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1  |  INTRODUC TION

Bladder cancer is a common tumour worldwide, and accounts for 
an approximately 573 thousands new patients and 212 thousands 
mortality in 2020. In addition, 25% of the patients are diagnosed 
as muscle-invasive bladder cancer that exhibits higher metastasis 
and mortality risks.1–3 Multiple mechanisms are implicated in the 
pathogenesis of bladder cancer, among which, ferroptosis plays 
an indispensable role in bladder cancer progression. Ferroptosis is 
an iron-dependent form of lipid peroxidation-mediated cell death. 
The imbalance of intracellular reactive oxygen species (ROS) pro-
duction and degradation leads to the decrease of cell antioxidant 
capacity, lipid peroxidation overload and plasma membrane rupture 
and finally leads to cell death.4–6 Sun et al.7 revealed that inducing 

ferroptosis could effectively kill bladder cancer cells. In contrast, in-
hibiting ferroptosis facilitated the survival, migration and invasion of 
human bladder cancer cells.8 Therefore, dissecting the mechanism 
of ferroptosis in the tumorigenesis of bladder cancer and subse-
quently finding its activators are crucial for developing novel thera-
peutic approaches.

Fibronectin leucine rich transmembrane protein 2 (FLRT2), a 
member of the FLRT family of proteins, initially represents a novel 
family of chemorepellents for Unc5-positive neurons and modu-
lates the migration of cortical neurons.9 In addition, FLRT2 is exclu-
sively expressed in the fully delaminated epicardium and determines 
heart morphogenesis.10 Yet, emerging evidences have indicated 
that FLRT2 also participates in regulating tumour progression. By 
analysing whole genome messenger RNA profiling on the Cancer 
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Abstract
Bladder cancer is a common tumour worldwide and exhibits a poor prognosis. 
Fibronectin leucine rich transmembrane protein 2 (FLRT2) is associated with the reg-
ulation of multiple tumours; however, its function in human bladder cancer remain 
unclear. Herein, we found that FLRT2 level was reduced in human bladder cancer 
and that higher FLRT2 level predicted lower survival rate. FLRT2 overexpression in-
hibited, while FLRT2 silence facilitated tumour cell growth, migration and invasion. 
Mechanistic studies revealed that FLRT2 elevated acyl-CoA synthetase long-chain 
family member 4 (ACSL4) expression, increased lipid peroxidation and subsequently 
facilitated ferroptosis of human bladder cancer cells. In summary, we demonstrate 
that FLRT2 elevates ACSL4 expression to facilitate lipid peroxidation and subse-
quently triggers ferroptosis, thereby inhibiting the malignant phenotype of human 
bladder cancer cells. Overall, we identify FLRT2 as a tumour suppressor gene.
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Genome Atlas, Dai et al.11 found a correlation between FLRT2 level 
and the survival rate of gastric cancer patients. Wu et al.12 found 
that differentially methylated FLRT2 correlated with the Gleason 
score in prostate cancers. Bae et al.13 demonstrated that FLRT2 hy-
permethylation was associated with FLRT2 downregulation, thereby 
increasing the proliferation and migration of breast cancer cells. 
Similarly, Guo et al.14 showed that FLRT2 was downregulated in col-
orectal cancer tissues and cells by DNA methylation, and that FLRT2 
overexpression significantly inhibited the migration and invasion 
of human colorectal cancer cells. Herein, we intend to explore the 
function of FLRT2 in bladder cancer.

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals

Ferrostain-1 (Fer-1, #S7243, an inhibitor of ferroptosis), liproxstatin-
1 (Lip-1, #S7699, an inhibitor of ferroptosis), necrostatin-1 (Nec-1, 
#S8087, an inhibitor of necroptosis), Z-VAD-FMK (Z-VAD, #S7023, an 
inhibitor of apoptosis), chloroquine (CQ, #S6999; an inhibitor of au-
tophagy) and 2′, 7’-Dichlorodihydrofluorescein diacetate (DCFH-DA, 
#S9687) were purchased from Selleck (Houston, TX, USA). Cell 
Counting Kit 8 (CCK8) (#ab228554), Lactate Dehydrogenase (LDH) 
Assay Kit (#ab102526), Lipid Peroxidation Assay Kit (#ab118970), 
12(S)-hydroxyeicosatetraenoic acid (HETE) ELISA Kit (#ab133034), 
15(S)-HETE ELISA Kit (#ab133035), Iron Assay Kit (#ab83366) and 
Glutathione (GSH) Assay Kit (#ab239727) were purchased from 
Abcam (Cambridge, UK). CytoSelect™ 24-Well Cell Migration and 
Invasion Assay Combo Kit (#CBA-100) was purchased from Cell 
Biolabs (San Diego, CA, USA).

2.2  |  Cells and treatments

Human bladder cancer cells (5637, T24 and UMUC-3) and immor-
tal ureteral epithelium cells (SV-HUC-1) were obtained from the 
ATCC (Manassas, VA, USA). Human BC cell lines T24 and 5637 were 
maintained in RPMI-1640 medium (Pricella). UMUC-3 cells were 
grown in DMEM (Pricella). SV-HUC-1 cells were cultured in F-12 K 
medium (Pricella). All culture media were supplemented with 10% 
fetal bovine serum (FBS, Gibco).15,16 All cells were cultured in a hu-
midified incubator at 37°C and 5% CO2. To overexpress FLRT2, T24 
and UMUC-3 cells were infected with lentivirus carrying FLRT2 
(NM_013231, FLRT2 OE; #SC115333, OriGene) at a multiplicity of 
infection (MOI) of 30 or control (CTRL) plasmids for 6 h, and then 
cultured for an additional 72 h before harvested. To knock down 
FLRT2, bladder cancer cells were infected with lentivirus carrying 
short hairpin RNA against FLRT2 (MOI = 50, shFLRT2; #TL312965V, 
OriGene) or shCtrl for 6 h. For acyl-CoA synthetase long-chain fam-
ily member 4 (ACSL4) silence, bladder cancer cells were infected 
with FLRT2 OE for 6 h, cultured in fresh DMEM containing 10% FBS 
for 24 h, and then transfected with small interfering RNA against 

ACSL4 (siACSL4, #SR320122, OriGene) at a MOI of 40 for 4 h. Next, 
cells were cultured in fresh medium for an additional 48 h. In addi-
tion, FLRT2-overexpressed bladder cancer cells were also incubated 
with Fer-1 (1 μmol/L), Lip-1 (0.2 μmol/L), Nec-1 (10 μmol/L), Z-VAD 
(10 μmol/L) or CQ (25 μmol/L) to inhibit ferroptotic, apoptotic, 
necroptotic or autophagic cell death, respectively as previously 
described.17

2.3  |  Western blot

Bladder cancer cells were washed with ice-cold phosphate buffered 
saline (PBS), lysed in RIPA lysis buffer supplemented with protease 
and phosphatase inhibitors, and the concentration was measured 
by BCA Protein Assay Kit (Invitrogen).18,19 For western blot analy-
sis, 30 μg of proteins were loaded onto 10% SDS-PAGE and trans-
ferred to PVDF membranes. Next, the membranes were blocked 
with 5% milk for 1 h at room temperature, and incubated with anti-
FLRT2 (#ab154023, Abcam), anti-ACSL4 (#ab155282, Abcam) or 
anti-β-actin (#ab8226, Abcam) overnight at 4°C. On the next day, 
the sample was then washed thrice with TBST for 10 min each time. 
The membrane was removed and incubated with the peroxidasec-
onjugated secondary antibody (ProteinTech Group) at 37°C for 2 h. 
Finally, ECL (Biosharp Life Sciences) colour was developed with β-
actin as an internal reference to analyse the protein expression level 
on the membrane and visualized with the by the chemiluminescence 
system (ChemiDocTM Touch; Bio-Rad).

2.4  |  Cell growth and LDH releases analysis

To detect cell growth, transfected cells were plated into the 96-well 
plates at a cell density of 2 × 103 cells/well, and then cell viability at 
the 1st, 2nd and 3rd day was detected using a CCK-8 kit as previ-
ously described.20–22For the analysis of LDH releases, cell medium 
and cells at the 3rd day were collected and subjected to LDH de-
tection using a LDH Assay Kit according to the manufacturers' in-
structions. Briefly, supernatants of cell medium and cell lysates were 
prepared, and mixed with 50 μL of Reaction Mix containing 48 μL of 
LDH Assay Buffer and 2 μL of LDH Substrate Mix. Then, the optical 
density (OD) values were measured at 450 nm.23 LDH releases were 
calculated as: Medium LDH/(Medium LDH + Cell lysates LDH).

2.5  |  Cell migration and invasion assay

Cell migration and invasion were measured using a colorimetric 
CytoSelect™ 24-Well Cell Migration and Invasion Assay Combo Kit 
according to the manufacturers' instructions. Briefly, transfected 
cells in serum-free medium were plated into the inside of each in-
sert of the 24-well plates at a cell density of 2 × 105 cells/insert, 
and 500 μL of the medium containing 10% FBS was added to the 
lower well of the migration plate as a chemoattractant. After 12 h, 
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the non-migratory cells were gently removed by the cotton-tipped 
swabs, and the insert was transferred to 400 μL of Cell Stain Solution 
and allowed for an incubation of 10 min at room temperature. Next, 
the inserts were dried and transferred to 200 μL of Extraction 
Solution and allowed for an incubation of 10 min on an orbital shaker. 
At last, 100 μL of the sample was transferred to a 96-well microplate 
and measured at 560 nm. For the invasion assay, the upper surface of 
the insert membrane was coated with a uniform layer of dried base-
ment membrane matrix solution. This basement membrane layer 
serves as a barrier to discriminate invasive cells from non-invasive 
cells.

2.6  |  RNA-sequencing and data analysis

Total RNA was extracted using the TRIzol reagent, and RNA-
sequencing was performed on an Illumina HiSeq 4000 platform. 
Differentially expressed genes were defined as log2|fold change| ≥ 1 
with adjust p value less than 0.05. The gene expression patterns 
in different pathways were analysed using the KEGG pathway 
database.

2.7  |  Analysis of oxidative stress and lipid 
peroxidation

Intracellular ROS was measured using a DCFH-DA probe as previ-
ously described.24 Briefly, cells were incubated with DCFH-DA 
(10 μmol/L) for 30 min at 37°C in the dark, and the fluorescence in-
tensity was measured at an excitation wavelength of 488 nm and 
an emission wavelength of 525 nm. To measure lipid peroxidation, 
intracellular malondialdehyde (MDA) was measured using a Lipid 
Peroxidation Assay Kit (Abcam) according to the manufacturers' in-
structions. Briefly, supernatants from cell lysates were prepared and 
incubated with 600 μL of TBA reagent at 95°C for 1 h, and OD values 
were measured at 532 nm.

2.8  |  Measurements of 12/15-HETEs in 
cell medium

Levels of 12/15-HETEs in cell medium were measured using the 
12/15(S)-HETE ELISA Kit (Abcam) according to the manufacturers' 
instructions.

2.9  |  Ferrous iron detection

Ferrous iron level was detected using the Iron Assay Kit (Abcam) 
according to the manufacturers' instructions. Briefly, supernatants 
from cell lysates were prepared and incubated with 5 μL of Assay 
Buffer at 37°C for 30 min, and then incubated with 100 μL Iron Probe 
at 37°C for 1 h in the dark. OD values were measured at 593 nm.

2.10  |  Measurements of GSH and glutathione 
peroxidase 4 (GPX4) activity

Intracellular GSH level was measured using the GSH Assay Kit 
(Abcam) according to the manufacturers' instructions. Briefly, su-
pernatants from cell lysates were prepared and incubated with 80 μL 
Reaction Mix containing 10 μL Substrate Mix A, 10 μL Diluted Enzyme 
Mix A, 1 μL Enzyme Mix B, 2 μL Enzyme Mix B, 2 μL Substrate Mix B 
and 55 μL GSH Assay Buffer at room temperature for 1 h and OD val-
ues were measured at 450 nm. To measure GPX4 activity, cells were 
lysed and incubated 7α cholesterol hydroperoxide (100 μmol/L) at 
37°C. Then, peroxides were analysed with high-performance thin-
layer chromatography as previously described.25

2.11  |  Quantitative real-time PCR

Total RNA was extracted using the TRIzol reagent, and reverse tran-
scription as well as quantitative real-time PCR were performed as 
previously described.26–28 Relative mRNA expression was analysed 
by the 2-△△CT formula. The primers were as following: ACSL4 for-
ward 5′-TCTGC​TTC​TGC​TGC​CCAATT-3′ and reverse 5′-CGCCT​
TCT​TGC​CAG​TCTTTT-3′; β-actin forward 5′-GGGAA​ATC​GTG​CGT​
GACATT-3′ and reverse 5′-GGAAC​CGC​TCA​TTG​CCAAT-3′.

2.12  |  Database analysis

FLRT2 expression, and its correlation with patients survival and 
ACSL4 expression in BLCA human bladder cancer database were 
analysed by the Gene Expression Profiling Interactive Analysis 2 
(GEPIA2) database (http://gepia2.cance​r-pku.cn/#index) according 
to the manufacturers' instructions.

2.13  |  Human samples

Human bladder cancer tissues (Tumour, n = 6) and matched adjacent 
noncancerous tissues (Normal, n = 6) were obtained from Renmin 
Hospital of Wuhan University. The study was approved by the Ethics 
Committee of Renmin Hospital of Wuhan University (approval no. 
WDRY2019-K035), and a written informed consent was obtained 
from each patient. The specimens were frozen and stored at −80°C 
until used for western blot analysis.

2.14  |  Statistical analysis

Statistical analyses were performed with SPSS software (version 
22.0) and shown as the means ± SD. Comparisons between 2 groups 
were performed with the two-tailed Student's t-test, while one-
way analysis of variance (anova) was conducted to compare differ-
ences among multiple groups. Survival curves were presented using 

http://gepia2.cancer-pku.cn/#index
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Kaplan–Meier analysis and the log-rank test, and Spearman correla-
tion analysis was used for the analysis between FLRT2 and ACSL4. 
p < 0.05 was considered statistically significant.

3  |  RESULTS

3.1  |  FLRT2 expression is reduced in human 
bladder cancer and negatively correlates with patients 
survival

To explore the function of FLRT2, we first compared its expression 
in tumour with matched normal tissues using the BLCA public data-
base. As displayed in Figure 1A, FLRT2 level was decreased in human 
bladder cancer. Consistently, we also found that human bladder 
cancer tissues displayed lower protein levels of FLRT2 (Figure 1B). 
Besides, protein quantification assay also detected a decreased 
FLRT2 protein in bladder cancer cells compared with the normal 
SV-HUC-1 cell (Figure 1C). From the BLCA public database, we also 
found that bladder cancer patients possessing higher FLRT2 level 
exhibited lower overall survival together with disease free survival 
rates (Figure 1D,E). Collectively, our findings reveal that FLRT2 ex-
pression is reduced in human bladder cancer and negatively corre-
lates with patients survival.

3.2  |  FLRT2 overexpression inhibits the malignant 
phenotypes of human bladder cancer cells

Next, we overexpressed FLRT2 in T24 and UMUC-3 cells, and the ef-
ficiency was provided in Figure 2A. CCK-8 assay showed decreased 

proliferation in FLRT2-overexpressed cells in comparison with the 
non-overexpressed groups (Figure  2B). In contrary, the degree of 
death was induced after overexpressing FLRT2, as indicated by 
the increased LDH releases (Figure 2C). Meanwhile, we found that 
FLRT2 overexpression also significantly inhibited the migrative and 
invasive capacities of the two cancer cells (Figure 2D,E). Collectively, 
we demonstrate that FLRT2 overexpression inhibits the malignant 
phenotypes of human bladder cancer cells.

3.3  |  FLRT2 silence facilitates the malignant 
phenotypes of human bladder cancer cells

Furthermore, we silenced FLRT2 in human bladder cancer cells, 
and the protein levels of FLRT2 were presented in Figure  3A. As 
expected, FLRT2 silence remarkably increased the proliferation of 
T24 and UMUC-3 cells, while the death was inhibited (Figure 3B,C). 
Meanwhile, we found that FLRT2 silence also enhanced the migrative 
and invasive capacities of the two cells (Figure 3D,E). Collectively, 
we demonstrate that FLRT2 silence facilitates the malignant pheno-
types of human bladder cancer cells.

3.4  |  FLRT2 overexpression promotes 
ferroptosis of human bladder cancer cells

Then, RNA-sequencing was performed to clarify the underlying 
mechanism by which FLRT2 regulated the tumorigenesis of human 
bladder cancer. KEGG analysis revealed that ferroptosis in T24 cells 
was significantly regulated by FLRT2 silence (Figure  4A). To fur-
ther clarify the involvement of ferroptosis, FLRT2-overexpressed 

F I G U R E  1 FLRT2 expression is 
reduced in bladder cancer, and negatively 
correlates with patients survival. (A) 
FLRT2 expression in human bladder 
cancer from BLCA public database 
(n = 404 or 28). (B, C). FLRT2 protein levels 
in human bladder cancer tissues or cell 
lines (n = 6). (D, E) Kaplan–Meier analysis 
of the relationship between FLRT2 
expression and overall survival rate or 
disease free survival rate (n = 201). All data 
are presented as the mean ± SD, p < 0.05 
was considered statistically significant.
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cells were treated with the inhibitors of ferroptotic, necroptotic, 
apoptotic or autophagic cell deaths. Interestingly, only the ferrop-
tosis inhibitors effectively inhibited the induction of cell death by 
FLRT2 overexpression (Figure 4B). Ferroptosis is an oxidative, iron-
dependent form of cell death.29 As expected, FLRT2 overexpression 
significantly increased the levels of ROS and MDA in human bladder 
cancer cells (Figure 4C,D). During ferroptosis, polyunsaturated fatty 

acids in cell membranes are oxidized into various metabolites, includ-
ing HETEs.30 Herein, we found that FLRT2 overexpression increased 
the levels of 12/15-HETEs in the medium of T24 and UMUC-3 cells 
(Figure 4E,F). Iron overload contributes to ferroptosis; yet, our find-
ings showed that FLRT2 did not affect intracellular iron level in 
human bladder cancer cells (Figure 4G). Inactivation of GSH/GPX4-
dependent antioxidant defences contributes to the accumulation of 

F I G U R E  2 FLRT2 overexpression 
inhibits the malignant phenotypes of 
human bladder cancer cells. (A) FLRT2 
protein levels in T24 or UMUC-3 cells with 
or without FLRT2 overexpression (n = 6). 
(B) CCK-8 assay was performed to detect 
cell survival in FLRT2-overexpressed 
or CTRL human bladder cancer cells 
(n = 6). (C) LDH releases were measured 
to evaluate cell death (n = 6). (D, E) 
Cell migration and invasion in FLRT2-
overexpressed or CTRL human bladder 
cancer cells (n = 6). All data are presented 
as the mean ± SD, p < 0.05 was considered 
statistically significant.

F I G U R E  3 FLRT2 silence facilitates the 
malignant phenotypes of human bladder 
cancer cells. (A) FLRT2 protein levels in 
T24 or UMUC-3 cells with or without 
FLRT2 silence (n = 6). (B) CCK-8 assay 
was performed to detect cell survival in 
FLRT2-silenced or CTRL human bladder 
cancer cells (n = 6). (C) LDH releases were 
measured to evaluate cell death (n = 6). (D, 
E) Cell migration and invasion in FLRT2-
silenced or CTRL human bladder cancer 
cells (n = 6). All data are presented as 
the mean ± SD, p < 0.05 was considered 
statistically significant.
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toxic lipid ROS, thereby inducing ferroptosis.30 Unexpectedly, GSH 
level and GPX4 activity were slightly but significantly elevated in 
FLRT2-overexpressed bladder cancer cells, suggesting a compensa-
tory protection of GSH/GPX4 (Figure  4H,I). Collectively, we dem-
onstrate that FLRT2 overexpression promotes ferroptosis of human 
bladder cancer cells.

3.5  |  FLRT2 silences suppresses ferroptosis of 
human bladder cancer cells

In contrast, FLRT2 silence significantly decreased the levels 
of ROS and MDA in human bladder cancer cells (Figure  5A,B). 
Meanwhile, the levels of 12/15-HETEs in the medium were also 
decreased by FLRT2 silence (Figure  5C,D). Yet, GSH level and 

GPX4 activity were unaffected by FLRT2 silence in human blad-
der cancer cells (Figure 5E,F). Collectively, we demonstrate that 
FLRT2 silences suppresses ferroptosis of human bladder cancer 
cells.

3.6  |  FLRT2 triggers ferroptosis through 
elevating ACSL4

The above findings revealed that FLRT2 might regulate ferroptosis 
of human bladder cancer cells through regulating lipid peroxidation, 
instead of regulating iron metabolism or GSH/GPX4-dependent 
antioxidant defences. By analysing the RNA-sequencing data, 
we found that ACSL4, an enzyme required for arachidonic acid 
metabolism, lipid peroxidation and ferroptosis, was significantly 

F I G U R E  4 FLRT2 overexpression promotes ferroptosis of human bladder cancer cells. (A) KEGG analysis of the top five pathways 
altered in FLRT2-silenced T24 cells (n = 3 or 6). (B) LDH releases were measured to evaluate cell death (n = 6). (C, D) ROS generation and lipid 
peroxidation in FLRT2-overexpressed or CTRL human bladder cancer cells (n = 6). (E, F) Levels of 12/15-HETEs in cell medium (n = 6). (G) 
Levels of ferrous iron (n = 6). (H, I) Levels of GSH and GPX4 activity in FLRT2-overexpressed or CTRL human bladder cancer cells (n = 6). All 
data are presented as the mean ± SD, p < 0.05 was considered statistically significant. NS indicates no significance.
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decreased in FLRT2-silence T24 cells (Figure 6A).31,32 As expected, 
ACSL4 protein levels were also decreased in FLRT2-silenced 
cells (Figure  6B,C). Meanwhile, FLRT2 expression was also posi-
tively associated with ACSL4 level in the BLCA public database 
(Figure  6D). In addition, FLRT2 overexpression remarkably in-
creased ACSL4 protein levels in the two cells (Figure 6E). To clarify 
the importance of ACSL4, we silenced ACSL4 in T24 and UMUC-3 
cells (Figure 6F). As expected, ACSL4 silence significantly blocked 
the generations of ROS and MDA in FLRT2-overexpressed T24 and 
UMUC-3 cells (Figure 6G,H). Accordingly, the increased levels of 
12/15-HETEs in the medium of FLRT2-overexpressed cells were 
also decreased by ACSL4 silence (Figure  6I). Moreover, FLRT2 
overexpression-induced cell death was also inhibited by ACSL4 si-
lence (Figure 6J). Collectively, we demonstrate that FLRT2 triggers 
ferroptosis through elevating ACSL4.

4  |  DISCUSSION

Bladder cancer is emerging as a common human cancer, and the 
prognosis is poor. In this study, FLRT2 expression was found to 
be reduced in human bladder cancer, and higher FLRT2 level pre-
dicted lower survival rate. FLRT2 overexpression inhibited, while 
FLRT2 silence facilitated tumour cell growth, migration and inva-
sion. Mechanistic studies revealed that FLRT2 elevated ACSL4 ex-
pression, increased lipid peroxidation and subsequently facilitated 
ferroptosis of human bladder cancer cells. Overall, we demonstrate 
that FLRT2 suppresses bladder cancer progression through inducing 
ACSL4-mediated ferroptosis.

Cell death is essential for tissue balance, including human tu-
mours. Ferroptosis, triggered by iron-dependent accumulation 
of toxic lipid ROS, is a newly identified form of programmed cell 

death that is distinct from apoptosis, necrosis, autophagy and 
other forms of cell death.29 Ferroptosis is implicated in the tum-
origenesis of multiple tumours, such as hepatocellular carcinoma, 
lung cancer and glioma. Tang et al.17 previously showed that in-
ducing ferroptosis significantly suppressed the malignant pheno-
type of non-small cell lung cancer cells in vivo and in vitro. Recent 
studies have also identified an indispensable role of ferroptosis 
in the progression of bladder cancer.7,8 We herein demonstrated 
that FLRT2 overexpression facilitated ferroptosis of bladder can-
cer cells, thereby inhibiting tumour cell proliferation, migration 
and invasion. ACSL4 is involved in lipid peroxidation, and facili-
tate the esterification of arachidonoyl and adrenoyl into phos-
phatidylethanolamine that are closely related to ferroptosis.32 Li 
et al.31 previously determined that ACSL4 activation enhanced 
ferroptosis, thereby aggravating intestinal ischemia/reperfusion 
injury. In contrast, the inhibition of ACSL4 effectively prevented 
lipid peroxidation and ferroptosis.33,34 We herein defined ACSL4 
as a target of FLRT2. FLRT2 overexpression elevated, while FLRT2 
silence reduced ACSL4 protein expression in human bladder can-
cer cells. Knocking down ACSL4 abrogated lipid peroxidation and 
ferroptosis in FLRT2-overexpressed T24 and UMUC-3 cells. Yet, 
the specific mechanism by which FLRT2 regulated ACSL4 remains 
unclear. FLRT2 was identified as a transmembrane protein, and 
interacted with UNC5, fibronectin and FGFR2 to regulate various 
biological process.9,35,36 Whether FLRT2 regulated ACSL4 through 
direct interaction or other partners should be dissected in future 
studies.

We demonstrate that FLRT2 elevates ACSL4 expression 
and subsequently facilitates lipid peroxidation and ferroptosis, 
thereby inhibiting the malignant phenotype of human bladder 
cancer cells. Overall, we identify FLRT2 as a tumour suppressor 
gene.

F I G U R E  5 FLRT2 silences suppresses 
ferroptosis of human bladder cancer 
cells. (A, B) ROS generation and lipid 
peroxidation in FLRT2-silenced or CTRL 
human bladder cancer cells (n = 6). (C, D) 
Levels of 12/15-HETEs in cell medium 
(n = 6). (E, F) Levels of GSH and GPX4 
activity in FLRT2-silenced or CTRL human 
bladder cancer cells (n = 6). All data are 
presented as the mean ± SD, p < 0.05 was 
considered statistically significant. NS 
indicates no significance.
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    |  9 of 10JIANG et al.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
All data that support the findings in this study are available from the 
corresponding author upon reasonable request.

ORCID
Fan Cheng   https://orcid.org/0000-0002-3471-6221 

R E FE R E N C E S
	 1.	 Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: 

GLOBOCAN estimates of incidence and mortality worldwide for 
36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209-249. 
doi:10.3322/caac.21660

	 2.	 Deng G, Wang R, Sun Y, et al. Targeting androgen receptor (AR) 
with antiandrogen enzalutamide increases prostate cancer cell 
invasion yet decreases bladder cancer cell invasion via differen-
tially altering the AR/circRNA-ARC1/miR-125b-2-3p or miR-4736/
PPARgamma/MMP-9 signals. Cell Death Differ. 2021;28(7):2145-
2159. doi:10.1038/s41418-021-00743-w

	 3.	 Hou T, Dan W, Liu T, et al. Deubiquitinase OTUD5 modulates 
mTORC1 signaling to promote bladder cancer progression. Cell 
Death Dis. 2022;13(9):778. doi:10.1038/s41419-022-05128-6

	 4.	 Knowles MA, Hurst CD. Molecular biology of bladder cancer: new 
insights into pathogenesis and clinical diversity. Nat Rev Cancer. 
2015;15(1):25-41. doi:10.1038/nrc3817

	 5.	 Hua X, Xiang D, Guo M, et al. Induction of RAC1 protein trans-
lation and MKK7/JNK-dependent autophagy through dicer/
miR-145/SOX2/miR-365a axis contributes to isorhapontigenin 
(ISO) inhibition of human bladder cancer invasion. Cell Death Dis. 
2022;13(8):753. doi:10.1038/s41419-022-05205-w

	 6.	 Wei WS, Wang N, Deng MH, et al. LRPPRC regulates redox ho-
meostasis via the circANKHD1/FOXM1 axis to enhance bladder 
urothelial carcinoma tumorigenesis. Redox Biol. 2021;48:102201. 
doi:10.1016/j.redox.2021.102201

	 7.	 Sun YD, Berleth N, Wu WX, Schlütermann D, Deitersen J, 
Stuhldreier F, Berning L, Friedrich A, Akgün S, Mendiburo MJ, 
Wesselborg S, Conrad M, Berndt C, Stork B Fin56-induced fer-
roptosis is supported by autophagy-mediated GPX4 degradation 
and functions synergistically with mTOR inhibition to kill bladder 
cancer cells. Cell Death Dis Oct2021;12(11). 10.1038/s41419-021-
04306-2, 1028.

	 8.	 Luo WJ, Wang J, Xu WH, et al. LncRNA RP11-89 facilitates tumor-
igenesis and ferroptosis resistance through PROM2-activated iron 
export by sponging miR-129-5p in bladder cancer. Cell Death Dis. 
2021;12(11):1043. doi:10.1038/s41419-021-04296-1

	 9.	 Yamagishi S, Hampel F, Hata K, et al. FLRT2 and FLRT3 act as 
repulsive guidance cues for Unc5-positive neurons. EMBO J. 
2011;30(14):2920-2933. doi:10.1038/emboj.2011.189

	10.	 Muller PS, Schulz R, Maretto S, et al. The fibronectin leucine-rich 
repeat transmembrane protein Flrt2 is required in the epicardium 
to promote heart morphogenesis. Development. 2011;138(7):1297-
1308. doi:10.1242/dev.059386

	11.	 Dai J, Li ZX, Zhang Y, et al. Whole genome messenger RNA 
profiling identifies a novel signature to predict gastric can-
cer survival. Clin Transl Gastroen. 2019;10:10. doi:10.14309/
ctg.0000000000000004

	12.	 Wu Y, Davison J, Qu XY, et al. Methylation profiling identified novel 
differentially methylated markers including OPCML and FLRT2 in 
prostate cancer. Epigenetics-us. 2016;11(4):247-258. doi:10.1080/1
5592294.2016.1148867

	13.	 Bae H, Kim B, Lee H, Lee S, Kang HS, Kim SJ. Epigenetically reg-
ulated Fibronectin leucine rich transmembrane protein 2 (FLRT2) 
shows tumor suppressor activity in breast cancer cells. Sci Rep. 
2017;7(1):272. doi:10.1038/s41598-017-00424-0

	14.	 Guo XH, Song C, Fang L, Li M, Yue LT, Sun Q. FLRT2 functions as 
tumor suppressor gene inactivated by promoter methylation in 
colorectal cancer. J Cancer. 2020;11(24):7329-7338. doi:10.7150/
jca.47558

	15.	 Kong N, Chen X, Feng J, et al. Baicalin induces ferroptosis in 
bladder cancer cells by downregulating FTH1. Acta Pharm Sin B. 
2021;11(12):4045-4054. doi:10.1016/j.apsb.2021.03.036

	16.	 Ying XL, Liu BX, Yuan ZS, et al. METTL1-m(7)G-EGFR/EFEMP1 
axis promotes the bladder cancer development. Clin Transl Med. 
2021;11(12):e675. doi:10.1002/ctm2.675

	17.	 Tang Z, Jiang WL, Mao M, Zhao JP, Chen JK, Cheng NT. 
Deubiquitinase USP35 modulates ferroptosis in lung cancer via tar-
geting ferroportin. Clin Transl Med. 2021;11(4):e390. doi:10.1002/
ctm2.390

	18.	 Zhang X, Ma ZG, Yuan YP, et al. Rosmarinic acid attenuates cardiac 
fibrosis following long-term pressure overload via AMPKalpha/
Smad3 signaling. Cell Death Dis. 2018;9(2):102. doi:10.1038/
s41419-017-0123-3

	19.	 Zhang X, Zhu JX, Ma ZG, et al. Rosmarinic acid alleviates cardiomyo-
cyte apoptosis via cardiac fibroblast in doxorubicin-induced cardio-
toxicity. Int J Biol Sci. 2019;15(3):556-567. doi:10.7150/ijbs.29907

	20.	 Zhang X, Hu C, Kong CY, et al. FNDC5 alleviates oxidative stress 
and cardiomyocyte apoptosis in doxorubicin-induced cardiotox-
icity via activating AKT. Cell Death Differ. 2020;27(2):540-555. 
doi:10.1038/s41418-019-0372-z

	21.	 Hu C, Zhang X, Wei W, et al. Matrine attenuates oxidative stress 
and cardiomyocyte apoptosis in doxorubicin-induced cardiotoxic-
ity via maintaining AMPKalpha/UCP2 pathway. Acta Pharm Sin B. 
2019;9(4):690-701. doi:10.1016/j.apsb.2019.03.003

	22.	 Hu C, Zhang X, Zhang N, et al. Osteocrin attenuates inflammation, 
oxidative stress, apoptosis, and cardiac dysfunction in doxorubicin-
induced cardiotoxicity. Clin Transl Med. 2020;10(3):e124. 
doi:10.1002/ctm2.124

	23.	 Zhang X, Hu C, Yuan XP, et al. Osteocrin, a novel myokine, prevents 
diabetic cardiomyopathy via restoring proteasomal activity. Cell 
Death & Disease. 2021;12(7):624. doi:10.1038/s41419-021-03922-2

	24.	 Hu C, Zhang X, Song P, et al. Meteorin-like protein attenuates 
doxorubicin-induced cardiotoxicity via activating cAMP/PKA/
SIRT1 pathway. Redox Biol. 2020;37:101747. doi:10.1016/j.
redox.2020.101747

	25.	 Roveri A, Maiorino M, Ursini F. Enzymatic and immunological 
measurements of soluble and membrane-bound phospholipid-
hydroperoxide glutathione peroxidase. Methods Enzymol. 
1994;233:202-212. doi:10.1016/s0076-6879(94)33023-9

	26.	 Zhang X, Hu C, Zhang N, et al. Matrine attenuates pathologi-
cal cardiac fibrosis via RPS5/p38 in mice. Acta Pharmacol Sin. 
2021;42(4):573-584. doi:10.1038/s41401-020-0473-8

	27.	 Zhang X, Hu C, Yuan YP, et al. Endothelial ERG alleviates car-
diac fibrosis via blocking endothelin-1-dependent paracrine 
mechanism. Cell Biol Toxicol. 2021;37(6):873-890. doi:10.1007/
s10565-021-09581-5

	28.	 Hu C, Zhang X, Hu M, et al. Fibronectin type III domain-containing 
5 improves aging-related cardiac dysfunction in mice. Aging Cell. 
2022;21(3):e13556. doi:10.1111/acel.13556

	29.	 Cao JY, Dixon SJ. Mechanisms of ferroptosis. Cell Mol Life Sci. 
2016;73(11–12):2195-2209. doi:10.1007/s00018-016-2194-1

	30.	 Friedmann Angeli JP, Schneider M, Proneth B, et al. Inactivation of 
the ferroptosis regulator Gpx4 triggers acute renal failure in mice. 
Nat Cell Biol. 2014;16(12):1180-1191. doi:10.1038/ncb3064

	31.	 Li Y, Feng D, Wang Z, et al. Ischemia-induced ACSL4 activation 
contributes to ferroptosis-mediated tissue injury in intestinal 

https://orcid.org/0000-0002-3471-6221
https://orcid.org/0000-0002-3471-6221
https://doi.org//10.3322/caac.21660
https://doi.org//10.1038/s41418-021-00743-w
https://doi.org//10.1038/s41419-022-05128-6
https://doi.org//10.1038/nrc3817
https://doi.org//10.1038/s41419-022-05205-w
https://doi.org//10.1016/j.redox.2021.102201
https://doi.org//10.1038/s41419-021-04306-2
https://doi.org//10.1038/s41419-021-04306-2
https://doi.org//10.1038/s41419-021-04296-1
https://doi.org//10.1038/emboj.2011.189
https://doi.org//10.1242/dev.059386
https://doi.org//10.14309/ctg.0000000000000004
https://doi.org//10.14309/ctg.0000000000000004
https://doi.org//10.1080/15592294.2016.1148867
https://doi.org//10.1080/15592294.2016.1148867
https://doi.org//10.1038/s41598-017-00424-0
https://doi.org//10.7150/jca.47558
https://doi.org//10.7150/jca.47558
https://doi.org//10.1016/j.apsb.2021.03.036
https://doi.org//10.1002/ctm2.675
https://doi.org//10.1002/ctm2.390
https://doi.org//10.1002/ctm2.390
https://doi.org//10.1038/s41419-017-0123-3
https://doi.org//10.1038/s41419-017-0123-3
https://doi.org//10.7150/ijbs.29907
https://doi.org//10.1038/s41418-019-0372-z
https://doi.org//10.1016/j.apsb.2019.03.003
https://doi.org//10.1002/ctm2.124
https://doi.org//10.1038/s41419-021-03922-2
https://doi.org//10.1016/j.redox.2020.101747
https://doi.org//10.1016/j.redox.2020.101747
https://doi.org//10.1016/s0076-6879(94)33023-9
https://doi.org//10.1038/s41401-020-0473-8
https://doi.org//10.1007/s10565-021-09581-5
https://doi.org//10.1007/s10565-021-09581-5
https://doi.org//10.1111/acel.13556
https://doi.org//10.1007/s00018-016-2194-1
https://doi.org//10.1038/ncb3064


10 of 10  |     JIANG et al.

ischemia/reperfusion. Cell Death Differ. 2019;26(11):2284-2299. 
doi:10.1038/s41418-019-0299-4

	32.	 Doll S, Proneth B, Tyurina YY, et al. ACSL4 dictates ferroptosis 
sensitivity by shaping cellular lipid composition. Nat Chem Biol. 
2017;13(1):91-98. doi:10.1038/nchembio.2239

	33.	 Xu Y, Li X, Cheng Y, Yang M, Wang R. Inhibition of ACSL4 atten-
uates ferroptotic damage after pulmonary ischemia-reperfusion. 
FASEB J. 2020;34(12):16262-16275. doi:10.1096/fj.202001758R

	34.	 Kagan VE, Mao G, Qu F, et al. Oxidized arachidonic and adrenic 
PEs navigate cells to ferroptosis. Nat Chem Biol. 2017;13(1):81-90. 
doi:10.1038/nchembio.2238

	35.	 Flintoff KA, Arudchelvan Y, Gong SG. FLRT2 interacts with fi-
bronectin in the ATDC5 chondroprogenitor cells. J Cell Physiol. 
2014;229(10):1538-1547. doi:10.1002/jcp.24597

	36.	 Wei K, Xu Y, Tse H, Manolson MF, Gong SG. Mouse FLRT2 interacts 
with the extracellular and intracellular regions of FGFR2. J Dent Res. 
2011;90(10):1234-1239. doi:10.1177/0022034511415272

How to cite this article: Jiang P, Ning J, Yu W, Rao T, Ruan Y, 
Cheng F. FLRT2 suppresses bladder cancer progression 
through inducing ferroptosis. J Cell Mol Med. 2024;28:e17855. 
doi:10.1111/jcmm.17855

https://doi.org//10.1038/s41418-019-0299-4
https://doi.org//10.1038/nchembio.2239
https://doi.org//10.1096/fj.202001758R
https://doi.org//10.1038/nchembio.2238
https://doi.org//10.1002/jcp.24597
https://doi.org//10.1177/0022034511415272
https://doi.org/10.1111/jcmm.17855

	FLRT2 suppresses bladder cancer progression through inducing ferroptosis
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Chemicals
	2.2|Cells and treatments
	2.3|Western blot
	2.4|Cell growth and LDH releases analysis
	2.5|Cell migration and invasion assay
	2.6|RNA-­sequencing and data analysis
	2.7|Analysis of oxidative stress and lipid peroxidation
	2.8|Measurements of 12/15-­HETEs in cell medium
	2.9|Ferrous iron detection
	2.10|Measurements of GSH and glutathione peroxidase 4 (GPX4) activity
	2.11|Quantitative real-­time PCR
	2.12|Database analysis
	2.13|Human samples
	2.14|Statistical analysis

	3|RESULTS
	3.1|FLRT2 expression is reduced in human bladder cancer and negatively correlates with patients survival
	3.2|FLRT2 overexpression inhibits the malignant phenotypes of human bladder cancer cells
	3.3|FLRT2 silence facilitates the malignant phenotypes of human bladder cancer cells
	3.4|FLRT2 overexpression promotes ferroptosis of human bladder cancer cells
	3.5|FLRT2 silences suppresses ferroptosis of human bladder cancer cells
	3.6|FLRT2 triggers ferroptosis through elevating ACSL4

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


