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breast cancer (TNBC) has the absence of three recep-
tors on the surface of tumor cells: ER (estrogen recep-
tor), PR (progesterone receptor), and HER2 (human 
epidermal growth factor receptor 2) [3]. TNBC, account-
ing for approximately 15–20% of all breast cancer cases, 
represents a more aggressive and challenging type of 
breast cancer for treatment [4]. The mortality of female 
breast cancer has decreased due to mammography, ear-
lier diagnose and improved therapy. Treatment modali-
ties include lumpectomy, mastectomy, chemotherapy, 
radiation therapy, targeted therapy, hormone therapy and 
immunotherapy [5–7]. However, because of metastasis 
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Abstract
Background  Breast cancer is one of the common malignancies in women. Evidence has demonstrated that FBXO45 
plays a pivotal role in oncogenesis and progression. However, the role of FBXO45 in breast tumorigenesis remains 
elusive. Exploration of the regulatory mechanisms of FBXO45 in breast cancer development is pivotal for potential 
therapeutic interventions in patients with breast cancer.

Methods  Hence, we used numerous approaches to explore the functions of FBXO45 and its underlaying 
mechanisms in breast cancer pathogenesis, including CCK-8 assay, EdU assay, colony formation analysis, apoptosis 
assay, RT-PCR, Western blotting, immunoprecipitation, ubiquitination assay, and cycloheximide chase assay.

Results  We found that downregulation of FBXO45 inhibited cell proliferation, while upregulation of FBXO45 elevated 
cell proliferation in breast cancer. Silencing of FBXO45 induced cell apoptosis, whereas overexpression of FBXO45 
inhibited cell apoptosis in breast cancer. Moreover, FBXO45 interacted with BIM and regulated its ubiquitination and 
degradation. Furthermore, knockdown of FBXO45 inhibited cell proliferation via regulation of BIM pathway. Notably, 
overexpression of FBXO45 facilitated tumor growth in mice. Strikingly, FBXO45 expression was associated with poor 
survival of breast cancer patients.

Conclusion  Our study could provide the rational for targeting FBXO45 to obtain benefit for breast cancer patients. 
Altogether, modulating FBXO45/Bim axis could be a promising strategy for breast cancer therapy.
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and drug resistance [8], breast cancer is the second great-
est numbers of deaths after lung cancer in women in the 
United States [2]. Hence, it is essential to discover the 
mechanism of breast tumorigenesis and improve the 
prognosis of breast cancer.

It has been revealed that multiple factors are involved 
in developing breast cancer, such as age, family history, 
obesity and alcohol consumption. Genetic mutations, 
including BRCA1 and BRCA2, have been documented to 
participate in breast cancer occurrence [9]. It is known 
that F-box proteins are part of the Skp1-Cullin-F-box 
(SCF) complex, which regulates protein degradation [10, 
11]. The SCF complex belongs to E3 ubiquitin ligase, 
which is responsible for tagging proteins with ubiqui-
tin and leading to proteasome-dependent degradation 
[12, 13]. F-box proteins regulate numerous cellular pro-
cesses, such as proliferation, DNA replication, autophagy, 
apoptosis, invasion, EMT (epithelial-mesenchymal tran-
sition) and metastasis [14]. Dysregulation of F-box pro-
teins leads to the uncontrolled cell growth and causes the 
development of various diseases, including cancer [15]. 
Recently, F-box proteins have been reported to regulate 
breast cancer occurrence and progression [16, 17].

FBXO45 has been identified to regulate oncogenesis 
and tumor progression in various cancer types [18]. For 
example, FBXO45 has been reported to enhance the deg-
radation of p73 in a proteasome-dependent manner [19]. 
Chen et al. reported that FBXO45 regulated cancer cell 
survival via targeting tumor-suppressor Par-4 (prostate 
apoptosis response-4) for degradation [20, 21]. Par-4 
amino-terminal fragment (PAF) can bind with FBXO45 
and abrogate Par-4-induced cancer cell apoptosis, which 
overcome therapy resistance in tumors [22]. FBXO45-
MYCBP2 influenced the degradation of FBXW7 and 
governed mitotic cell fate [23]. CASP8AP2 (caspase-
8-associated protein 2 or FLASH) blocked ZEB1 degra-
dation by FBXO45 and SIAH1 ubiquitin ligases, leading 
to regulation of EMT [24]. IL-24 destabilized the stabil-
ity of ZEB1 via increasing the expression of FBXO45 in 
human glioblastoma cells, contributing to inhibition 
of malignancy of glioblastoma [25]. Low expression of 
FBXO45 was reported to be correlated with gastric can-
cer progression and poor prognosis [26]. By a systematic 
analysis, FBXO45 was uncovered to be a potential target 
and prognostic biomarker for breast cancer [27]. How-
ever, the role of FBXO45 in breast oncogenesis remains 
unclear. Understanding the regulatory mechanisms of 
FBXO45 in breast tumorigenesis is important for poten-
tial therapeutic interventions in breast cancer. In this 
study, we used numerous approaches to determine the 
functions of FBXO45 and its underlaying mechanisms in 
breast cancer pathogenesis.

Methods and materials
Cell culture
Two breast cancer cell lines (MCF7 and MDA-MB-231) 
were bought from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). The cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, Grand Island, NY, USA), which contains 10% fetal 
bovine serum (FBS) and 1% penicillin-streptomycin. All 
cells were cultured in an incubator at 37 °C with 5% CO2.

Transfection
Breast cancer cells were seeded on 6-well plates. When 
cells were grown until 60–70% confluence, the various 
plasmids were transfected into the breast cancer cells by 
Lipofectamine 2000 (Invitrogen, USA). siRNAs target-
ing the open reading frames of FBXO45 were synthe-
sized by GenePharma (Shanghai, China). The transfected 
cells were cultured for different times under the Results 
section.

Quantitative real-time polymerase chain reaction
TRIzol reagent (Invitrogen) was used to isolate total RNA 
in transfected breast cancer cells. Then, cDNA was syn-
thesized by reverse transcriptase kit based on the manu-
facturer’s protocol. Real-time polymerase chain reaction 
(RT-qPCR) was carried out by a SYBR® Green PCR Kit 
(Qiagen) to determine the expression of mRNAs in 
breast cancer cells. The relative expression levels of genes 
were calculated by the comparative Ct method (2 − ΔΔCt). 
GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) 
acted as an endogenous loading control. The primer 
sequences are: FBXO45 forward 5’-AGT GCC AAG GTT 
ATG TGG CAT TGC TG-3’; reverse 5’-AGA AAG CCA 
CTG TCA TCC GTC CAA A-3’; β-actin forward 5’-GGA 
GAT TAC TGC CCT GGC TCC TA-3’; reverse 5’-GAC 
TCA TCG TAC TCC TGC TTG CTG-3’.

Western blotting
The transfected cells were lysed in RIPA buffer after they 
were washed for three times by PBS. Then, total proteins 
were harvested and further quantified using a BCA pro-
tein assay kit (Pierce, USA). Proteins were separated by 
electrophoresis in sodium dodecyl sulfate (SDS)-poly-
acrylamide gel. Proteins were further transferred onto 
polyvinylidene difluoride membranes. The membranes 
were blocked by 5% non-fat milk for 1  h at room tem-
perature. The membranes were further incubated with 
the primary antibody at cold room overnight. After the 
membranes were washed for three times by TBST, they 
were incubated with secondary antibody for 1 h at room 
temperature. Proteins of interest were measured using a 
Bio-Rad Imaging System.
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Cell viability assay
Cell counting kit-8 (CCK8) assay was conducted to deter-
mine viability of breast cancer cells. Briefly, transfected 
breast cancer cells (5000 cells/well) were cultured on 
96-well plates with full DMEM for different time points. 
Then, 10 µl CCK8 solution was added and incubated for 
2 h at 37 °C. The absorbance was detected at 450 nm by a 
microplate reader.

EdU (5-ethynyl-2′-deoxyuridine) assay
The transfected cells were seeded into 96-well plates for 
different time points. Then, the cells were treated with 
100 µL medium containing EdU for 2  h at 37  °C. Cells 
were fixed with 4% paraformaldehyde for 30  min and 
incubated with 0.5% TritonX-100 for 10 min. Cells were 
stained with 100 µL Apollo reaction solution for 30 min. 
Subsequently, cells were stained by Hoechst for 30 min. A 
fluorescence microscope was used to take images.

Colony formation assay
The transfected breast cancer cells were seeded in 6-well 
plates. After cells were cultured for two weeks, the col-
onies were observed and washed three times with PBS. 
The colonies were treated with 4% paraformaldehyde for 
30 min. Subsequently, the colonies were stained with 1% 
crystal violet. The colonies were imaged.

Apoptosis assay
The transfected breast cancer cells were seeded in 6-well 
plates. After 48 h, cells were harvested and washed three 
times with PBS. Then, cells were resuspended in 500 µL 
binding buffer. Cells were further stained by PI reagent 
and Annexin V-FITC (fluorescein isothiocyanate) for 
20  min at room temperature. Apoptotic cells were 
detected by the FACS flow cytometer.

Invasion assay
The transfected breast cancer cells were seeded in the 
upper chamber with serum-free medium. The lower 
chamber was filled with medium supplemented with 10% 
FBS. After 24 h, the invaded cells on the lower chamber 
surfaces were fixed in 4% paraformaldehyde and stained 
in Calcein AM. The stained cells were photographed and 
counted in five random fields.

Immunoprecipitation
The transfected cells were washed with PBS for three 
times. Then, cells were lysed in the immunoprecipitation 
lysis buffer (25mM Tris-HCL pH 7.4, 1 mM EDTA, 5% 
glycerol, 1% NP-40, 150 mM NaCl, 1 × Thermo protease 
inhibitor) via incubating on ice for 30 min with vortexing. 
Cell debris were removed via centrifuging at 12,000 rpm 
for 20 min. BCA reagent was used to determine protein 
concentration. 1 mg of cell lysate was incubated with the 

corresponding primary antibody-conjugated beads at 
cold room overnight. After incubation, the beads were 
washed three times with immunoprecipitation buffer, 
and resuspended in buffer and boiled for 5 min. Proteins 
were resolved by SDS‒PAGE and analyzed by Western 
blotting.

Cycloheximide chase assay
To determine the stability of FBXO45 and Bim, cyclohex-
imide (CHX) chase assay was conducted in breast can-
cer cells. The transfected breast cancer cells were treated 
with 100 µg/ml cycloheximide for different time points. 
Then, cells were harvested and lysed for western blotting 
to measure protein abundance as describe above.

Ubiquitination assay
MCF7 and 293T cells were transfected with various plas-
mid for Flag-Bim, Myc-FBXO45, and His-Ub for 24  h. 
Then, cells were incubated with 10 µM MG132 for 10 h. 
Subsequently, cells were harvested and washed three 
times with PBS. Cells were further lysed in ubiquitination 
assay buffer and incubated with an anti-Bim antibody 
overnight at cold room. Immunocomplexes were incu-
bated with Protein A/G plus agarose overnight at cold 
room. Beads were washed three times with lysis buffer 
and boiled for 5 min. Then, Western blotting was used to 
detect ubiquitinated Bim.

Animal experiments
Six-week-old BALB/c-nu/nu mice were purchased from 
SLAC Co. Ltd (Shanghai, China) and randomly divided 
into two groups (5 mice/group) and housed under patho-
gen-free conditions. MDM MB-231 cells with stable 
overexpression of FBXO45 were inoculated subcutane-
ously into the flanks of nude mice and the mammary fat 
pad, respectively. The mice were inspected to measure 
the tumor sizes every four days using a digital caliper. 
The tumor volume was calculated by the standard equa-
tion V = A × B2 × 0.52 (A: the long diameter; B: the short 
diameter). The mice were euthanized by compressed car-
bon dioxide asphyxiation in a chamber at the indicated 
time points. Tumors were resected and weighted after 
40 days of injections. Animal studies were approved by 
the Institutional Animal Care and Use Committee of 
Wenzhou Hospital of Integrated Traditional Chinese and 
Western Medicine. Animal xenograft experiments were 
performed in accordance with ARRIVE guidelines.

Statistical analyses
Statistical analyses were performed with GraphPad Prism 
8 software. Data were shown as means ± standard devia-
tion. Comparisons between two groups used two-tailed 
Student’s t test. ANOVA was used for comparisons 
among multiple groups. Survival was determined by the 
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Kaplan-Meier, and the log-rank test was used for survival 
comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001 are sta-
tistically significant.

Results
Downregulation of FBXO45 inhibits proliferation of breast 
cancer cells
To test the role of FBXO45 in breast cancer cells, we 
transfected siFBXO45 into MCF7 and MDA MB-231 
cells. Our RT-PCR data showed that siFBXO45 transfec-
tion decreased the FBXO45 mRNA levels in MCF7 and 
MDA MB-231 cells (Fig.  1A). Moreover, our western 

blotting data further confirmed that siFBXO45 trans-
fection inhibited the expression of FBXO45 protein in 
MCF7 and MDA MB-231 cells (Fig. 1B and supplemen-
tary Fig. 1). Next, we performed the EdU assays in breast 
cancer cells after siFBXO45 transfection. We found that 
EdU-positive cells were reduced in MCF7 and MDA 
MB-231 cells after siFBXO45 transfection (Fig. 1C). This 
result suggested that inhibition of FBXO45 reduced cell 
proliferation in breast cancer. Furthermore, we per-
formed colony formation assays to determine the func-
tion of FBXO45 on proliferation of breast cancer cells. 
We found that siFBXO45 transfection reduced colony 

Fig. 1  Downregulation of FBXO45 inhibits proliferation in breast cancer cells. (A): RT-PCR assay was performed to measure the FBXO45 mRNA levels in 
siFBXO45-transfected MCF7 and MDA MB-231 cells. **P < 0.01, and ***P < 0.001 vs. control. (B): Western blotting assay was performed to test the expres-
sion of FBXO45 protein in siFBXO45-transfected MCF7 and MDA MB-231 cells. (C): Left panel: EdU assays were performed in breast cancer cells after 
siFBXO45 transfection. Right panel: Quantitative data were illustrated for left panel. ***P < 0.001 vs. control. (D): Colony formation assays were performed 
to determine the function of siFBXO45 on proliferation of breast cancer cells. (E): Cell apoptosis assay was performed in breast cancer cells after siFBXO45 
transfection
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formation in MCF7 and MDA MB-231 cells (Fig. 1D). It 
is known that cell proliferation inhibition is often due to 
promotion of cell apoptotic death in cancer. Hence, we 
performed cell apoptosis assay in breast cancer cells after 
FBXO45 modulation. We found that siFBXO45 transfec-
tion induced cell apoptosis in MCF7 and MDA MB-231 
cells (Fig.  1E). Moreover, we used FBXO45 shRNA 
transfection and observed that depletion of FBXO45 
reduced cell proliferation and colony formation in breast 
cancer cells (Supplementary Fig.  2A-C). Furthermore, 
FBXO45 shRNA led to invasion inhibition of breast 
cancer cells (Supplementary Fig.  2D-E). In addition, we 
found that FBXO45 depletion reduced the expression 
of p62 and increased the ratio of LC3 II/LC3 I, indicat-
ing that FBXO45 could regulate autophagy (Supplemen-
tary Fig.  2F). Together, inhibition of FBXO45 reduced 
cell proliferation and invasion and induced apoptosis in 
breast cancer.

Upregulation of FBXO45 elevates proliferation of breast 
cancer cells
Inhibition of FBXO45 reduced proliferation of breast 
cancer cells and increased cell apoptosis. To confirm 
this concept, we transfected FBXO45 cDNA into MCF7 
and MDA MB-231 cells. Our RT-PCR data showed that 
FBXO45 cDNA transfection increased the mRNA levels 
of FBXO45 in both MCF7 and MDA MB-231 cell lines 
(Fig. 2A). Consistently, our western blotting data showed 
that FBXO45 cDNA transfection elevated the expression 
of FBXO45 protein in MCF7 and MDA MB-231 cells 
(Fig.  2B). Moreover, EdU assay data showed that EdU-
positive cells were increased in MCF7 and MDA MB-231 
cells after FBXO45 cDNA transfection (Fig.  2C). Fur-
thermore, CCK-8 assay was performed to test whether 
FBXO45 cDNA transfection regulated cell viability in 
breast cancer. We found that FBXO45 cDNA transfec-
tion increased viability of MCF7 and MDA MB-231 cells 
(Fig.  2D). Consistently, MCF7 and MDA MB-231 cells 
with FBXO45 cDNA transfection exhibited promotion 
of colony formation (Fig. 2E and supplementary Fig. 3A). 
In addition, FBXO45 cDNA transfection inhibited cell 
apoptosis in breast cancer cells after FBXO45 cDNA 
transfection (Fig.  2F and supplementary Fig.  3B). Inter-
estingly, FBXO45 displayed stronger function in colony 
formation induction and apoptosis inhibition in MCF7 
cells than MDA MB-231 cells, which is required for fur-
ther investigation. Taken together, FBXO45 upregulation 
promoted cell proliferation and attenuated cell apoptosis 
in breast cancer.

FBXO45 interacts with BIM and regulates its expression
Next, we aimed to determine the molecular mechanism 
by which FBXO45 promoted cell proliferation and inhib-
ited apoptosis in breast cancer. It is known that BIM plays 

an essential role in regulation of cell apoptosis in human 
cancer. Therefore, we measured the expression of BIM at 
mRNA and protein levels in MCF7 and MDA MB-231 
cells after FBXO45 changes. Our western blotting data 
showed that siFBXO45 transfection increased the expres-
sion of BIM protein in MCF7 and MDA MB-231 cells 
(Fig.  3A and supplementary 4). However, the siFBXO45 
transfection failed to change the expression of FBXO45 
mRNA levels in MCF7 and MDA MB-231 cells (Fig. 3B). 
Similarly, FBXO45 cDNA transfection reduced the 
expression of BIM protein in MCF-7 and MDA MB-231 
cells (Fig.  3C), while FBXO45 cDNA transfection did 
not change the BIM mRNA levels in breast cancer cells 
(Fig.  3D). Moreover, our IP data showed that FBXO45 
interacted with BIM in MCF7, MDA MB-231 and 293T 
cells (Fig.  3E-F). Furthermore, MG132 treatment abro-
gated FBXO45-mediated BIM degradation in MCF7 and 
MDA MB-231 cells (Fig. 3G). Additionally, our ubiquiti-
nation assay data showed that FBXO45 cDNA transfec-
tion enhanced the ubiquitination of BIM in MCF7 and 
293T cells (Fig. 3H). Our cycloheximide chase assay data 
showed that the half-life of BIM was prolonged after 
knockdown of endogenous Fbxo45 in MCF7 and MDA 
MB-231 cells (Fig. 4A-B). Altogether, FBXO45 promoted 
the ubiquitination and degradation of BIM in breast 
cancer.

Downregulation of FBXO45 inhibits proliferation via BIM 
pathway
We further determined whether downregulation of 
FBXO45 inhibited proliferation of breast cancer cells via 
regulation of BIM pathway. MCF7 and MDA MB-231 
cells were transfected with siFBXO45, siBIM, or com-
bination. Our western blotting data showed that siBIM 
transfection inhibited the expression of BIM in breast 
cancer cells (Fig.  4C). Moreover, siBIM transfection 
reduced siFBXO45-induced promotion of BIM expres-
sion in MCF7 and MDA MB-231 cells (Fig. 4C). CCK-8 
assay was performed to measure cell viability in breast 
cancer cells after siFBXO45 transfection, siBIM trans-
fection, or combination. The results showed that siBIM 
transfection increased cell viability in MCF7 and MDA 
MB-231 cells (Fig. 4D). Downregulation of BIM by siRNA 
transfection abolished siFBXO45-mediated inhibition of 
viability of MCF7 and MDA MB-231 cells (Fig. 4D). Con-
sistently, siBIM transfection promoted colony formation 
in MCF7 and MDA MB-231 cells (Fig. 4E). Knockdown 
of BIM by siRNA rescued siFBXO45-mediated suppres-
sion of colony formation in MDA MB-231 and MCF7 
cells (Fig. 4E).

Knockdown of FBXO45 induces apoptosis via BIM pathway
EdU assay was performed in MCF7 and MDA MB-231 
cells transfected with siFBXO45, siBIM, or combination. 
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Fig. 2  Upregulation of FBXO45 elevates proliferation in breast cancer cells. (A): RT-PCR assay was performed to measure the FBXO45 mRNA levels in 
FBXO45 cDNA-transfected MCF7 and MDA MB-231 cells. ***P < 0.001 vs. control. (B): Western blotting assay was performed to test the expression of 
FBXO45 protein in FBXO45 cDNA-transfected MCF7 and MDA MB-231 cells. (C): Left panel: EdU assays were performed in breast cancer cells after FBXO45 
cDNA transfection. Right panel: Quantitative data were illustrated for left panel. ***P < 0.001 vs. control. (D): CCK-8 assays were performed in breast cancer 
cells after FBXO45 cDNA transfection. (E): Colony formation assays were performed to determine the function of FBXO45 cDNA transfection on prolifera-
tion of breast cancer cells. (F): Cell apoptosis assay was performed in breast cancer cells after FBXO45 cDNA transfection
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Fig. 3  FBXO45 interacts with BIM and regulates its expression. (A): Western blotting assay was performed to test the expression of Bim protein in 
siFBXO45-transfected MCF7 and MDA MB-231 cells. (B): RT-PCR assay was performed to measure the Bim mRNA levels in siFBXO45-transfected MCF7 and 
MDA MB-231 cells. (C): Western blotting assay was performed to test the expression of Bim protein in FBXO45 cDNA-transfected MCF7 and MDA MB-231 
cells. (D): RT-PCR assay was performed to measure the Bim mRNA levels in FBXO45 cDNA-transfected MCF7 and MDA MB-231 cells. (E): Exogenous CoIP 
assay was performed to measure the interaction between FBXO45 and Bim in 293T and MCF7 cells. (F): Endogenous IP assay was performed to measure 
the interaction between FBXO45 and Bim in MCF7 cells and MDA MB-231 cells. (G): Western blotting assay was performed to test the expression of Bim 
protein in FBXO45 cDNA-transfected MCF7 and MDA MB-231 cells after MG132 treatment. (H): Ubiquitination assay was performed in breast cancer cells 
after co-transfection with myc-FBXO45, Flag-Bim and His-Ub
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Fig. 4  Downregulation of FBXO45 inhibits proliferation via BIM pathway. (A): Cycloheximide chase assay was performed to test the half-time of Bim pro-
tein in siFBXO45-transfected MCF7 and MDA MB-231 cells. (B): Quantitative data were illustrated for panel A. (C): Western blotting assay was performed to 
test the expression of Bim protein in MCF7 and MDA MB-231 cells after co-transfection with siFBXO45 and siBim. (D): CCK-8 assay was conducted to mea-
sure cell viability in MCF7 and MDA MB-231 cells after co-transfection with siFBXO45 and siBim. (E): Left panel: Colony formation assays were performed 
to determine colony formation ability in MCF7 and MDA MB-231 cells after co-transfection with siFBXO45 and siBim. Right panel: Quantitative data were 
illustrated for panel E. *P < 0.05, **P < 0.01 vs. control, #P < 0.05 vs. siFbxo45 alone or siBim alone
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EdU-positive cell rate was increased in siBIM-treated 
MCF7 and MDA MB-231 cells (Fig.  5A-B). Moreover, 
siFBXO45 transfection decreased EdU-positive cell rate 
in breast cancer cells, which was abrogated by siBIM 
transfection in MCF7 and MDA MB-231 cells (Fig. 5A-
B). BIM is a critical factor in regulation of cell apopto-
sis in cancer cells. Hence, cell apoptosis was measured in 
breast cancer cells transfected with siFBXO45, siBIM, or 
combination. Downregulation of BIM by siRNA in MCF7 
and MDA MB-231 inhibited cell apoptosis (Fig. 5C). Fur-
ther, knockdown of BIM by siRNA rescued siFBXO45-
induced cell apoptosis in MCF7 and MDA MB-231 cells 
(Fig. 5C). taken together, knockdown of FBXO45 induced 
cell apoptosis via upregulation of BIM in breast cancer.

Overexpression of FBXO45 facilitates tumor growth in mice
To further determine whether FBXO45 regulated tumor 
growth in mice, MDM MB-231 cells with stable over-
expression of FBXO45 were inoculated subcutaneously 
into the flanks of nude mice. We found that overexpres-
sion of FBXO45 in MDA MB-231 cells facilitated tumor 
growth in breast cancer xenograft mouse model and 
breast orthotopic tumor model (Fig.  6A-C and supple-
mentary Fig.  5). Tumor mass weights were increased in 
mice with FBXO45 cDNA transfection group compared 
with EV group (Fig.  6B). Tumor volumes were larger in 
FBXO45-overexpressing group compared with control 
group (Fig. 6C). In mouse tumor tissues, FBXO45-over-
expressing group had a lower expression of BIM com-
pared with EV group (Fig. 6D). These data suggested that 
overexpression of FBXO45 accelerated tumor growth in 
breast cancer xenograft model.

FBXO45 expression associates with survival of breast 
cancer patients
To explore whether FBXO45 expression is correlated with 
survival of breast cancer patients, we used bioinformat-
ics to analyze the expression of FBXO45 in breast cancer 
patients. Using GEPIA database, we found that FBXO45 
was highly expressed in breast cancer patients compared 
with normal control (Fig.  6E-F). Moreover, the survival 
periods of breast cancer patients with high expression of 
FBXO45 were shorter compared with these patients with 
low expression of FBXO45 (Fig. 6G). Altogether, FBXO45 
expression is correlated with poor survival in breast can-
cer patients.

Discussion
Evidence has demonstrated that FBXO45 plays a pivotal 
role in oncogenesis and progression. FBXO45 expres-
sion was elevated and related with shorter overall sur-
vival in the squamous-cell lung carcinoma [28]. Wu et 
al. reported that m6A-induced lncRNA RP11 acceler-
ated the degradation of two mRNAs, FBXO45 and Siah1, 

which prevented the degradation of ZEB1 and led to dis-
semination of colorectal cancer [29]. Overexpression of 
FBXO45 facilitated the ubiquitination of IGF2BP1 and 
upregulation of PLK1, which conferred to liver tumori-
genesis [30]. FBXO45 expression was high and associated 
with poor prognosis in pancreatic ductal adenocarci-
noma (PDAC) [31, 32]. Moreover, bioinformatics analysis 
showed that FBXO45 could be a potential oncogene in 
esophageal cancer [33]. FBXO45 was found to be a target 
of miR-30a-5p in lung squamous cell carcinoma and reg-
ulated cell proliferation [34]. FBXO45 mRNA expression 
was linked with grades, pT stage, pN stage, recurrence, 
and distant metastasis. FBXO45 was identified as a prog-
nostic biomarker in TMPRSS2-ERG-positive prostate 
cancer [35].

Wu et al. reported that FBXO45 regulated the ubiqui-
tination and degradation of USP49 and accelerated the 
tumor progression in pancreatic cancer [36]. FBXO45 
maintained ERK activity via targeting NP-STEP46 deg-
radation in lung cancer [37]. Cao et al. reported that 
lncRNA CACNA1C-AS2 regulated the expression of 
FBXO45 and PI3K/Akt/mTOR pathways, contributing 
to suppression of invasion, migration and proliferation in 
glioma [38]. Wang and colleagues reported that FBXO45 
accelerated tumor malignant progression via regulation 
of ubiquitination and degradation of GGNBP2 in esopha-
geal squamous cell carcinoma [39]. Using a chemically 
induced mouse model of HCC, one study revealed that 
FBXO45 promoted fibrosis and inflammation in HCC 
[40]. RBX1 facilitated tumor metastasis via regulation 
of FBXO45-TWIST1-dependent degradation in TNBC 
[41]. DNAJB9 promoted FBXO45-induced degradation 
of ZEB1 and reduced the tumor metastasis in TNBC [42]. 
In the current study, we found that FBXO45 promoted 
cell proliferation and inhibited apoptosis in breast cancer.

Bim, also known as BCL2L11, is a pro-apoptotic pro-
tein that belongs to the Bcl-2 protein family [43]. It has 
been known that Bim plays a crucial role in regulating 
apoptosis in human cancer cells [44, 45]. Bim has been 
characterized as a tumor suppressor in tumorigenesis 
[46]. FoxO3a regulated the expression of Bim and con-
trol cell apoptosis in paclitaxel-treated breast cancer cells 
[47]. Extracellular CD147, a matrix metalloproteinase 
inducer, inhibited the expression of Bim, leading to Anoi-
kis resistance in breast cancer cells [48]. Bim was critical 
in phenethyl isothiocyanate-mediated apoptosis in breast 
cancer cells [49]. One study showed that Bim can be reg-
ulated by SNAI2 and inhibit tumor metastasis in breast 
cancer [50]. Ambra1 (autophagy/Beclin 1 regulator 1) 
regulated the Akt/FoxO1/Bim pathway and conferred to 
cell apoptosis and chemosensitivity in breast cancer cells 
[51, 52]. Uev1A governed the Akt/FoxO1/Bim pathway 
and enhanced cell survival and chemoresistance in breast 
cancer cells [53]. Our findings showed that FBXO45 
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Fig. 5  Knockdown of FBXO45 induces apoptosis via BIM pathway. (A): EdU assays were performed in breast cancer cells after co-transfection with 
siFBXO45 and siBim. (B): Quantitative data were illustrated for panel A. *P < 0.05, **P < 0.01 vs. control, #P < 0.05 vs. siFbxo45 alone or siBim alone. (C): Cell 
apoptosis was measured in MCF7 and MDA MB-231 cells after co-transfection with siFBXO45 and siBim
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facilitated cell proliferation and inhibited apoptosis via 
promotion of Bim degradation in breast cancer.

In conclusion, FBXO45 performs oncogenic role in 
breast cancer via targeting the ubiquitination and degra-
dation of Bim. It is important to clarify several limitations 
in this study. It is unclear whether FBXO45 enhances 
tumor growth via regulation of Bim in mice. It is neces-
sary to determine whether FBXO45 expression is nega-
tively associated with Bim expression in breast cancer 
tissues. Answering these questions will provide the ratio-
nal for targeting FBXO45 to obtain better outcome in 
breast cancer treatment. Altogether, targeting FBXO45/
Bim axis could be a promising strategy for breast cancer 
treatment.
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