS1 in BC, and
verified the correlation between SH3BP5-AS1 and
BC cell ferroptosis. Although these findings might
be further confirmed with involvement of clinical
samples and animal experiments, a more comprehen-
sive understanding of molecular mechanisms in BC
could still be achieved, which might ultimately con-
tribute to the development of novel biomarkers for
BC diagnosis or treatment.
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