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Abstract: F-box only protein 31 (FBXO31) has been implicated in tumorigenesis and development across various 
human cancers. However, the role of FBXO31 in breast cancer progression remains poorly understood. In this study, 
we identified FBXO31 as a tumor suppressor in triple-negative breast cancer (TNBC), where it inhibited cell prolifera-
tion, migration, and invasion. Furthermore, FBXO31 promoted cystine-glutamate antiporter (xCT)-mediated ferropto-
sis in TNBC cells. Notably, overexpression of FBXO31 suppressed tumor growth in mice. Mechanistically, ABL-related 
gene (ABL2) was identified as a novel ubiquitin substrate of FBXO31. FBXO31 specifically interacted with ABL2 and 
promoted ABL2 ubiquitination and subsequent degradation through its F-box motif. Functionally, ABL2 acted as an 
oncogenic factor in TNBC cells by promoting cell proliferation, migration, and invasion, while inhibiting xCT-mediated 
ferroptosis. Rescue experiments showed that FBXO31 inhibited TNBC progression at least partly through down-
regulating ABL2 expression. Collectively, our findings reveal a novel molecular mechanism for TNBC progression and 
provide a potential therapeutic strategy for its treatment.
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Introduction

Breast cancer (BC) ranks first in incidence and 
second in cancer-related mortality worldwide 
[1, 2]. Triple-negative breast cancer (TNBC), 
characterized by lost expression of the estro-
gen receptor (ER), progesterone receptor (PR), 
and human epidermal growth factor receptor 2 
(Her-2), represents the most aggressive sub-
type of BC with the poorest prognosis [3, 4]. 
Owing to the absence of these related receptor 
targets, patients with TNBC do not benefit from 
established endocrine or targeted drugs [5]. 
Thus, the standard treatment for nonsurgical 
TNBC continues to be cytotoxic chemotherapy 
[5]. In the past few years, immunotherapy has 

been demonstrated to be a promising approach 
to improving TNBC outcomes [4, 6]. Even so, 
compared with those of non-TNBC subtypes, 
TNBC still exhibits higher recurrence and mor-
tality rates and remains the most challenging 
subtype of BC [5]. 

Ubiquitin modification, a critical regulatory 
machinery of protein stability and function, reg-
ulates cell biological processes, several of 
which are associated with diverse human dis-
eases [7]. E3 ubiquitin ligases (E3 ligases) are 
the crucial components of the ubiquitination 
cascade because they are endowed with sub-
strate specificity and directly bind to the sub-
strates [7]. Recent studies have shown that 
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F-box E3 ligases, as constituent units of SKP1-
CUL1-F-box (SCF) E3 ligase complex, play key 
roles in cancer progression [8, 9]. FBXO31, a 
member of F-box E3 ligases, has been suggest-
ed to mediate tumorigenesis and cancer pro-
gression in various human tumors [10-13]. In 
BC, however, the role of FBXO31 in tumor biol-
ogy remains unclear and controversial. It has 
been reported that FBXO31 can inhibit cell pro-
liferation and arrest the cell cycle, functioning 
as a tumor suppressor in BC [14, 15]. However, 
another study has shown that FBXO31 is over-
expressed in BC samples and may serve as an 
independent poor prognostic factor for BC [16]. 
Thus, the function and molecular mechanisms 
of FBXO31 in BC require further elucidation.

ABL2, also named ARG (ABL-related gene), is a 
member of the Abelson (ABL) family of tyrosine 
kinases [17]. Mutant ABL kinases were initially 
identified as drivers of human leukemia, such 
as BCR-ABL1 [17]. ABL tyrosine kinases regu-
late signaling pathways involved in cell survival, 
growth, migration, and invasion [18, 19]. ABL 
kinases, including ABL2, have been proven to 
promote tumor progression and metastasis in 
several human solid tumors [18-20]. For exam-
ple, enhanced ABL2 expression and ABL2 
amplification have been detected in BC and are 
associated with worse prognosis [21]. Further- 
more, ABL2 has also been reported to promote 
EMT (Epithelial-Mesenchymal Transition) and 
metastasis cascade in BC [22]. However, con-
tradictory roles for ABL2 in tumor growth have 
been observed between in vivo and in vitro 
results, which may depend on cellular context 
in BC [21]. 

Here, we report a novel underlying molecular 
mechanism of FBXO31-mediated ABL2 ubiquiti-
nation and degradation in BC. In particular, we 
found that FBXO31 and its downstream target 
ABL2 play a pivotal role in ferroptosis, a newly 
emerged form of iron-dependent oxidative cell 
death. Our findings may provide a novel thera-
peutic strategy for patients with BC.

Materials and methods

Reagents and antibodies

The following reagents were used in this study: 
CCK-8 kit (Cell Counting Kit-8) (Beyotime Bio- 
technology), Lipo8000 (Beyotime Biotechno- 
logy), ROS (Reactive Oxygen Species) detection 

kit (Biotech Biotechnology Co., Ltd.), ferrous ion 
detection kit (Elabscience), and MDA (Malon- 
dialdehyde) detection kit (Nanjing Jiancheng 
Bioengineering Institute). Antibodies included: 
FBXO31 Polyclonal antibody (27294-1-AP, Pro- 
teintech), ABL2 Polyclonal antibody (17693-1-
AP, Proteintech), cystine-glutamate antiporter 
(xCT) antibody (DF12509, Affinity), glutathione 
peroxidase 4 (GPX4) antibody (DF6701, Affi- 
nity), Anti-beta Actin Rabbit pAb (GB11001-
100, Servicebio), and DYKDDDDK tag Poly- 
clonal antibody (Flag tag epitope) (20543-1-AP, 
Proteintech).

Cell culture

Human Triple-negative breast cancer (TNBC) 
cell lines were obtained from the Cell Bank of 
the Chinese Academy of Sciences. BT549 cells 
were cultured in RPMI 1640 medium (Gibco), 
and MDA-MB-231 cells were maintained in 
DMEM medium (Gibco). Both media were  
supplemented with 10% FBS (Fetal Bovine 
Serum) (Gibco) and 1% penicillin-streptomycin 
(Biosharp). Cells were incubated at 37°C with 
5% CO2. FBXO31 and ABL2 overexpression 
plasmids were purchased from Youbio (Hunan, 
China).

CCK-8 assay for cellular activity

Depending on the cell type, 3500 to 5500 cells 
were seeded per well in a 96-well plate with 
200 μL medium. Each group included five sub-
wells, and PBS (Phosphate-Buffered Saline) 
was added to the outermost wells to prevent 
evaporation. On the following day, complete 
medium was added to adjust the total volume 
to 100 μL per well, and cells were incubated for 
24, 48, and 72 h. Absorbance was determined 
by an enzyme-linked immunosorbent assay 
(ELISA) reader (Bio-Rad) at 450 nm, and the 
IC50 and IC75 values were calculated.

Transfection of siRNAs (small interfering RNAs) 
and plasmids

Fbxo31 and ABL2 cDNAs were cloned into 
pcDNA3.1 by Youbio (Hunan, China), and siR-
NAs were synthesized by Hanbio Tech (Shang- 
hai, China). The siRNA sequences used in this 
study are provided in Table 1. The above con-
structs and siRNAs were transfected into 
BT549 and MDA-MB-231 cells using Lipo8000 
transfection reagent (Beyotime Biotechnology), 
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followed by western blot analysis to confirm 
gene overexpression and knockdown effici- 
ency.

qRT-PCR (quantitative real-time polymerase 
chain reaction)

Total RNA was extracted and reverse tran-
scribed using the TAKARA kit (item number 
RR036A). Using the qRT-PCR kit from Vazyme, 
cDNA synthesized by reverse transcription was 
added to the premix, and qRT-PCR was per-
formed on anABI7500. The primer sequences 
for FBXO31 and ABL2 are detailed in Table 2.

Western blotting

Cells were lysed with RIPA (Radio Immuno- 
precipitation Assay buffer) buffer containing 
PMSF (Phenylmethylsulfonyl Fluoride), and pro-
tein concentration was quantified using a BCA 
(Bicinchoninic Acid) protein quantification kit at 
560 nm. Proteins were denatured by heating at 
100°C for 5 minutes in a metal bath. Proteins 
were fractionated on a 10% sodium dodecyl 
sulfate-polyacrylamide gel and subsequently 
transferred onto activated PVDF (Polyvinyli- 
dene Fluoride) membranes. The membrane 
strip was placed in a diluted antibody solution 
and incubated at 4°C overnight. On the sub- 
sequent day, membranes were washed three 
times with TBST (Tris-Buffered Saline with 
Tween-20) buffer. The secondary antibody was 
meticulously applied and incubated for 1 to 2 
hours. Once the unbound secondary antibody 
had been thoroughly washed away, the protein 
bands were made visible using a chemilumi-
nescence detection system.

carded, and cells were washed twice with 1 mL 
PBS by resuspension and centrifugation at 
1500 r/min for 5 minutes. This washing proce-
dure was performed twice to thoroughly remove 
any residual impurities. Following the last cen-
trifugation, the supernatant was discarded, 
and the cells were resuspended in 300 μL PBS. 
The resuspended cell sample was maintained 
on ice until analysis by a flow cytometer. A 
Beckman flow cytometer was used for detec-
tion. Since the fluorescence spectrum of DCF  
is very similar to that of FITC, the detection of 
DCF was carried out according to the parame-
ter settings of FITC. After the detection was 
completed, the relevant data were collected 
and analyzed.

Fe2+ assay

Reagents were prepared strictly following the 
ferrous ion assay kit instructions and equilibr- 
ated to room temperature before use. For the 
cells in a 6-cm dish, the old medium was dis-
carded. The cells were washed once with PBS. 
Subsequently, 1 mL PBS was added. A cell 
scraper was used to collect the cells into 1.5-
mL EP tubes, and the cells were gently pipetted 
to mix. Cell numbers were counted and record-
ed accurately. After counting, the suspension 
was centrifuged at 300 gravitational units (g) 
for 10 minutes, and the supernatant was dis-
carded. Based on the cell count, 200 μL of 
reagent I was added per 1×106 cells. The solu-
tion was mixed well and then lysed on ice  
for 10 minutes. Subsequently, the lysate was 
centrifuged at 15,000 g for 10 minutes, and 
the supernatant was saved for further use. 
Reagents were added step-by-step in accor-

Table 1. The siRNA sequences
Target Gene siRNA Number Sequence (5’-3’)
FBXO31 siRNA-FBXO31#1 GCCTGGAGATTGTGATGCT
FBXO31 siRNA-FBXO31#2 GATGACCCTATGAGATTCA
ABL2 siRNA-ABL2#1 CCTCGTCATCTGTTGTTCCAT
ABL2 siRNA-ABL2#2 CGGTCAGTATGGAGAGGTTTA

Table 2. Primer sequences for target genes
Target Gene Primer Type Sequence (5’-3’)
FBXO31 Forward primer GTACGACAACTGCCTGACC
FBXO31 Reverse primer AGGCTTGATGAGGTCGTCG
ABL2 Forward primer CTGGGTGCCAAGCAACTACA
ABL2 Reverse primer TACACACGTCCCTCGTACCT

Lipid ROS measurement

After treatment, cells in six-well 
plates were carefully washed with 
PBS. Subsequently, 1 mL basal 
medium was added to each well. 
Next, 0.5 μL DCFH-DA (2’,7’-Dichlo- 
rodihydrofluorescein Diacetate) was 
added to each well (except blank 
wells). The plate was gently shaken 
to mix and incubated for 30 min-
utes. After incubation, cells were 
washed with PBS and digested with 
trypsin. The cell suspension was 
transferred into centrifuge tubes 
and centrifuged at 1500 r/min for 5 
minutes. The supernatant was dis-
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dance with the directions of the ferrous ion 
detection kit, and the results were calculated 
according to the provided formula.

MDA assay

Reagents were prepared according to the 
Malondialdehyde (MDA) Assay Kit instructions 
and equilibrated to room temperature. Cells 
cultured in 6-cm dish had their medium dis-
carded and were washed once with PBS before 
adding 1 mL PBS. Cells were scraped into 5-mL 
EP tubes and disrupted on ice using a cell 
crusher set to 200-300 W. The cells were 
crushed for 5 seconds, followed by a 15-sec-
ond interval. This cycle was repeated 3-5 times. 
The entire cell-crushing process was carried 
out on ice. After thoroughly mixing the disrupt-
ed cell suspension, 1 μL was pipetted for pro-
tein concentration measurement. Reagents 
were added step-by-step as per the kit in- 
structions. The centrifuge tube was sealed  
with its lid, and a small hole was made in it. The 
tube was vortexed to mix the contents well. 
Subsequently, it was positioned in a water  
bath maintained at 95°C for 40 minutes. After 
heating, the tube was immediately removed 
and cooled in ice. The cooled sample was cen-
trifuged at 4000 r/min for 10 minutes. The 
supernatant was carefully collected. A micro-
plate reader was used to measure the OD value 
of each tube at a wavelength of 532 nm. 
Ultimately, the calculations were performed 
according to the formula provided in the kit 
instructions.

Immunoprecipitation

For immunoprecipitation analysis, cells were 
lysed using cold NP-40 (Nonidet P-40) lysis  
buffer supplemented with a protease inhibitor 
cocktail sourced from Thermo Fisher Scien- 
tific. The cell lysates were incubated with mag-
netic beads conjugated to either HA or Flag-tag 
antibodies (manufactured by Sino Biological, 
China). This incubation step was carried out to 
enable the specific attachment of the target 
proteins to the beads. After the incubation peri-
od, the magnetic beads were washed three 
times with TBST buffer. This washing step was 
crucial to remove any non-specific interactions 
that might have occurred between the beads 
and other components in the cell lysate. Upon 
completion of washing, the proteins bound to 
the beads were subsequently eluted by boiling 

in SDS loading buffer, a method that effectively 
disrupts the bonds holding the proteins to the 
beads.

In vivo ubiquitination assay

To detect in vivo ubiquitination of ABL2, cells 
were co-transfected with Myc-tagged ubiquitin 
and the specified plasmids. After 36 hours, 
cells were treated with 10 μM of MG132  
(Sigma) for 6 hours. After the incubation period, 
the cells were gathered together and lysed in 
NP-40 lysis buffer, enabling the extraction of 
cellular components for further analysis. Ly- 
sates were incubated with HA-tag magnetic 
beads. Subsequently, the beads were meticu-
lously washed three times with TBST. After  
that, the bound proteins were eluted by immers-
ing the beads in boiling SDS loading buffer. 
Finally, the pulled-down proteins underwent 
analysis by western blotting to detect the target 
proteins.

Protein stability analysis

The cycloheximide (CHX) chase assay was per-
formed to evaluate protein stability and calcu-
late the half-life of the specific target protein. 
Cells were transfected with the indicated con-
structs and incubated for 48 hours to ensure 
robust protein expression. After the transfec-
tion was completed, cells were treated with 
cycloheximide at a concentration of 20 µg/mL 
(Sigma) to suppress the de novo synthesis of 
proteins. At specified time points after cyclo-
heximide treatment, cells were harvested and 
lysed to extract proteins. Protein abundances 
were quantified by western blotting using spe-
cific antibodies against the protein of interest. 
Band intensities were analyzed by densitome-
try, and the protein half-life was calculated by 
plotting the relative protein levels over time.

Animal experimentation

Stably FBXO31-overexpressing MDA-MB-231 
cells were generated, and 4-week-old BALB/c 
Nude mice were purchased. After one week of 
acclimatization, each mouse was injected with 
approximately 1×106 cells in the axilla. One 
week after the completion of tumor seeding, 
tumor volume was recorded every three days 
for 15 consecutive days. Once the last record-
ing was done, mice were sacrificed following 
ethical guidelines. Tumors were then surgically 
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removed from the mice. After that, the excised 
tumors were promptly weighed, and their 
weights were recorded. Finally, the tumors were 
photographed from multiple angles to capture 
comprehensive visual data about their charac-
teristics. The tissues were ground, and tissue 
proteins were extracted. Gene expression was 
analyzed by western blotting, and a part of the 
tumor tissues was retained for Hematoxylin 
and Eosin (H&E) staining. All BALB/c Nude mice 
used in the experiment were raised in an 
Specific Pathogen Free (SPF) - grade barrier 
environment and euthanized immediately after 
the experiment.

Statistical analysis

Data are presented as mean value accompa-
nied by the standard deviation (SD). To assess 
the statistical significance, both the t-test and 
one-way analysis of variance (ANOVA) statisti-
cal methods were used. A p-value less than 
0.05 was considered significant (*P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001).

Results

FBXO31 expression decreases in breast can-
cer (BC)

Using TIMER 2.0 (http://timer.cistrome.org/), 
we downloaded a unified, standardized pan-
cancer dataset from The Cancer Genome Atlas 
(TCGA) database and found that FBXO31 
expression was significantly reduced in most 
tumors, especially in BC (Figure S1A). Next, we 
accessed the GEPIA website (http://gepia.can-
cer-pku.cn/) and obtained a BC dataset from 
TCGA, which confirmed that FBXO31 expres-
sion was significantly lower in tumor tissues 
than in adjacent normal tissues (Figure S1B). 
Using the UALCAN online database (https:// 
ualcan.path.uab.edu), we further analyzed FBX- 
O31 expression in BC across different clinical 
parameters. FBXO31 expression was lower in 
BC, particularly in the Luminal and Triple-ne- 
gative breast cancer (TNBC) subtypes (Figure 
S1C, S1D), and decreased progressively with 
increasing tumor stage (stages 1-4) (Figure 
S1E). Finally, survival analysis from the Kaplan-
Meier Plotter database (https://kmplot.com/) 
demonstrated that high FBXO31 expression 
was associated with better survival in patients 
with BC compared to low expression (Figure 
S1F). Clinical IHC (Immunohistochemistry) vali-

dation [15] confirms significant downregulation 
of FBXO31 protein in breast cancer tissues 
compared to normal adjacent tissues, consis-
tent with our bioinformatic findings and sup-
porting its tumor-suppressive role in breast 
cancer.

Overexpression of FBXO31 inhibits cell pro-
liferation, migration, and invasion in Triple-
negative breast cancer (TNBC) cells

CCK-8 assays were conducted to assess cell 
proliferation. The results showed that FBXO31 
overexpression significantly inhibited cell prolif-
eration in TNBC cell lines, including BT549 and 
MDA-MB-231 cells (Figure 1A). Conversely, 
transfection with FBXO31 siRNA markedly pro-
moted cell proliferation compared to the con-
trol group (Figure 1B). Additionally, we per-
formed Transwell assays on TNBC cells trans-
fected with FBXO31 cDNA or siRNA. Overex- 
pression of FBXO31 significantly suppressed 
cell migration and invasion (Figure 1C), where-
as knockdown of FBXO31 by siRNA notably 
enhanced both migration and invasion abilities 
of the cells (Figure 1D).

FBXO31 promotes cystine-glutamate antiporter 
(xCT)-mediated ferroptosis in TNBC cells

FBXO31 overexpression plasmid and siRNA 
were separately transfected into BT549 and 
MDA-MB-231 cells. To analyze the impact of 
FBXO31 on ferroptosis, we detected several 
key ferroptosis regulators, including Ferrop- 
tosis Suppressor Protein 1 (FSP1), Acyl-CoA 
Synthetase Long-Chain Family Member 4 
(ACSL4), GPX4, and xCT. Western blot analysis 
indicated that elevated FBXO31 expression 
reduced the levels of ferroptosis suppressors 
GPX4 and xCT (Figure 2A). Conversely, FBXO31 
knockdown by siRNA increased their expres-
sion (Figure 2B). However, FBXO31 overexpres-
sion did not significantly affect the protein lev-
els of FSP1 or ACSL4 (Figure S2). Consistent 
with the inhibitory roles of GPX4 and xCT in  
ferroptosis, FBXO31 overexpression increased 
ROS (Reactive Oxygen Species) (Figure 2C), 
Fe2+ (Figure 2E), and MDA (Malondialdehyde) 
(Figure 2F) levels in TNBC cells. The results for 
FBXO31 siRNA treatment showed decreased 
levels of ROS, Fe2+, and MDA (Figure 2D, 2G, 
2H). We performed Co-IP (Co-Immunopreci- 
pitation) assays in BT549 TNBC cells to deter-
mine whether FBXO31, as an E3 ubiquitin 
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ligase, directly interacts with GPX4 or xCT, 
which it regulates. However, when co-ex- 
pressed, an HA antibody against xCT or GPX4 
did not co-precipitate Flag-tagged FBXO31. 
These results suggest that FBXO31 regulates 
the xCT/GPX4 ferroptosis pathway through an 
indirect mechanism.

FBXO31 promotes ABL2 ubiquitination and 
subsequent degradation through its F-box 
motif

As illustrated in our previous study, LC-MS/MS 
(Liquid Chromatography-Tandem Mass Spec- 
trometry) was performed to identify targets of 

FBXO31 [10]. Additionally, the peptide sequence 
of ABL2 was detected in the mass spectrome-
try results (Figure 3A). Western blot analysis 
further revealed that FBXO31 overexpression 
markedly decreased ABL2 protein levels, 
whereas FBXO31 knockdown elevated them 
(Figure 3B and 3C). Notably, ABL2 mRNA le- 
vels remained barely unchanged in FBXO31-
overexpression cells (Figure 3D), while the half-
life of ABL2 protein was markedly decreased 
(Figure 3E and 3F). Moreover, co-immunopre-
cipitation (Co-IP) and ubiquitination assays 
demonstrated that FBXO31 bound to ABL2  
and subsequently promoted its ubiquitination 
(Figure 3G, 3H). Collectively, these data sug-

Figure 1. (A, B) CCK-8 assays to detect cell growth of BT549 and MDA-MB-231 cells transfected with indicated 
FBXO31 cDNA (A) or FBXO31 siRNA (B). (C, D) Transwell assays to analyze cell migration and invasion capacity of 
BT549 and MDA-MB-231 cells transfected with FBXO31 cDNA (C) or FBXO31 siRNA (D). ** indicates P < 0.01, *** 
indicates P < 0.001, **** indicates P < 0.0001.
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gest that FBXO31-mediated ABL2 degrada- 
tion occurred in a ubiquitination-dependent 
manner. Previous studies have shown that 
FBXO31’s F-box (F-box domain-deleted FBXO31) 

domain facilitates substrate ubiquitination and 
degradation but is not involved in substrate 
binding. Consistently, our Co-IP results showed 
that FBXO31 ΔF-box bound to ABL2 as efficient-

Figure 2. (A, B) BT549 and MDA-MB-231 cells were transfected with FBXO31 cDNA or FBXO31 siRNA, respectively, 
and western blot was performed to examine changes in Glutathione Peroxidase 4 (GPX4) and cystine-glutamate an-
tiporter (xCT) expression. (C, E, F) BT549 and MDA-MB-231 cells were transfected with FBXO31 cDNA to detect cel-
lular ROS (Reactive Oxygen Species) levels (C), Fe2+ levels (E), and MDA (Malondialdehyde) levels (F). (D, G, H) BT549 
and MDA-MB-231 cells were transfected with FBXO31 siRNA to detect cellular ROS levels (D), Fe2+ levels (G), and 
MDA levels (H). * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, **** indicates P < 0.0001.
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Figure 3. (A) LC-MS/MS (Liquid Chromatography-Tandem Mass Spectrometry) was performed to screen for targets 
of FBXO31, and the peptide sequence of ABL2 was detected in the mass spectrometry results. (B, C) Western 
blot results showed FBXO31 overexpression markedly decreased ABL2 protein levels (B), whereas its knockdown 
elevated them (C). ABL2 mRNA levels were barely changed in FBXO31-overexpression cells (D). (E, F) Detection of 
the half-life of ABL2 protein in Triple-negative breast cancer (TNBC) cells (BT549, MDA-MB-231) transfected with 
FBXO31 cDNA. (G, H) Co-IP (Co-Immunoprecipitation) (G) and ubiquitination (H) assays demonstrated that FBXO31 
could bind to ABL2 and subsequently elevate ABL2 ubiquitination levels. **** indicates P < 0.0001, ns indicates 
P > 0.05.
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ly as wild-type FBXO31 (Figure 3G). Moreover, 
ubiquitination assays demonstrated that FBX- 
O31 ΔF-box weakened ABL2 ubiquitination 
compared to the wild-type FBXO31 (Figure 3H).

ABL2 expression increases in BC samples

We analyzed ABL2 expression using multiple 
online tools with transcriptome data from 
TCGA. TIMER 2.0 analysis revealed that ABL2 
expression was significantly elevated in most 
tumor types, particularly in BC (Figure S3A). 
Data from the UALCAN database confirmed 
higher ABL2 expression in BC tumors, especial-
ly in Luminal and TNBC subtypes (Figure S3B, 
S3C). Moreover, ABL2 expression increased 
with advancing tumor stage (stages 1-3) in 
patients with BC (Figure S3D). Kaplan-Meier 
analysis demonstrated that patients with high 

ABL2 expression had significantly poorer sur-
vival outcomes compared to those with low 
expression (Figure S3E). 

ABL2 promotes cell proliferation while inhibit-
ing ferroptosis in TNBC cells

Functional assays were performed to investi-
gate the oncogenic role of ABL2 in TNBC. CCK-8 
assays showed that transfection with ABL2 
cDNA significantly enhanced the proliferation of 
TNBC cell lines BT549 and MDA-MB-231 
(Figure 4A). Conversely, ABL2 knockdown by 
siRNA markedly reduced cell proliferation in 
BT549 and MDA-MB-231 cells (Figure S4A). 
Additionally, GPX4 and xCT expression levels 
increased following ABL2 overexpression 
(Figure 4B) but decreased after ABL2 knock-
down (Figure S4B). Measurement of ferroptosis 

Figure 4. (A) CCK-8 assays to detect cell growth of BT549 and MDA-MB-231 cells transfected with ABL2 cDNA. 
(B) BT549 and MDA-MB-231 cells were transfected with ABL2 cDNA, and western blot was performed to examine 
changes in GPX4 and xCT expression. (C-E) BT549 and MDA-MB-231 cells were transfected with ABL2 cDNA to 
detect cellular Fe2+ levels (C), MDA levels (D) and ROS levels (E). * indicates P < 0.05, ** indicates P < 0.01, *** 
indicates P < 0.001, **** indicates P < 0.0001.
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markers showed that ABL2 overexpression 
reduced levels of ROS, Fe2+, and MDA (Figure 
4C-E), while ABL2 knockdown increased these 
parameters (Figure S4C-E). 

Rescue experiments show that FBXO31 inhib-
its cancer progression partly by down-regulat-
ing ABL2 expression in TNBC

To determine whether FBXO31 exerts its tumor 
suppressive effects through ABL2 down-regula-
tion, rescue experiments were performed by 
simultaneous overexpression of FBXO31 and 

ABL2 on cell proliferation and ferroptosis. As 
shown in Figure 5A, ABL2 overexpression 
reversed the growth inhibition effects induc- 
ed by FBXO31 overexpression in TNBC cells. 
Western blot analysis confirmed that ABL2 
overexpression reversed the FBXO31-mediat- 
ed ABL2 down-regulation (Figure 5B). Con- 
sistently, ABL2 re-expression attenuated 
FBXO31-mediated suppression of GPX4 and 
xCT expression (Figure 5B). Moreover, ROS, 
Fe2+, and MDA measurements revealed that 
FBXO31 increased their levels, which were 
reversed by additional ABL2 up-regulation 

Figure 5. (A) CCK-8 assays for the effect of simultaneous overexpression of FBXO31 and ABL2 on cell growth. (B) 
Simultaneous transfection of FBXO31 and ABL2 cDNA in TNBC cells and detection of changes in GPX4, xCT protein 
expression by western blotting. (C-E) Detection of Fe2+ (C), MDA (D), ROS (E) levels in co-transfected cells. * indicates 
P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, **** indicates P < 0.0001.
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(Figure 5C-E). These results suggest that 
FBXO31 inhibits cell proliferation and induces 
ferroptosis partially by targeting ABL2. 

FBXO31 inhibits tumor growth in mice

BALB/c Nude mice were divided into two gro- 
ups (five mice per group) and inoculated in the 
axilla with MDA-MB-231 cells stably transfect-
ed with either an empty vector group (EV) or 
FBXO31. Tumors from the FBXO31-overex- 
pressing mice showed significantly reduced 
weight and volume compared to controls 
(Figure 6A and 6B). Resected tumor tissues 
were analyzed by H&E staining and western 
blotting (Figure 6C and 6D). Western blot  
analysis demonstrated high FBXO31 expres-
sion accompanied by decreased levels of  
ABL2, xCT, and GPX4 in FBXO31-overexpres- 
sing tumors (Figure 6D). These findings indi-
cate that FBXO31 inhibits tumor growth by 
down-regulating ABL2 expression.

Discussion

Triple-negative breast cancer (TNBC) is the 
most malignant subtype of breast cancer (BC), 
accounting for approximately 15% to 20% of all 
patients with BC [6]. Thus, understanding the 
complex molecular mechanisms and identify-
ing novel therapeutic targets for TNBC are 
urgently needed. In the present study, we iden-

tified a novel FBXO31-ABL2 signaling axis that 
regulates TNBC progression and ferroptosis, 
providing new targets for TNBC treatment.

Previous studies, including ours, have demon-
strated that FBXO31 plays either pro-tumori-
genic or anti-tumorigenic roles in various hu- 
man cancers [10-13, 23]. However, the func-
tion of FBXO31 in BC remains controversial and 
needs to be further explored. In our current 
study, we found that FBXO31 enhanced cell fer-
roptosis while suppressing cell proliferation 
and motility in TNBC cells. Furthermore, overex-
pression of FBXO31 inhibited xenograft tumor 
growth in vivo. Bioinformatic analysis based  
on TCGA data revealed that FBXO31 mRNA 
expression was lower in BC compared to nor-
mal tissues, and FBXO31 up-regulation was 
correlated with better survival in BC. Thus, our 
findings demonstrate that FBXO31 functions as 
a tumor suppressor in TNBC.

Ferroptosis is a recently characterized form of 
iron-dependent cell death, marked by lethal 
accumulation of lipid peroxidation on cellular 
membranes [24]. Evidence suggests that fer-
roptosis acts as an antitumor mechanism by 
inhibiting tumor growth, enhancing immuno-
therapy efficacy, and overcoming resistance to 
conventional cancer therapies [25-27]. The 
susceptibility of cells to ferroptosis depends  
on the balance between ferroptosis drivers, 

Figure 6. (A) Pictures of tumor mass dissected from FBXO31-overexpressing xenograft mouse models. (B) Tumor 
weights and tumor volumes of dissected tumor mass in (A). (C) Resected tumor tissues were analyzed by H&E stain-
ing. (D) Western blotting was performed on proteins extracted from dissected tumor mass. ** indicates P < 0.01, 
**** indicates P < 0.0001.
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such as polyunsaturated fatty acid-phospholip-
id (PUFA-PL) synthesis, lipid peroxidation, and 
iron toxicity, and defense mechanisms, includ-
ing GPX4-dependent and independent systems 
[24, 25]. GPX4 is a key enzyme involved in neu-
tralizing lipid peroxides and protecting against 
ferroptosis, relying on the uptake of extracellu-
lar cystine mediated by xCT [24, 25]. FBXO31 
has been suggested to promote ferroptosis  
by ubiquitinating GPX4 in cholangiocarcinoma 
cells [13]. Consistently, our study showed that 
FBXO31 promoted ferroptosis in TNBC cells  
by down-regulating xCT and GPX4 expression, 
indicating that FBXO31 enhanced ferroptosis 
through the xCT/GPX4 pathway. 

Although FBXO31 functions as an E3 ubiquitin 
ligase, our Co-IP assays revealed no direct 
interaction with xCT and GPX4 in TNBC cell 
lines. While previous work confirmed that 
FBXO31 directly binds GPX4 in cholangiocarci-
noma [13], this interaction may not occur in 
TNBC due to its distinct tumor microenviron-
ment, cofactor availability, and post-transla-
tional modification profiles. Moreover, E3 ligas-
es often regulate downstream targets indi- 
rectly-by modulating upstream signaling path-
ways or transcriptional machinery. Thus, we 
propose that FBXO31 may regulate GPX4 and 
xCT indirectly, possibly through intermediary 
molecules.

As an E3 ubiquitin ligase, FBXO31 is responsi-
ble for substrate recognition and ubiquitina-
tion, subsequently leading to proteasome-
directed degradation [29]. Previous studies 
have demonstrated that FBXO31 targets sev-
eral oncogenic substrates, including cyclinD1, 
DUSP6, MDM2, and OGT, thereby functioning 
as a tumor suppressor in different types of 
human tumors [12, 23, 30, 31]. In this study, 
ABL2 was identified as a novel substrate  
to understand the molecular mechanism of 
FBXO31-mediated anticancer effects in TNBC. 
This study indicated that ABL2 protein levels 
were down-regulated by FBXO31 overexpres-
sion in TNBC, while increased ABL2 protein lev-
els were observed due to the treatment with 
FBXO31 knockdown in TNBC cells. Further- 
more, cycloheximide analysis results showed 
that FBXO31 overexpression obviously short-
ened the half-life of ABL2. It has been suggest-
ed that F-box domain of FBXO31 was required 
for substrate ubiquitination rather than sub-
strate binding [10, 28]. Consistent with previ-

ous results, Co-IP results indicated that both 
FBXO31 and the deleted F-box of FBXO31 were 
capable of binding ABL2. To support this note, 
ubiquitination assay results revealed that only 
FBXO31, rather than the deleted F-box of 
FBXO31, enhanced ABL2 ubiquitination. 

ABL kinase inhibitors have achieved great  
success in the treatment of chronic myeloid 
leukemia, prompting increasing interest in the 
roles of ABL1 and ABL2 in solid tumors. In  
contrast to the role of BCR-ABL1 in leukemia, 
ABL1 and ABL2 are up-regulated in solid tu- 
mors due to enhanced expression and/or acti-
vation of these kinases. ABL2 has also been 
suggested to promote cancer progression by 
enhancing cell proliferation and survival while 
inhibiting apoptosis. In BC, one study demon-
strated that ABL2 activation promoted BC cell 
proliferation in vitro, while another report sug-
gested that ABL2 inhibits tumor growth in vivo. 
In our study, ABL2 overexpression promotes 
TNBC cell proliferation, while ABL2 knockdown 
inhibits cell proliferation. In addition, our study 
found that ABL2 negatively regulated ferropto-
sis through down-regulating the xCT/GPX4 
pathway. Furthermore, consistent with previ- 
ous reports, our reports showed that ABL2 
strongly promoted TNBC cell migration and 
invasion. Collectively, our findings indicate that 
ABL2 acts as an oncogenic factor in TNBC pro-
gression. However, the precise molecular 
mechanism by which the ABL2 kinase regu-
lates this pathway, particularly whether it func-
tions through direct phosphorylation of these 
proteins or their upstream factors, remains to 
be elucidated. Therefore, identifying the direct 
phosphorylation substrates of ABL2 in TNBC 
will be the central focus of our subsequent 
research.

To clarify whether FBXO31 exerts its tumor  
suppressor function through down-regulating 
ABL2, rescue experiments were conducted  
in this study. The results showed that ABL2 
partly rescued the FBXO31-mediated inhibition 
of cell proliferation. Furthermore, ABL2 partly 
reversed FBXO31-mediated promotion of fer-
roptosis. Taken together, our study identifies 
ABL2 as a novel substrate of FBXO31 and  
elucidates a new mechanism of FBXO31-
mediated cancer progression in TNBC, in which 
FBXO31 promotes proteasome-dependent deg-
radation of ABL2. Thus, targeting Fbxo31 and 
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ABL2 may represent a potential strategy for 
TNBC treatment.

Conclusion

This study elucidated a novel FBXO31-ABL2-
xCT/GPX4 regulatory axis in Triple-negative bre- 
ast cancer (TNBC), demonstrating that FBXO31 
acts as a tumor suppressor by promoting ubiq-
uitination and degradation of ABL2, thereby 
enhancing ferroptosis and inhibiting malignant 
progression. Key findings include the following: 
FBXO31 is down-regulated in TNBC, and its 
overexpression suppresses tumor growth, mi- 
gration, and invasion while inducing ferroptosis 
through modulation of the xCT/GPX4 pathway. 
ABL2 is a direct ubiquitination substrate of 
FBXO31. FBXO31 interacts with ABL2 via its 
F-box domain, leading to proteasomal degrada-
tion of ABL2 and inhibiting its oncogenic func-
tions. In turn, ABL2 promotes TNBC progres-
sion by increasing cell proliferation and sup-
pressing ferroptosis. Rescue experiments con-
firm that antitumor effects of FBXO31 are par-
tially mediated through ABL2 down-regulation. 
In vivo validation demonstrates that FBXO31 
overexpression significantly reduces tumor gr- 
owth in mouse models, accompanied by re- 
duced levels of ABL2, GPX4, and xCT. These 
results highlight the FBXO31-ABL2 axis as a 
potential therapeutic target for TNBC, offering  
a dual mechanism to inhibit tumor growth and 
sensitize cells to ferroptosis. Future studies 
may explore small-molecule activators of 
FBXO31 or ABL2 inhibitors to exploit this path-
way clinically.
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Figure S1. A. Expression levels of FBXO31 in the TCGA database in a uniform, standardized pan-cancer dataset. B. 
Expression levels of FBXO31 in the breast cancer dataset of the TCGA database. C. Expression of FBXO31 in BRCA 
based on Sample types. D. Expression of FBXO31 in BRCA based on breast cancer subclasses. E. Expression of 
FBXO31 in BRCA based on individual cancer stages. F. Survival curves of breast cancer patients based on FBXO31 
expression. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, **** indicates P < 0.0001.

Figure S2. Western blot assays to detect the expression of Ferroptosis Suppressor Protein 1 (FSP1) and Acyl-CoA 
Synthetase Long-Chain Family Member 4 (ACSL4) in BT549 cells transfected with Flag-FBXO31 or empty vector (EV). 
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Figure S3. A. Expression levels of ABL2 in the TCGA database in a uniform, standardized pan-cancer dataset. B. 
Expression of ABL2 in BRCA based on Sample types. C. Expression of ABL2 in BRCA based on breast cancer sub-
classes. D. Expression of ABL2 in BRCA based on individual cancer stages. E. Survival curves of breast cancer 
patients based on ABL2 expression. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, **** 
indicates P < 0.0001.
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Figure S4. (A) CCK-8 assays to detect cell growth of BT549 and MDA-MB-231 cells transfected with the indicated 
ABL2 siRNA. (B) BT549 and MDA-MB-231 cells were transfected with ABL2 siRNA, and western blot was performed 
to examine changes in glutathione peroxidase 4 (GPX4) and cystine-glutamate antiporter (xCT) expression. (C-E) 
BT549 and MDA-MB-231 cells were transfected with ABL2 siRNA to detect cellular Fe2+ levels (C), MDA levels (D) 
and ROS levels (E). * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, **** indicates P < 0.0001.


